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ABSTRACT 

The Koongarra uranium deposit is hosted by quartz-chlorite schists. 

A conceptual model for the hydrogeology of the deposit is proposed on the 

basis of lithologic criteria and limited hydraulic testing. Water-level 

and aquifer-test data are presented that indicate the deposit lies within 

a partially confined, heterogeneous, anisotropic fractured-rock aquifer. 

The aquifer is dynamic with annual, diurnal, and semidiurnal water-level 

fluctuations. 

The results of aquifer tests indicate a high degree of connectivity 

in the aquifer. Fracture-dominated flow is observed in some tests, but 

the overall aquifer response appears to be that of an equivalent porous 

medium. A homogeneous, anisotropic model is used to estimate the 

transmissivity tensor for subregions of the aquifer. Anisotropy is 

well-developed with north- to east-northeast-oriented principal transmis-

sivities. Northeast directions represent large-scale drawdown patterns 

and are subparallel to bedrock structure and the Koongarra fault. 

Northerly directions are localized and may reflect a less extensive 

fracture fabric or a flexure in the bedrock foliation. 
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CHAPTER ONE 

INTRODUCTION 

Definition of Problem 

The Koongarra uranium deposit is being studied as an analogue to a 

nuclear waste repository. The orebody is unmined and exists as insitu 

geologic res'erves. The Alligator Rivers Analogue Project will use the 

distribution of radionuclides and ionic species in ground water to develop 

and validate models for radionuclide migration. Before numerical flow and 

transport models can be developed, the porosity, transmissivity, hydraulic 

connectivity, and ground-water flow paths of the system must be evaluated. 

The present study attempts to characterize aquifer properties and develop 

a conceptual hydrogeologic model for ground-water flow at Koongarra. 

Method of Treatment 

Both research and field studies were undertaken in this investiga

tion. A large data base is contained in geologic reports, drill logs, 

pre-development engineering studies, and Environmental Impact Statements 

from previous geologic and hydrologic investigations. These data were 

reviewed and evaluated. Current project requirements were identified and 

incorporated into plans for field study in May and June 1988. Field work 

consisted of geologic reconnaissance, water-level monitoring, and aquifer 

testing. The field results were used, along with previously-collected 

data, to describe the hydrogeology at Koongarra. 
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Location and History 

The Koongarra uranium deposit is 225 km east-southeast-of Darwin in 

the Northern Territory, Australia (Figure 1). The deposit is one of 

several in the Alligator Rivers region and is easily accessed by paved and 

graded dirt roads. 

Koongarra was discovered in 1970 and extensively explored over the 

next five years by trenching, core and percussion drilling, geochemistry, 

and geophysics. As part of pre-production evaluation, surface and 

subsurface hydrologic studies were conducted by several consulting firms. 

This work consisted of collecting baseline environmental data on climate, 

streamflow, ground-water levels and water chemistry, and hydrogeologic 

tests to provide data for mine dewatering plans. Due to government 

restrictions on uranium mining, further production-oriented work has been 

curtailed. 

Since 1981, the Australian Nuclear Science and Technology Organisa

tion, in conjunction with an international group of researchers, has been 

studying radionuclide migration around uranium deposits in the Alligator 

Rivers region. The Koongarra deposit was selected for detailed investiga

tion because it is a relatively undisturbed geologic system possessing an 

array of drill holes suitable for subsurface monitoring (Figure 2). 
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CHAPTER TWO 

SITE DESCRIPTION 

Physiography and Rainfall 

Koongarra is located along the southeastern edge of the Mount 

Brockman massif, an outlier of the Arheham Land plateau (Figure 1). The 

southeast margin of the massif is defined by an escarpment rising above 

gently-sloping woodlands containing the deposit. The orebody lies within 

the catchment of the westerly-draining Koongarra Creek. Several ephemeral 

streams issue from small catchments in the rocky escarpment northwest of 

the deposit. These streams are steep (53-212 m/km) until emerging from 

the escarpment where topographic gradients decrease to as little as 0.003. 

Rainfall in the Alligator Rivers region occurs during a humid 

monsoonal wet season from November to March or April. Relatively dry 

conditions exist for the remainder of the year. Rainfall intensity is 

variable during the wet season while June, July, and August usually lack 

rain. A six-year record of rainfall (ending with the 1976/77 water year) 

measured at Koongarra has an annual mean of 1798 mm with 95% of the rain 

falling between November and April (Noranda Australia Ltd., 1978). Over 

the same time period, the mean annual pan evaporation rate was 2580 mm. 

Geojogy 

The geology and ore deposits of the Alligator Rivers region were 

described by Smart et al. (1976), Hegge et al. (1980), and Needham and 

Stuart-Smith (1980). Foy and Penderson (1975), Pederson (1978), and 
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Snelling (1980) presented the geology and structure of the Koongarra 

deposit which is summarized below. Only the major geologic features of 

the aquifer are described. 

Lithology 

The Koongarra deposit occurs in Lower Proterozoic schists of the 

Cahill Formation. The deposit is localized along the Koongarra fault 

which juxtaposes the schists against younger sandstones of the Middle 

Proterozoic Kombolgie Formation (Figures 3 and 4). The Cahill Formation 

crops out sparingly, whereas the Kombolgie Formation is well-exposed. 

The Cahill Formation consists primarily of quartz-muscovite and 

quartz-chlorite schists with varying percentages of quartz and amphibolite 

as layers and lenses parallel to the schistosity. Graphitic and pyritic 

zones occur in the quartz-chlorite schist with the graphitic units forming 

the hanging wall to primary mineralization (Figure 4). At the southwest 

end of the site, dolomite is interbedded with the schist. The upper 25 

m of the Cahill Formation is thoroughly weathered. A thin veneer of 

alluvial sand and gravel covers the Cahill Formation over most of the 

study area. 

The Middle Proterozoic Kombolgie Formation is a thick-bedded to 

massive, silicious quartz sandstone to quartzite. Bedding is essentially 

horizontal except where disrupted by the Koongarra fault. The Kombolgie 

Formation is highly resistant and forms the escarpment and mesa of the 

Mount Brockman massif northwest of the ore deposit. 
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Structure 

Faults. The Koongarra fault is a major structural feature traceable 

for tens of kilometers along strike. Northeast oriented and dipping 

southeast at about 55 degrees, the fault exhibits reverse separation and 

has a vertical displacement in excess of 200 m. Brecciation and shearing 

extend into both footwall and hangingwall rocks. Subparallel minor faults 

occur up to 100 m away in the sandstone. The fault can be several meters 

wide and range from coarse, angular breccias to pulverized rock flour. 

Bleaching, silicification, and iron oxide alteration are common along the 

fault. 

Cross-faults oblique to the Koongarra fault are inferred from 

lineaments which transect the Kombolgie Formation. Drill data suggest 

only minor, if any, displacement of the schists along these lineaments. 

Foliation. Foliation and apparent relict bedding in the schists 

strikes northeastly and dips to the southeast subparallel to the Koongarra 

fault. Drag folding, isoclinal folding, and crenulations in the schist 

are observed in drill core and inferred from the map distribution of 

lithologies. Fold axes are northeast-oriented subparallel to schistosity. 

Joints and Fractures. Joint and fracture patterns in the schist are 

poorly exposed. Fractures are observed in drill core but no orientation 

or frequency data are available. 

Well-developed vertical joints are evident in the Kombolgie 

Formation along the escarpment. Aerial photographs show that these joints 

form a penetrative northwest to west-northwest fracture fabric with strike 
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lengths up to several kilometers. In the study area, obvious offsets of 

the Koongarra fault by the northwest fractures are not evident. 

Mineralization and Alteration 

Primary uranium mineralization occurs in two zones of coalescing 

pitchblende lenses confined to graphitic zones in the quartz-chlorite 

schists (Figures 3 and 4). The southwestern zone, the No. 1 Orebody, is 

shallow and has been exposed to weathering while the northwest zone, the 

No. 2 Orebody, is deeper (50 to 250 m below the surface) and unweathered. 

A dispersion fan of secondary uranium minerals occurs to a depth of about 

25 m in the weathered zone over the No. 1 Orebody. Snelling (1980) 

described the suite of secondary minerals and their distribution. 

Pervasive and fracture-controlled chlorite alteration occurs in both 

the schists and the sandstone. Quartz veining and pervasive silicifica-

tion occur in the Kombolgie Formation around the Koongarra fault. Quartz 

veins are common in core samples and limited surface exposures of the 

schist. Pervasive hematite alteration occurs in schists immediately above 

the Koongarra fault. In the orebody and surrounding schist, hematite 

staining and hematitic clays occur along fractures. 

Hvdropeologv 

All the geologic units ranging from bedrock to unconsolidated sands 

are capable of transmitting water. Despite numerous studies at Koongarra, 

little reliable information exists on the hydraulic properties of the 

various geologic units. 
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Based on lithology and structure in drill core and field exposures 

as well as previous descriptions (Foy and Pederson, 1975"; Australian 

Groundwater Consultants (AGC), 1979) several materials appear to have 

sufficient relative permeability contrasts that they can be considered 

distinct hydrogeologic units. The following section describes: (1) the 

geologic materials comprising the aquifer system, (2) the criteria for 

hydrostratigraphic interpretations, and (3) the results of efforts to 

characterize hydraulic conductivities. Figure 5 illustrates a diagramatic 

section of the hydrogeologic units. 

Surficial Deposits 

Unconsolidated sands and gravel, lateritic zones cemented with iron 

oxide, and residual soils form the uppermost hydrologic unit. These are 

up to 9 m thick and cover most of the site with the exception of a small 

area of subcropping schist above Orebody No. 1. The sands have a high 

infiltration capacity as evidenced by their ability during each of three 

aquifer tests to receive >200 m3 of discharge without ponding. These 

sediments are likely highly transmissive when saturated during the wet 

season. 

Geotechnical studies characterized the surficial deposits with over 

200 backhoe pits and 44 shallow drill holes both north and south of 

Koongarra Creek (AGC, 1980a and 1980b). Generalized soil profiles (Figure 

6) show lenticular strata with lateral variations in thickness and 

lithology. A short-term, low-discharge aquifer test in unconsolidated 

sediments north of Koongarra Creek showed slightly asymmetric drawdowns 
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Figure 6. Generalized soil profiles above the Koongarra deposit. 
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and gave suspect values for transmissivity and storativity of about 100 

m2/d and 0.3 (AGC, 1980a). Assuming a sand thickness of 10 m gives 

hydraulic conductivities on the order of 10 m/d. Laboratory measurements 

of hydraulic conductivity in 15 samples of laterite, residual soil and 

clay from south of Koongarra Creek ranged from 3xl0"7 to 9xl0"5 cm/s with 

a mode of about 2xl0"6 cm/s (McMahon, Burgess and Yeates, 1981). These 

values are very low considering the apparent porosity and permeability of 

the materials. The lack of information on collection and laboratory 

methods limits the utility of the laboratory data. 

Weathered Cahill Formation 

A zone of weathered Cahill Formation underlies the surficial 

deposits. This hydrogeologic unit consists of extremely weathered schist 

which can be transitional into overlying residual soil and underlying 

unweathered schist. Though variably foliated and fractured, in its most 

developed state weathered zone material consists of a bleached white, 

structureless deposit of disaggregate quartz and muscovite grains in a 

clay matrix. This material is plastic when wet and shows little of the 

fabric of the original schist. Gray (1986) identified kaolinite and 

smectite as the predominate clays. The weathered zone is generally 15 to 

25 m thick. Isopachs of the weathered zone (Figure 7) indicate con

siderable lateral variability. Interpreted as an aquitard by other 

studies (AGC, 1979), the permeability of the weathered zone is considered 

to be low due to its high clay content and relative lack of fractures. 
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The transition from weathered to unweathered rock occurs over 

several meters. Transition zone rock is iron stained and clay altered but 

clearly exhibits fractures and the foliation of the unweathered schists. 

Variable-rate injection tests were conducted in weathered schists 

and amphibolite at six sites north of Koongarra Creek and 26 sites south 

of it (AGC, 1980a; McMahon, Burgess and Yeates, 1981). Tests used packed 

intervals from three to six m long starting below the contact with 

surficial deposits (>5 m deep) and reaching as much as 26 m deep. Figure 

8 shows a probability plot and statistical summary of the results. The 

data are lognormally distributed with geometric mean hydraulic conduc

tivity of 5.2xl0"4 m/d. An order of magnitude variation in conductivity 

between adjacent test intervals is commonly observed. 

Past studies did not define quantitative and descriptive criteria 

for classifying material as 'weathered' Cahill Formation. This is 

limiting because the similarity of weathered materials in stratigraph-

ically similar horizons cannot be judged. However, data from this large 

number of pressure tests probably provide a good estimate of the average 

hydraulic conductivity. 

Unweathered Cahill Formation 

The unweathered schists and amphibolite are competent, well-foliated 

rocks. Drill core shows the schist to be fractured. Some fractures show 

oxidation and secondary uranium mineralization indicating that, at some 

time, they channeled water and provided secondary permeability. Because 
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4 
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(Note: 1 Lugeon Unit approximately equals lxl0(-7)m/s (de 
Marsily, 1986).) 
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Figure 8. Probability plot of pressure test data from the weathered zone 
of the Cahill Formation (data from AGC, 1980 and McMahon, 
Burges, and Yeates, 1981). 
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these rocks are not exposed, discrete measurement of structural fabric 

elements is not possible. 

Laboratory or pressure test determinations of hydraulic conductivity 

for unweathered schist have not been made. In general, schist typically 

has low intrinsic permeabilities in the range of 10"6 darcies or approx

imately 10"6 m/d (Davis, 1969). Mean apparent transmissivities calculated 

from aquifer tests completed during the present study of the schist 

average about 60 mJ/d, suggesting a substantial degree of secondary 

permeability. The effective saturated thickness of the unweathered Cahill 

Formation is not known, although drill logs indicate water inflows occur 

to depths of at least 125 m. Using 10 m as a lower limit for thickness 

and 1000 m as an upper limit suggests conductivities in the range of 6.0 

to 0.06 m/d. The detailed results of aquifer tests are discussed in a 

following section. 

Flow rates obtained during water sampling with a double-packer 

system indicate that hydraulic conductivity in the schist is vertically 

heterogeneous. Orders of magnitude changes in withdrawal rates were 

obtained by raising or lowering the packer system a few meters. This is 

probably due to the absence or presence of a permeable fracture in the 

packed-off intervals. In addition to fracture-related heterogeneity, 

relict stratigraphy and quartz pods probably impart permeability contrasts 

which influence flow. 
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Kombolgie Formation 

The Kombolgie Formation is silica cemented and contains little 

primary permeability. Secondary permeability occurs dominantly from 

well-developed vertical fractures. Subsidiary sources of permeability are 

flat-lying fractures developed by weathering along bedding planes. The 

predominance of northwest to west-northwest vertical fractures suggests 

that permeability may be enhanced in these directions. Because it is not 

mineralized, this rock has not been extensively studied. 

Koongarra Fault Zone 

The Koongarra fault is a complex zone of disruption and sympathetic 

faults. No direct measurements of its hydraulic conductivity have been 

made. Weathering extends to a depth of 50 m along portions of the fault 

(Pederson, 1978) indicating a deeper circulation of oxidizing waters along 

the fault than in the schists. While this suggests permeability along the 

fault, no evidence exists for permeability across it. In core samples, 

the fault zone is brecciated and fractured with quartz and chlorite 

alteration minerals filling void spaces and fractures. The cores show 

little apparent permeability. In outcrop, the fault is marked by a quartz 

vein over 1 m wide with an apparent strike length of 100 m. Surface 

exposures of brecciated Kombolgie Formation exhibit local areas which 

develop large void spaces due to the preferential weathering of clasts and 

alteration minerals. This phenomenon is patchily developed; its depth 

extent and effect on hydraulic conductivity are not known. 
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The fault is a boundary between hydrologic systems of contrasting 

character. The portion of the aquifer composed of the Cahill Formation 

and surficial sands is multilayered and has a northeasterly bedrock 

structural fabric, whereas water in the Kombolgie Formation consists 

dominantly of water stored in northwesterly fractures. The function of 

the Koongarra fault in ground-water flow between the escarpment rocks and 

the schist is unclear. However, unless transected by cross-fractures, the 

fault probably acts as a barrier of low permeability. 



CHAPTER THREE 

32 

WATER LEVELS 

Percussion drilling left an array of drill holes suitable for a 

water-level monitoring network. The bores are usually cased but not 

cemented through the surficial deposits and weathered zone and are open 

in the unweathered schist. Water levels probably represent the hydraulic 

head for the unweathered Cahill Formation and the base of the weathered 

zone. However, because casings are not cemented, the possibility that 

water levels represent a composite potentiometric head for entire bore 

cannot be discarded. Only a few bores are in the Kombolgie Formation. 

Figure 2 shows the location of bores used in this study, and Appendix 1 

lists borehole characteristics. 

Annual Water-Level Variations 

Water levels across the property exhibit seasonal variations 

reflecting ground-water recharge during the wet season and discharge for 

the remainder of the year. Figure 9 shows water-level response to 

seasonal precipitation. During the wet season, fluctuations of up to 15 

m occur in some bores. 

Figures 10 and 11 illustrate contour maps of water-level elevation 

based on data from AGC (1980c) for times corresponding to dry season low 

and wet season high water levels. Appendix 2 contains monthly water-level 

maps for a complete year. These maps are interpretive and assume that the 

elevation of Koongarra Creek approximates the water-level elevation south 
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of the study area. This assumption does not change the shape of contours 

in areas where measurements exist but does allow estimation of water 

levels south of the monitoring network. 

Recharge appears to occur from along the Koongarra fault with a 

well- developed elongate water mound developing at 4200 mN, 3200 mE and 

a less developed one near 2600 mN, 2800 mE. The shape and direction of 

potentiometric contours remain relatively constant during the year but 

change in magnitude. Hydraulic gradients in the dry season range from 

about 0.004 to a high of 0.05 in the recharge areas. The wet season water 

surface has slightly higher average gradients ranging from 0.006 to 0.08. 

Gradients are to the south over most of the area but are northeast to 

southeast in the recharge area. 

Gradient reversals and irregular water-level contours occur at a 

local scale of tens of meters around some borehole groups. These 

perturbations in the potentiometric surface indicate heterogeneous aquifer 

properties. Water-level records (AGC, 1980c) indicate artesian conditions 

in bores PH55, PH58, PH43, PH146 during wet season recharge (Figure 9). 

1988 Water-Level Monitoring 

Water levels prior to the 1988 aquifer tests (Figure 12) have the 

same features as the potentiometric surface for historic data of a 

comparable month. Local irregularities in the water surface are displayed 

along lines 2900 mN and mN 3100 (Figure 13). While water-level differ

ences between bores are not large for the 2900 mN line, considerable 

differences exist in the Kombolgie Formation along 3100 mN. These 
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differences might be due, partly, to inaccuracies in the elevation survey, 

but this will not account for most of the observed changes.. These must 

indicate local heterogeneities in the aquifer. 

Several springs and seeps occur within the Kombolgie Formation along 

the escarpment. Discharges were minor during the summer field season but 

indicate sustained outflow from the escarpment rocks. The elevation of 

the springs indicates that water levels in the escarpment are several 

meters higher than in the eroded Kombolgie Formation at the base of the 

escarpment and the adjacent Cahill Formation. 

Diurnal Water-Level Fluctuations 

Diskette 1 (in pocket) contains the water-level data for the 1988 

field season. During the course of field work, water levels declined up 

to 2 cm/day. Appendix 3 contains hydrographs and recession rates for 

individual bores. The rates were calculated by a linear regression of the 

hydrograph data. Measurements frequent enough to resolve daily cycles 

were made only in the area of aquifer testing and in wells KD1, KD2, KD3, 

and KD4 which were able to be fit with a Stevens Water Level Recorder. 

Water-level measurements of variable frequency were made before any 

pumping for a 10-hour period on 5/23/88 and during aquifer tests for the 

periods 5/26/88-5/27/88, 6/2/88-6/4/88, and 6/11/88-6/14/88. Water-level 

hydrographs, barometric records, and earth tide data for these periods 

are contained in Appendix 4. Several bores exhibited semidiurnal and 

diurnal water-level variations overprinting daily declines, whereas other 

bores showed no cyclic changes. Only data for 5/26/88 to 5/27/88 will be 
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discussed below, although data for the other time periods exhibit similar 

patterns. 

Well hydrographs for 5/26/88 and 5/27/88 (Appendix 4) show three 

patterns (Figure 14). First, several bores have a well-developed 

semidiurnal fluctuation. In PH78, water-level cycles are up to 4 cm in 

amplitude. A second pattern consists of a single daily low as in PH73. 

This diurnal extreme occurs at the same time as the second semidiurnal 

minima. The remaining bores have only linearly-decreasing water levels. 

Some bores have small amplitude cycles making resolution of a daily 

pattern difficult or mistakable as noise if there were fewer measurements 

(e.g., PH75 and PH95). 

A correspondence between the diurnal cycle and barometric pressure 

is not obvious, whereas an apparent relation exists between one of the 

semidiurnal low water levels and the daily high pressure. However, the 

low water levels appear to slightly precede the high pressure peaks. In 

addition, all bores with cyclic variations have water-level drops between 

0400 and 0800 hours on 5/27/88 when there is little or no barometric 

change. Semidiurnal cycles appear to be functionally related to earth 

tide potential. High water levels are synchronous with compressive peaks, 

and low levels are synchronous with dilatent peaks. Bores with a 24-hour 

cycle may be related to the dilatant peak prior to the maximum daily 

compressive peak but do not reflect the rest of the tidal signal. 

Alternatively, they might possibly reflect delayed response to an 

evapotranspirative stress. 
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Interpretation of Water-Level Data 

Static water levels throughout the year define southerly hydraulic 

gradients. At the northeast end of the project area, the gradient is 

east- to southeast-oriented due to the presence of a perennial recharge 

area in the Cahill Formation. The areal extent of the water mound is 

dependent on seasonal rainfall. Recharge appears to spread out laterally 

along the Koongarra fault in a zone with anomalously deep weathering 

(Figure 7). Over the rest of the area, water levels rise during the wet 

season, but no large water mounds develop. 

The overall continuity of water levels suggests good hydraulic 

communication in the aquifer at the scale of the property. Water-level 

anomalies between bore holes indicate macroscopic heterogeneities in the 

aquifer and suggest local scale (10-100 m) permeability contrasts. The 

annual recurrence of artesian pressures in the same bores suggests 

confined aquifer conditions rather than temporary confinement due to air 

entrapped by surface infiltration. 

Given the lack of streamflow during field work, daily water-level 

declines must indicate aquifer discharge by underflow from the basin or 

evapotranspirative loss. Diurnal water-level cycles may result from once 

daily phreatophyte use or twice daily earth tides. Semidiurnal water-

level changes match earth tide cycles better than barometric pressure 

data. However, an exact correspondence between the phase and amplitude 

of water-level changes and earth tide dilation is not always apparent, 

suggesting additional interference. This can be seen in the hydrograph 

of KD3 (Appendix 4) which shows both semidiurnal and diurnal patterns over 
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the duration of the record. Complex fluctuations such as these result 

from interference between atmospheric loading, tidal strain, wellbore 

characteristics, and aquifer properties (Hsieh and Bredehoeft, 1987) and 

require more complete records for analysis. 

Tidal strain produces water-level fluctuations in both confined and 

unconfined aquifers (Bredehoeft, 1967). In unconfined aquifers, the 

changes are distributed over the area of the free surface and should 

affect all bores. This requires extremely small aquifer porosities or a 

large saturated thickness to yield a sufficient volume of water by 

tidally-induced compression. In confined aquifers, fluctuations related 

to earth tides result from differential loading between the aquifer and 

the piezometric surface in the observation well. Based on hydrostrati-

graphic interpretations, evidence of artesian pressures and the observa

tion that not all bores show a cyclic response, the best explanation is 

that water-level fluctuations result from differential loading. The 

spatial variability of aquifer response to cyclic stresses implies 

heterogeneous hydraulic properties. 

In summary, water-level data indicate a dynamic aquifer system with 

yearly, daily, and semidiurnal water-level fluctuations. Water levels and 

aquifer response to environmental stresses are variable depending on 

location. These observations are interpreted to indicate that the Cahill 

aquifer is partially confined and locally heterogeneous. 
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Flow System Implications of Water-Level Data 

Water levels (Appendix 2) in the northeastern portion of the 

property show recharge occurring across or along the Koongarra fault and 

spreading out laterally along it. This suggests either preferential 

permeability along the fault or anisotropic conditions in the Cahill 

Formation. Surface features that account for the localization of recharge 

in the northeast are not apparent. A possibility is that it represents 

a subsurface fracture connection across the Koongarra fault at this 

location. Outside of the northeastern area, recharge is diffuse, 

suggesting that recharge across the fault is either minor or uniformly 

distributed. Springs and seeps in the vicinity of the Koongarra fault and 

steep water-level gradients across it suggest that the Koongarra fault 

acts as barrier to flow. 

The systematics of ground-water recharge and discharge are difficult 

to quantify without water-level data from Koongarra Creek, the escarpment, 

and specific depths in the schist. During the 1988 work, the creek was 

not flowing but low points in the sand bed contained standing water in 

several stretches. The water-level maps presented assume a hydraulic 

connection between the aquifer and the creek. A hydraulic connection 

could result from a discontinuous confining layer or vertical leakage. 

If correct, flow between the schist and Koongarra Creek may occur 

throughout the year. If the schist aquifer is not connected to the creek, 

system discharge must occur by underflow and evapotranspiration. Recharge 

to the schists can occur by flow across the Koongarra fault or direct 

infiltration of rainfall. The lack of recharge mounds and the similarity 
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of wet and dry season gradients suggests the latter recharge mechanism for 

most of the study area. 

During the wet season, the surficial deposits become fully saturated 

and form an unconfined aquifer discharging into Koongarra Creek or its 

channel deposits. As a result of discharge from springs or leakage from 

the schists, the surficial deposits may contain a limited amount of flow 

throughout the year resulting in a two-layer aquifer system. 
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AQUIFER TESTS 

Constant-rate pumping tests are the primary means by which 

quantitative estimates of aquifer coefficients have been made. A series 

of single-well and multiple-bore interference tests were conducted during 

mine dewatering studies (AGC, 1979), and two limited subsequent studies 

have been made (Salama, 1985; Davis, 1988). In general, interference 

tests have exhibited asymmetric elongate drawdown patterns indicating 

heterogeneous and anisotropic aquifer conditions. The results of 1988 

field tests are presented after a summary of previous work. 

Results of Previous Aquifer Tests 

Table 1 summarizes the results of prior aquifer tests conducted in 

the vicinity of this study. Transmissivity and storage coefficient values 

were calculated using four techniques: (1) the Jacob approximation, (2) 

a leaky aquifer model (Boulton), (3) an image well solution (Stallman), 

and (4) a flow net analysis using drawdown contours for the test. These 

solutions assume conditions of radial flow in a homogeneous, isotropic 

medium but vary in their boundary conditions. Calculated transmissivities 

for tests in the Cahill Formation range between 0.4 and 180 m2/d. 

Transmissivity varies by 100% to 200% between bores in individual tests. 

Transmissivities for a particular well differ up to an order of magnitude 

between tests. Storativity values are low (<5xl0"5) and range over two 

orders of magnitude. Contour maps of drawdown for aquifer tests KD2 and 
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Table 1. Summary of aquifer parameters determined by prior studies 
(from AGC, 1979, Table 2). 
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KD3 (Appendix 5) show asymmetric elliptical patterns elongate in north to 

northeasterly directions. 

Two tests at KD1 in the Kombolgie Formation (AGC, 1979; Salama, 

1985) exhibited erratic drawdown behaviors marked by periods of rapid 

water-level decline, recovery, and steady-state behavior. The complexity 

of these results prevented reliable parameter determinations. 

1988 Aquifer Tests 

Methodology 

Eight aquifer tests were conducted in the Cahill Formation aquifer. 

Three tests had pumping periods longer than 2,000 minutes and produced 

significant drawdown in observation wells. Test parameters are given in 

Table 2. 

Weather during the tests was clear with no precipitation. To 

prevent recharge of pumped water, discharge was routed through a 400 m 

plastic hose and released near Koongarra Creek. Water-level recoveries 

were monitored for a time equal to the duration of pumping or until daily 

declines resumed. Tests were conducted as far from each other and with 

as much time for recovery from prior pumping as logistically feasible. 

Discharge rates were set and maintained with a circular orifice weir. An 

in-line flow meter was used to measure discharge and calculate flow rates 

in all tests but PH56b. Flow rates were checked periodically by measuring 

the time to fill a 10 liter container. The parameters temperature, 

electrical conductivity, pH, and Eh were measured in a flow-through cell 



Table 2. Summary of operational parameters and general observations for aquifer tests conducted between 
5/24/88 and 6/21/88. 

Test 
Pump 
Depth 
(m) 

Discharge 
Rate 
(L/s) 

Duration of 
Pumping 
(min.) 

Results 

PH148 15 0.5 > 4 Bore pumped dry quickly and took 4 days to recover, 
suggests low transmissivity or significant positive 
wellbore skin. 

PH14a 25 0.54 2100 Test ended prematurely due to generator failure. 
Only drawdown record obtained; results identical 
to those for PH14c. 

PH56a 33 1.0 300 Test terminated due to inability to sustain 
constant discharge. Cause of problem was unstable 
voltage supply from generator. Drawdown and 
recovery monitored; results identical to those 
for PH56b. 

PH56b 28 

i 

1.1 5753 Complete drawdown and recovery record obtained. 
Drawdown trends suggest a good north-south 
connection between PH56 , PH54, PH80, PH84, and PH83 
exists within a larger NE-SW elongate permeable 
zone. Drawdown asymmetry suggests ,less 
transmissive conditions to north and northwest. 

PH14b 25 1.0 104 Discharge exceeded bore capacity. Test stopped 
and both drawdown and recovery data obtained, 
cascading water when drawdown exceeds a depth of 
21 m. 
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Table 2--Continued 

Pump Discharge Duration of 
Test Depth Rate Pumping 

(m) (L/s) (min.) 

PH14c 23.5 0.65 2876 

PH88 34 0.52 4245 

PH61 32 0.25 74 

Results 

Test ran smoothly until discharge became unstable 
at the end of the test causing early shutdown. 
Drawdown pattern suggests enhanced transmissivity 
in a NE-SW direction. Drawdown asymmetry suggests 
less transmissive conditions to west and northwest. 

Test stopped soon after generator failure resulted 
in 14 min. shutdown. Very good connection between 
PH88 and KD2 observed. Possible fracture-
controlled flow. 

Discharge exceeded bore capacity. Drawdown and 
recovery monitored in PH61 and PH59. Test 
demonstrates low transmissivity of PH61 area, 
cascading water when drawdown exceeds a depth of 
24 m. 
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connected to the discharge line. The discharge records for tests PH14c, 

PH56b, and PH88 are contained in Appendix 6. 

Results of 1988 Aquifer Tests 

The results of aquifer tests are presented as contour maps of final 

measured drawdown and logarithmic and semilogarithmic plots of drawdown 

versus time for tests PH14c (Figures 15, 16, 17, and 18), PH56b (Figures 

19, 20, 21, 22, 23, and 24), PH88 (Figures 25, 26, and 27) and PH61 

(Figures 28 and 29). Tests PH148, PH14b, and PH56a yielded no significant 

results. Data from PH14a match those for PH14c and are not presented. 

Diskette 2 (in pocket) contains the drawdown measurements for these tests. 

General features of the drawdown behavior are similar between tests. 

Elongate, north- to northeast-trending, asymmetric drawdown patterns are 

shown by contour maps (Table 2: Figures 15, 19, and 25). Drawdown curves 

show marked departures from a Theis-type curve when plotted on logarithmic 

axes while semilog plots contain straight-line segments. Early-time data 

typically exhibit linear log-log behavior with slopes less than that of 

the Theis curve. Intermediate- and late-time data tend to exhibit 

behavior similar to a Theis curve modified by leakage or a recharge 

boundary. Given the time of year, the only likely recharge boundary would 

consist of water stored in a highly-conducting fracture. 

Drawdown data from all but the pumped bores are corrected for daily 

water-level declines. This was done by multiplying the test time by the 

daily recession rate for a particular bore and adding the product to the 

drawdown measurement. The correction was significant for observation 
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Figure 17. Semilogarlthmic graphs of drawdown versus time and residual 
drawdown versus t/t* for the pumping well in aquifer test 
PH14c. 
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Figure 21. Logarithmic drawdown curves for bores PH14, PH15, PH58, and 
PH85 during aquifer test PH56b. 
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bores with only a few tenths of a meter drawdown. However, daily declines 

are often nonlinear, and error may have been introduced by applying a 

linear correction. Semidiurnal water-level variations overprint drawdowns 

in some wells during tests PH14c and PH56b (i.e., Figures 16 and 21). A 

barometric correction did not smooth the fluctuations. To account for 

tidal influences on semilog graphs, a straight line was visually fit 

through drawdown data at times of zero tidal potential. These lines 

correspond roughly to the midpoint of the cycle. 

Cascading water was observed in the two tests in which discharge 

exceeded inflow to the bore (Table 2). In tests PH61 and PH14b, cascading 

water was noted when drawdown increased below the casing at depths of 21 

and 24 m, respectively. This indicates that the weathered zone does 

restrict vertical flow at least in response to a short-term stress and 

that hydraulic communication between the unweathered zone and overlying 

units can occur along the casing. 

In tests PH56b and PH88, borehole PH81 shows anomalously-low 

drawdown compared to surrounding bores. The low response is probably due 

to a shallow total depth of 24.4 m and because it is collapsed at a depth 

of about 8.85 m. PH81 is terminated in the weathered zone and is not 

hydraulically connected to the unweathered schist as are surrounding 

bores. The lack of equivalent drawdowns substantiates the interpretation 

of a lower hydraulic conductivity for the weathered zone. PH81 does 

respond given adequate drawdown in surrounding bores, indicating that the 

weathered zone is vertically conductive. Davis (1988) reported an 

anomalously-high initial water level and a lack of response in PH81 during 
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an 8-hour pumping test which produced drawdowns of 0.6 m and 1.3 m in 

surrounding bores. Evidently, vertical hydraulic conductivity in the 

weathered zone is also sensitive to the duration of the stress. 

Analysis of Aquifer Test Data 

Introduction 

This section presents the rationale used to analyze aquifer tests 

PH14c, PH56b, PH88, and PH61. Estimates of transmissivity and storativity 

for the 1988 tests and a prior test at KD2 are calculated using isotropic 

and anisotropic models. Though some models frequently applied to 

fractured media require more data for numerical estimates, they do provide 

qualitative interpretations. 

To estimate hydraulic properties, aquifer tests apply a known input 

signal such as constant-rate pumping to an unknown aquifer system. 

Measurements of aquifer response, such as drawdown, are related to a 

theoretical flow model which can produce the observed patterns of 

drawdown. Drawdown measurements are used in formulas that describe the 

assumed model and which are solved for the aquifer parameters in the 

formula. 

Basic theoretical models represent specific flow conditions in the 

aquifer (for example, radial flow to a well or flow linearly to a 

fracture). The basic model response can be modified by hydraulic 

conditions at the bore (inner boundary conditions) such as wellbore 

storage, skin effects, or fractures. These effects are evident in 

drawdowns at early test times. Constant head or prescribed flux 
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boundaries compose outer boundary conditions and tend to be displayed in 

late-time drawdown data. The model and boundary conditions can interact 

to produce many possible drawdown configurations. The interpretation of 

drawdown curves requires decomposing the response into components related 

to a hydrologically-plausible flow model and boundary conditions. 

Gringarten (1982) outlined the use of logarithmic (diagnostic) plots to 

identify drawdown components and characteristic plots to specify flow 

models. 

Analytical models commonly used to estimate hydraulic properties in 

fractured rocks include those for homogeneous, isotropic media; homogene

ous, anisotropic media (Papadopolous, 1965; Hantush, 1966); fracture-con

trolled flow (Jenkins and Prentice, 1982; Gringarten and Witherspoon, 

1972; Raghvan, 1978), and dual porosity media (Stretslova-Adams, 1978; 

Gringarten, 1982 and 1984). These methods assume that the fractured rock 

system can be treated as an equivalent porous medium represented by the 

theoretical model. This allows the aquifer to be considered a continuum 

with definable volume-averaged properties. Two conditions are necessary 

to fulfill this assumption. First, a high degree of connectivity between 

the fractures and pores composing the permeability is required. Second, 

the scale of the test must be large enough that small-scale variability 

is not significant and representative elementary volume conditions exist. 

Analysis as a Homogeneous, Isotropic Medium 

The Theis type curve or Jacob approximation are generally used to 

analyze aquifer test data for unsteady radial flow in a nonleaky confined 
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aquifer. Because early-time drawdown data depart from the Theis curve, 

no unique match points can be determined by curve fitting. Semilog 

drawdown curves show straight-line behavior for intermediate- and 

late-time data. These data were used to calculate transmissivity and 

storativity using the Jacob approximation. When tests showed distinct 

late-time flattening of drawdown, the line segment prior to flattening was 

used. 

Table 3 lists the results of semilog analysis. Transmissivity 

values show up to two orders of magnitude range both between bores within 

each test and for the same bore measured by different tests. With the 

exception of test PH61, the geometric mean transmissivity for each test 

is similar ranging from 59.1 mJ/d to 63.7 m2/d. Test PH61 was short and 

gave a low transmissivity of 0.22 m2/d for the pumped bore. Assymetry in 

the drawdown contours for tests PH14c and PH56b indicates lower perme

abilities in the direction of PH61 suggesting this low value may be 

accurate. Storage coefficients range between 2.8xl0"2 and 3.6xl0"5. 

Geometric mean storativities of 2.5X10"3 and 2xl0"3 are obtained for tests 

PH14c and PH56b, while that for PH 88 is an order of magnitude lower at 

1. 9xl0"4. 

Some drawdown curves match type curves for a leaky confined aquifer. 

Calculated T and S values (Table 3) are similar to those obtained by 

semilog analysis. However, curve fitting was highly subjective, and the 

results are considered unreliable. 

The variability in transmissivities is due to failure to meet the 

assumptions of the analysis. These include that the aquifer is isotropic, 



Table 3. Summary of aquifer parameters calculated using homogeneous, isotropic models. 

Aauifer Test PH14c Aauifer Test PH56b 

Bore Jacob Leaky Aquifer Jacob Leaky Aquifer 

(Tm2/d) S T(m2/d) S (Tm2/d) S (Tm2/d) S 

PH14 40.47 1.46 231. 9 6. 3x10'4 

15 91.98 2 .8x10*2 92.41 1.67x10 -3 

49 21.17 1 .8x10*3 

54 160.61 3 x 10"3 152.01 3.16x10 -3 2. ,73 3. .3x10*4 1.54 3.87xl0"4 

55 33.39 1 .2x10-3 228. ,85 1. .16x10*3 

56 183.97 7 .2x10"4 90.01 8.52x10 -4 3. ,95 — 2.43 — 

58 54.99 1 .8x10"3 378. ,1 2. .86x10"3 

59 

61 

' 73 23. .09 1, .94x10"2 10.21 1.3x10"3 

74 235. .0 1. .02x10"2 85.39 1.33xl0"2 

80 19. .22 2. , 22xl0"4 9.95 2.77xl0"4 

81 195. .4 4. .22x10"2 

83 38. .91 4. . 85xl0"4 6.89 3.65xl0"4 

84 127. ,88 1. .58xl0"3 43.39 1.57xl0"3 

85 



Table 3--Continued 

87 

88 

92 

93 

95 

96 

97 

KD2 

Geometric Mean: 

63.74 2.5xl0"3 36.86 1.65x10" 

! 1 I 

59.06 2 x 10"3 9.96 l.OlxlO*3 

N) 



Table 3--Continued 

Aquifer Test PH88 

Bore Jacob Leaky Aquifer 

(Tm2/d) S T(m2/d) S 

PH14 

15 

49 

54 

55 

56 

58 

59 

61 

73 

74 

256.75 6.99xl0"2 

23.65 3.29x10"3 

80 

81 

83 148.34 

84 92.71 

85 47.71 

3.37xl0"4 

1.6xl0"4 

1.32xl0"4 

Aquifer Test PH61 

Jacob Leaky Aquifer 

(Tm2/d) S (Tm2/d) S 

38.35 4.45x10" 

0 . 2 2  

43.67 3.9x10"3 



Table 3--Continued 

87 47. 16 5. .49x10' -4 

88 29. 14 

92 47. 71 4. .42x10' -4 

93 46. 62 1. .43x10 •4 

95 69. 73 2 .12x10 -4 

96 61. 34 3. .59x10 -5 

97 118. 24 2 .07x10 -3 

KD2 46. 89 I, .33x10 -5 

31.4 2.28x10"3 

461.2 4.03xl0"2 

Geometric Mean: 

61.5 1.87xl0"4 82.58 9.62xl0'3 2.91 

4S 
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homogeneous, of infinite lateral extent, and fully penetrated by the 

pumped bore. Certainly, these conditions are unfulfilled. Anisotropy is 

indicated by elliptical drawdown contours. If the aquifer were homogene

ous and isotropic, calculated transmissivities would be similar, and 

drawdown would be a function of radial distance from the pumped well. 

Heterogeneity is manifested as semilog drawdown curves with a variety of 

slopes for a test and asymmetry in drawdown contours. Pumps were not 

placed at the bottom of boreholes and wells are not fully penetrating, so 

vertical flow components near the pumped bore are probable. Further, the 

lateral continuity of hydrogeologic units is uncertain. 

Analysis as a Homogeneous, Anisotropic Medium 

Papadopolous (1965) derived an equation for drawdown around a well 

discharging at a constant rate from an infinite anisotropic aquifer. The 

solution technique requires three observation wells that are not co-linear 

in order to calculate the components of the transmissivity tensor (Txx, 

TXy, and Tyy) with respect to an arbitrary set of axes. With these data, 

the magnitude and orientation of the major and minor principal transmis

sivity axes (Ta and T^) are determined. Neuman et al. (1984) extended 

this approach to provide a least squares approximation for data from more 

than three observation bores or more than one pumping well. The principal 

transmissivities and storativities obtained represent average values since 

they consider all available drawdown data. 

The reliability of the anisotropy analysis can be checked by 

plotting calculated directional transmissivities on the ellipse defined 
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by the principal transmissivities. The directional transmissivity 

represents the magnitude of transmissivity in the direction of flow. If 

the aquifer behaves as an equivalent porous medium, the directional 

transmissivites of observation bores will plot along the perimeter of the 

transmissivity ellipse. If equivalent porous medium conditions are not 

realized, directional transmissivites are scattered or the result may 

contradict observations. 

The 1988 data were analyzed in three ways. First, all three-well 

combinations in a test were evaluated using the approach of Papadopolous 

(1965). Second, each test was analyzed for a least squares approximation 

using all observation bores. Third, a least squares solution was sought 

using combinations of tests in an attempt to define large-scale aquifer 

properties. In the analyses, the arbitrary axes are parallel to the mine 

grid. The origin is at the pumping well with zero degrees corresponding 

to a compass bearing of N50E and positive angles measured counterclock

wise. Appendix 7 describes the analytical methods used. 

Test PH14c. The orientations of principal transmissivities 

calculated for test PH14c are shown in Figure 30. Of 20 possible 

three-well combinations, only nine provided solutions (Table 4). Only 

well combination PH49-PH54-PH56 has a principal transmissivity with a 

northeast orientation similar to the drawdown pattern. The ratio of major 

to minor principal transmissivities for this combination is near 200, 

making it an unlikely case. A polar plot for the least squares solution 

(Figure 31) shows that calculated directional transmissivities do not plot 

along the transmissivity ellipse. However, directional transmissivities 



Table 4. Results of anisotropy analysis of aquifer test PH14c. 

Wells •^xx T yy T xy s Ta Tb THETA VTb 

(m2/d) (m2/d) (m2/d) (m2/d) (m2/d) (deg) 

All Wells 193.36 34.96 -51.94 0. .001884 208.88 19.45 -16.63 10.74 
15-49-55 50.98 109.84 -39.21 0. .002671 129.43 31.39 -63.44 4.12 
15-49-56 44.18 106.13 -25.02 0. .002992 114.97 35.34 -70.54 3.25 
15-54-55 156.68 77.83 90.18 0. .000733 215.68 18.84 33.19 11.45 
15-54-58 94.59 51.89 29.09 0. .001254 109.33 37.16 26.86 2.94 
15-55-58 57.86 70.22 -0.35 0. .002129 70.23 57.85 -88.39 1.21 
49-54-55 219.1 35.24 -60.48 0. .0034 237.21 17.13 -16.67 13.85 
49-54-56 899.65 4.76 14.67 0. .003 899.89 4.51 0.94 199.32 
49-54-58 287.04 73.39 130.39 0, .001801 348.78 11.65 -25.34 29.94 
49-55-58 71.11 74.6 -35.24 0. .003501 108.13 37.57 -43.58 2.88 

Symbols: ^xx* ^xy' ^yy" Components of the transmissivity tensor in arbitrary coordinate system 

S: Storage coefficient 

Ta, T^: Major and minor principal transmissivities 

THETA: The angle between the major principal transmissivity and the arbitrary coordinate 
system 

Tfl/Tj5: The anisotropy ratio of major to minor principal transmissivities 
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Figure 30. Rose diagram of principal transmissivities for three 
combinations in aquifer test PH14c. The least squares 
solution for all wells is denoted as LSS. 
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Figure 31. Polar plot of the least squares transmissivity ellipse and 
calculated directional transmissivities for test PH14c. 
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generally match the ellipse, with the exception of PH15 and PH56 which 

show the poorest fit. The scatter in these results is due to aquifer 

heterogeneity evidenced by crossing drawdown curves and asymmetric 

drawdowns in test PH14c. 

Test PH56b. Table 5 lists the results of analysis of aquifer test 

PH56b. Principal transmissivities for 42 three-well combinations show two 

main orientations (Figure 32): a dominant northeast to east-northeast 

direction and a subordinate northerly direction. The principal transmis-

sivity estimated by least squares is more easterly oriented than those of 

the well combinations and does not appear to reflect overall drawdown 

patterns (Figure 19). A polar plot of directional transmissivites shows 

little correspondence to the transmissivity ellipse obtained by least 

squares (Figure 33). However, the similarity of drawdown patterns to the 

two major transmissivity orientations given by well combinations suggests 

that bores from particular regions may influence observed trends. 

Evaluating the principal transmissivities of three-well combinations 

with respect to orientation shows that northeasterly directions are 

obtained primarily from combinations of bores PH14, PH55, PH58, PH80, 

PH83, and PH84, while combinations of PH73, PH74, PH80, PH83, and PH84 are 

north directed. Bores PH15 and PH81 are not significant in either group 

and PH80, PH83, and PH84 are in both groups. Data for these well groups 

were evaluated separately using the least squares method. The results are 

shown as polar plots in Figures 34 and 35. Transmissivity ellipses for 

the two groups show good agreement with directional transmissivites for 

the bores on which the approximation was calculated but not for bores 



Table 5. Results of anisotropy analysis of test PH56b. (See Table 4 for explanation of symbols). 

Wells Txx Tyy Txy S Ta Tb THETA Ta/Tb 

(m2/d) (m2/d) (m2/d) (m2/d) (m2/d) (deg) 

All Wells 178. ,5 98.1 -118. ,4 0. .000604 263. ,33 13. ,25 -35. ,63 19. 88 
54-73-74 109. 8 32.8 -10. .7 0, ,003838 111. .25 31. .35 -7. ,74 3. 55 
54-73-58 224, ,1 66.9 -107. .3 0. .001381 278. .48 12. ,53 -26. ,89 22. 23 
54-74-81 98 98 -78. .2 0. ,004299 176. .2 19. .8 -44. ,99 8. ,9 
54-80-83 145. .7 199.2 159. .8 0. ,002892 334. ,5 10. ,4 40. .25 32. ,08 
54-80-84 164. .9 263.6 199. .9 0. ,002557 420. ,16 8. .3 38. .06 50. ,61 
54-83-84 102. .1 252.7 149. ,4 0. ,004127 344. .69 10. ,12 58. .37 34. .06 
54-14-55 434. .6 11.46 -38. .7 0. ,00097 438. ,12 7. ,96 -5, .18 55. .03 
54-14-58 899. ,4 25.2 -138. .4 0. ,000469 920. .84 3. .79 -8. .79 243 .1 
54-55-58 280. ,4 29.5 -69. .1 0. .001503 298, .12 11. ,7 -14, .42 25. .48 
73-74-80 49. .2 121.8 50. .1 0. ,001033 147. .38 23. ,67 62, .95 6. ,23 
73-74-81 178. .8 25.2 -31, .8 0. .005 185, .1 18. .84 -11, .25 9, ,82 
73-74-83 50. .8 92.1 34. .5 0. ,001366 111. ,65 31. ,24 60, .46 3. ,57 
73-74-84 50. .9 91.5 34. .2 0. .001375 110. .93 31. .44 60, .37 3. ,53 
73-74-55 679. .8 38.3 -150. ,2 0, ,003282 712. ,89 4, ,89 -12. .55 145 .7 
73-80-83 82. .7 84.2 59 0, .001494 142. .43 24, .49 44, .64 5, .82 
73-80-84 75. .6 87.9 56. .2 0. ,001432 138, .25 25. .23 41. .87 5. .48 
73-81-58 295. .1 51.3 -107. .9 0. .002455 335. .99 10, .38 -20, .75 32. .36 
73-83-84 53. .7 90.2 36. .8 0. .001396 112. .94 30, .88 58. .21 3. .66 
73-55-58 523. .5 54.7 -158. .6 0. .002301 572. .07 6, .1 -17, .04 93, .82, 
74-80-83 79. .7 74.4 49. .4 0, .001324 126. .49 27, .58 43, .46 4, .59 
74-80-84 73. .2 79.4 48. .2 0. .001303 124. .65 27. .98 43, .16 4, .45 
74-81-14 897. ,9 10.31 -75. .96 0. .001198 904. .38 3, .86 -4, .86 234 .48 
74-83-84 53. .5 89.1 35. .8 0. .001376 Ill, .31 31. .34 58, .2 3, .55 
80-83-14 134. ,1 29.6 -21. .8 0. .000353 138. .5 25. .18 -11, .33 5, .5 
80-83-55 104 33.8 -5 0. .000495 104. .36 33. .42 -4 .05 3, .12 



Table 5-Continued 

Wells Txx Tyy Txy 

(m2/d) (m2/d) (m2/d) 

80-83-58 95.4 36. .6 1. 56 0. 000568 
80-14-84 135.5 33. ,6 -32. ,7 0. 000312 
80-14-55 171.1 22 16. ,5 0. 000457 
80-14-58 174.7 21. .9 18. ,4 0. 000459 
80-84-55 96.2 37. ,1 -8. ,49 0. 000484 
80-84-58 86.9 40, .2 -0. ,94 0. ,000568 
80-55-58 189.7 20. .7 21 0. ,000435 
81-55-58 399.7 41. .8 -115 0. ,002012 
83-14-55 164.6 23. .8 20. .8 0. ,000421 
83-14-58 171 24 24, .6 0, .000417 
83-84-55 82.6 51, .7 -28 0, .000436 
83-84-58 68.6 53 .4 -13, .1 0, .000568 
83-55-58 203.7 22 .3 32, .6 0, .000364 
14-84-55 161.5 24 .9 23, .3 0, .000401 
14-84-58 170 25 .3 28, .5 0, .000394 
14-55-58 182.4 19 .8 11, .1 0, .00051 
84-55-58 217 23 .9 41, .1 0, .000323 

Ta Tb THETA Ta/Tb 

(ra2/d) (m2/d) (deg) 

95.46 36. 58 1.51 2.61 
145.06 24. 05 -16.34 6.03 
172.93 20. ,17 6.24 8.57 
176.85 19. ,72 6.76 8.97 
97.49 35. ,78 -8.42 2.72 
86.91 40. .14 -1.15 2.17 
192.31 18. .14 6.98 10.6 
433.49 8. .05 -16.37 53.87 
167.55 20. .82 8.22 8.05 
175.03 19, .93 9.26 8.78 
99.14 35, .18 -30.56 2.82 
76.08 45, .85 -29.9 1.66 
209.33 16, .66 9.88 12.56 
165.39 21, .09 9.4 7.84 
175.41 19 .88 10.74 8.82 
183.1 19, .05 3.87 9.61 
225.38 15 .48 11.54 14.56 
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Figure 32. Rose diagram of principal transmissivities for three well 
combinations in aquifer test PH56b. The least squares 
solution for all wells is denoted as LSS. 



33. Polar plot of the least squares transmissivity ellipse for all 
data from test PH56b. 
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Figure 34. Polar plot of the least squares transmissivity ellipse 
obtained with data for PH14, PH55, PH80, PH88, and PH84. The 
directional transmissivities shown are for all observation 
bores. oo 
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Figure 35. Polar plot of the least squares transmissivity ellipse 
obtained using data for PH73, PH74, PH80, PH83, and PH84. The 
directional transmissivities shown are for all observation 
bores. 
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outside the group. These data suggest that two components compose the 

total system response to pumping. One is represented by a northerly 

principal transmissivity and appears to be influential at a scale of about 

100 m around the pumped well. The other component has a northeasterly 

principal transmissivity effective at a scale of hundreds of meters. 

Test PH88. Pumping test PH88 had 10 three-well combinations 

providing solutions. A least squares approximation was not possible 

because many observation wells are co-linear with the pumped bore. Each 

of the co-linear bores were used separately in the analysis. Principal 

transmissivites (Table 6 and Figure 36) are dominantly southeast-oriented. 

A subordinate north direction is also obtained. Observed drawdowns 

(Figure 25) are north-oriented and agree with the subordinate direction 

for principal transmissivity. These results are due to the co-linear 

array of bores which give well combinations along roughly orthogonal axes 

and bias calculations unless observation well KD2 is considered. North 

orientations are obtained only from well combinations containing KD2. 

Using the drawdown pattern as a constraint, the north-oriented principal 

transmissivities are interpreted to provide the more representative 

results. The two north-oriented principal transmissivities vary by a 

factor of 3 and have anisotropy ratios ranging from 12 to 153. Both 

solutions were evaluated on polar plots. The results for well combination 

PH83-KD2-PH95 shows the least scatter of the two (Figure 37) but does not 

account for all observation wells. 

Test KD2. Anisotropy analysis was applied to data from past aquifer 

tests conducted at KD2 and KD3 (AGC, 1979). Analysis of test KD3 gave no 



Table 6. Results of anisotropy analysis of test PH88. (See Table 4 for explanation of symbols). 

Wells Txx Tyy Txy S Ta Tb THETA Ta/Tb 

(m2/d) (m2/d) (m2/d) (m2/d) (m2/d) (deg) 

87-KD2-97 458.5 308.0 

87-95-97 66.9 254.8 

85-KD2-95 538.3 58.0 

85-95-97 21.4 211.8 

92-96-95 226.5 380.6 

92-95-97 51.4 219.8 

93-95-97 22.3 208.3 

84-95-97 16.4 244.7 

83-KD2-95 144.1 86.8 

83-95-97 19.1 223.2 

370.7 0.000097 761.52 

-115.2 0.000663 309.5 

165.6 0.000019 589.85 

-27.21 0.000491 215.57 

-287.1 0.000156 600.76 

-86.62 0.000692 256.38 

-29.3 0.000506 212.82 

-14.8 0.000393 245.64 

93.4 0.000059 213.12 

-21.8 0.000449 225.53 

4.97 39.26 153.33 

12.22 -64.6 25.3 

6.41 17.3 91.99 

17.55 -82.02 12.29 

6.3 -37.49 95.42 

14.75 -67.1 17.38 

17.77 -81.26 11.98 

15.4 -86.31 15.95 

17.75 36.46 12.01 

16.77 -83.97 13.45 

00 
00 
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Figure 36. Rose diagram 
combinations 

of principal transmlsslvltles for three well 
in aquifer test FH88. 



Figure 37. Polar plot of the transmissivity ellipse and directional 
transmissivities obtained with data for well combination KD2-
PH95-PH83. 
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results due to the co-linear distribution of observation wells (Appendix 

1 ) .  

Data for test KD2 gave principal transmissivites for 43 three-well 

combinations (Table 7) but no least squares solution. A rose diagram of 

the results (Figure 38) shows a single northerly maximum. A minor 

northeasterly peak accounts for less than 10% of the calculations. 

Drawdowns (Appendix 1) show north-south trends near KD2 and northeast 

orientations for the large-scale patterns. Evaluating the data from the 

well combinations shows that north orientations are obtained from 

combinations of PH93, PH80, PH85, PH88, PH96, PH58, and PH56, while 

northeast orientations result from combinations of KD3, PH94, PH88, and 

PH96. Least squares approximations obtained for data from the two groups 

are shown on polar plots in Figures 39 and 40. Directional transmis-

sivities for bores on which the least squares solutions were calculated 

plot close to the edge of the transmissivity ellipses. As in test PH56b, 

these data suggest that two components make up the total system response. 

A north-oriented transmissivity fabric is defined by observation wells 

closest to the pumped bore and a northeast principal transmissivity 

represents more distal bores. 

Multiple Tests. Analysis using combinations of all aquifer tests 

failed to yield any least squares solutions. The inability to determine 

aquifer parameters using test combinations is not surprising considering 

the lack of a single least squares approximation to describe the total 

aquifer response in some individual tests. 



Table 7. Results of anisotropy analysis for aquifer 
symbols). 

Wells Txx Tyy Txy 

(m2/d) (m2/d) (m2/d) 

All Wells No Solution 

KD3-93-94 232.0. 123.7 -41.57 0.000307 

KD3-93-96 355.0 93.2 78.2 0.000445 

KD3-85-80 1359.2 25.8 90.3 0.001865 

KD3-85-56 2560.8 97.6 -472.2 0.000284 

KD3-88-94 384.0 99.5 -106.1 0.000361 

KD3-88-96 588.4 205.5 -306.5 0.00017 

KD3-88-56 932.0 72.6 201.7 0.000667 

KD3-94-96 326.5 103.9 -83.4 0.000352 

93-85-88 91.8 397.1 97.3 0.000491 

93-85-80 385.5 265.9 274.8 0.001248 

93-85-96 221.6 247.6 167.0 0.001016 

93-85-58 1015.2 518.0 706.3 0.000905 

test KD2. (See Table 4 for explanation 

Ta Tb THETA Ta/Tb 

(m2/d) (m2/d) (deg) 

246.11 

376.55 

1365.29 

2648.17 

419.2 

758.32 

977.02 

354.25 

425.51 

606.89 

402.12 

1515.4 

109.58 

71.62 

19.75 

10.18 

64.33 

35.56 

27.6 

76.13 

63.38 

44.44 

67.07 

17.8 

-18.76 

15.43 

3.86 

-10.49 

-18.35 

-29.0 

12.57 

-18.41 

73.75 

38.86 

42.77 

35.31 

2.25 

5.26 

69.12 

260.04 

6.52 

21.32 

35.4 

4.65 

6.71 

13.66 

6 . 0  

85.15 



Table 7--Continued 

Wells Txx Tyy TXy 

(m2/d) (m2/d) (m2/d) 

93-85-56 414.1 274.0 294.1 0.001255 

93-88-80 258.6 310.6 231.0 0.001298 

93-88-96 223.1 302.2 201.1 0.001144 

93-88-58 245.8 307.0 220.2 0.001243 

93-88-56 318.5 334.2 281.9 0.001534 

93-88-55 1198.9 931.0 1043.6 0.002239 

93-80-96 230.1 350.4 231.6 0.001226 

93-80-58 275.9 296.4 234.1 0.001315 

93-80-56 455.6 268.2 308.5 0.001154 

93-96-58 225.2 319.5 212.1 0.001176 

93-96-56 320.9 660.4 430.1 0.001318 

93-96-55 938.8 2207.7 1430.2 0.000622 

9 3 - 5 8 - 5 6  362.1 2 9 2 . 9  281. 2  0.001401 

8 5 - 8 8 - 8 0  350.9 174. 6  185. 2  0.001785 

Ta Tb THETA Ta/Tb 

(ra2/d) (m2/d) (deg) 

646.37 

517.07 

467.64 

498.62 

608.35 

2117.12 

529.56 

520.46 

684.33 

489.58 

952.99 

3137.86 

610.8 

4 6 7 . 8 6  

41.72 

52.16 

57.67 

54.09 

44.33 

12.74 

50.93 

51.82 

39.41 

55.08 

28.3 

8.59 

44.15 

5 7 . 6 4  

38.3 

41.79 

39.44 

41.04 

44.2 

41.34 

37.72 

43.75 

36.55 

38.73 

55.77 

56.96 

41.49 

32.27 

15.49 

9.91 

8.11 

9.22 

13.72 

166.2 

10.4 

10.04 

17.37 

8.89 

33.68 

365.11 

1 3 . 8 3  

8.12 



Table 7--Continued 

Wells Txx Tyy TXy 

(m2/d) (m2/d) (m2/d) 

85-88-96 187.0 215.8 115.7 0.001043 

85-88-58 628.0 202.0 316.1 0.002443 

85-88-56 326.0 175.5 173.8 0.001869 

85-94-96 184.4 289.5 -162.5 0.000425 

85-80-56 362.5 221.1 230.6 0.001468 

88-94-96 271.3 130.0 -91.11 0.0004 

88-80-96 258.0 369.9 261.7 0.001128 

88-80-58 266.1 270.8 212.37 0.001435 

88-80-56 313.6 197.7 187.2 0.001716 

88-96-58 237.7 331.2 227.5 0.001143 

88-58-56 305.0 235.1 211.5 0.001706 

94-56-55 747.7 346.4 -481.7 0.001175 

80-96-58 349.9 446.1 359.3 0.000881 

Ta Tb THETA Ta/Tb 

(m2/d) (m2/d) (deg) 

317.96 84.82 

796.16 33.87 

440.13 61.27 

407.7 66.15 

532.98 50.6 

315.93 85.36 

581.55 46.37 

480.85 56.08 

451.61 59.72 

516.71 52.19 

484.48 55.66 

1068.92 25.23 

760.47 35.46 

41.44 3.75 

28.01 23.5 

33.3 7.18 

-36.04 6.16 

36.48 10.53 

-26.11 3.7 

38.97 12.54 

44.68 8.57 

36.4 7.56 

39.19 9.9 

40.31 8.7 

-33.69 42.37 

41.19 21.44 



Table 7--Continued 

Wells Txx Tyy Txy S Ta Tb THETA Ta/Tb 

(ra2/d) (m2/d) (m2/d) (m2/d) (m2/d) (deg) 

80-58-56 249. .4 169. ,9 124. .1 0. .002223 339. 94 79. .33 36. .12 4.29 

80-58-55 1231. .7 31. ,25 -107. ,4 0. .0038028 1241. 27 21. .73 -5. .07 57.13 

80-56-55 164. .3 169. ,0 -28. .0 0. .00423 194. ,73 138. .49 -42. .59 1.41 

96-56-55 181. .0 540. ,9 266. .3 0. .002218 682. .39 39, .52 62, .03 17.27 

vo 
Ui 
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Figure 38. Rose diagram of principal transmissivities for three well 
combinations in aquifer test KD2. 
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Tb = 34.65 m 2/d 

Ta/Tb = 17.0 

S = 0.001016 

THETA = 43.73° 

Figure 39. Polar plot of the least squares transmissivity ellipse 
calculated with data from bores PH93, PH80, PH85, PH88, PH96, 
PH56, and PH58 in aquifer test KD2. The directional 
transmissivities shown are for all observation bores. vo 
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Figure 40. Polar plot of the least squares transmissivity ellipse 
calculated with data from bores KD3, PH94, PH88, and PH96 in 
aquifer test KD2. The directional transmissivities are for 
all observation bores. VO 
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Analysis of Fracture Flow 

Models describing pressure behavior in an aquifer dominated by 

fracture flow assume it can be approximated as an equivalent homogeneous, 

anisotropic medium. The conceptual model consists of a porous medium cut 

by a single infinitely-conducting fracture. Permeability parallel to 

fracturing is enhanced, while the permeability normal to fractures is 

constant resulting in an anisotropic system. Gringarten and Witherspoon 

(1972) summarized the mathematical development of these models and 

presented type curves for application to either vertical or horizontal 

fracture systems (Figures 41 and 42). 

A major aspect of fracture flow models is the predicted transient 

drawdown response. For wells intersecting vertical fractures, early-time 

drawdowns exhibit distinctive linear log-log behavior wfth a slope of 0.5. 

Drawdown curves for observation wells not on the fracture vary with 

respect to fracture location and anisotropy ratio. Early-t>ime data for 

those wells typically have log-log slopes greater than 0.5 but less than 

a Theis curve. As test time or distance from the fracture increase, 

aquifer response approaches that of a line source well in an anisotropic 

porous medium and can be analyzed by the Fapadopolous (1965) method 

(Gringarten and Witherspoon, 1972). In a theoretical evaluation of a 

homogeneous isotropic aquifer cut by a single vertical fracture, Jenkins 

and Prentice (1982) also concluded that radial flow equations can be used 

to predict drawdowns at large distances and long times for wells outside 

the influence of the fracture. Cinco et al. (1978) considered the effect 

of a pumping well intersecting a finite-conductivity vertical fracture and 
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Figure 41. Type curves for a vertical fracture model for (a) drawdown at 
the pumping well and (b) drawdown at observation wells 
(Gringarten and Uitherspoon, 1972). 
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Figure 42. Type curves for a horizontal fracture model for drawdown at 
the pumping well (Gringarten and Witherspoon, 1972). 



102 

determined that log-log drawdown curves for that system will be linear 

with slopes between 0.25 and 0.5. 

For wells intersecting horizontal fractures, early-time log-log 

behavior is linear with slopes between 0.5 and 1.0 (Figure 42). Beyond 

the influence of the fracture, drawdown in observation wells is the same 

as in a homogeneous, isotropic aquifer (Gringarten and Witherspoon, 1972). 

The numerous type curves confuse the application fracture flow 

models. In addition, data on fracture location, orientation, and 

effective length as well as aquifer storativity are needed to obtain a 

unique solution. Smith and Vaughn (1985a and b) noted that without 

independent estimates of these variables, an iterative process of curve 

fitting and equation solving is required to give consistent results. Type 

curve matching can be further complicated by the effects of inner and 

outer boundary conditions. 

The 1988 aquifer test data show similarities to the fracture flow 

type curves. Though the ambiguity of type curve fitting and the lack of 

supporting data prevent unique solutions at this time, some qualitative 

interpretations are possible. 

Tests PH14c and PH56b. Log-log drawdown curves for the pumping 

wells in tests PH14c and PH56b show the best overall fit to the type curve 

for a horizontal fracture with curve parameter Hd - co (Figure 42). A 

high value for this parameter results from either a large aquifer 

thickness or a small fracture radius. Late-time data for the pumped bores 

also match vertical fracture type curves, but early-time data are steeper 

than the characteristic 0.5 linear slope. Early-time data for observation 
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wells fit type curves for vertical fractures with high values (2 to 5) for 

the curve parameter r„, while late-time data are flatter than the type 

curves (Figure 41). High values for the parameter rd imply a large radial 

distance from the pumping well. In such cases, the solution reduces to 

that for an anisotropic aquifer (Gringarten and Witherspoon, 1972). 

Observation wells do not show the same initial slopes as the pumping 

wells, indicating that these wells do not directly intersect a single 

permeable fracture. An interconnected system of fractures, rather than 

a single conduit, must be responsible for the large areal extent of 

drawdown. 

Although drawdown curves resemble portions of type curves for 

horizontal and vertical fractures, positive identification of frac

ture -controlled flow in tests PH14c and PH56b is not possible. Log-log 

drawdown curves for the pumped bores in these tests lack the half unit 

slope characteristic of fracture flow. Both the pumping and observation 

bores exhibit early-time drawdowns which tend to plot to the left of the 

Theis curve suggesting enhanced storage in the system. Fracture or 

wellbore storage may account for this characteristic but do not last long 

into the test. 

Test PH88. Test PH88 produced relatively little drawdown in the 

pumped bore while equivalent drawdowns occurred rapidly in adjacent bores 

as well as one 100 m away (Figure 25). With the exception of very early-

and late-time data, the logarithmic drawdown curve for PH88 is linear with 

an approximate slope of 0.25. It matches the type curve for a finite-con

ductivity vertical fracture (Cinco et al., 1978). Drawdown curves for 



104 

observation wells match many of the type curves for high-conductivity 

vertical fractures. Graphs of drawdown versus t1'4 are linear until about 

1000 min (Figure 43). According to Gringarten (1982), the linear portions 

of these curves suggest the dominance of fracture flow. After that time, 

semilog straight-line response begins and flow is assumed to be pseudo-

radial. 

This test is interpreted as representing a well intersecting a 

high-angle fracture system of finite conductivity. Drawdowns at PH88, 

KD2, PH87, PH85, PH92, and PH93 are identical (Figure 26), indicating a 

good hydraulic connection to a fracture system with a strike length of at 

least 100 m in a northerly direction. 

An important implication of this qualitative evaluation relates to 

the anisotropy analyses. If tests PH14c and PH56b represent fracture flow 

systems, drawdown data for observation wells fit type curves for a large 

radial distance from the pumping well-fracture system and imply pseudo-

radial flow at those bores. In test PH88, the end of fracture-dominated 

flow and the beginning of pseudo-radial flow is estimated using charac

teristic plots of time vs. t1'4. Under pseudo-radial flow conditions, 

semilog straight-line analysis and the Papodopolous method give acceptable 

results. Since anisotropy analyses used data interpreted to be from 

pseudo-radial portions of these tests, the calculated parameters are 

consistent with both fracture flow and anisotropy models. 
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min., suggesting flow in a finite-conductivity fracture. 
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Double-Porosity Analysis 

Double-porosity models apply continuum analysis to a fractured 

medium with water storage in both fractures and wallrock pores. Type 

curves and evaluation criteria are given by Gringarten (1984 and 1987). 

The model predicts that transient drawdown response is the result of flow 

occurring from different components of the fractured media. At early 

times, drawdown occurs mainly from flow within fractures. At intermediate 

times, flow in fractures is augmented by flow from the wallrock resulting 

in a transition period with lower drawdown rates. Flow from wallrocks 

occurs due to pressure gradients between fluid in fractures and that in 

the wallrock pores. In the long-term response, pressure distribution 

between fractures and wallrocks equilibrates resulting in flow from 

fissures and wallrock. The resulting drawdown curve shows an initial 

behavior characteristic of the fracture system, a transition period of 

lower drawdowns as flow from wallrocks occurs and a long-term drawdown 

reflecting the total system response. Because double-porosity drawdown 

curves can be confused with those of unconfined aquifers with delayed 

yield or leaky confined aquifers, the most reliable way to identify 

double-porosity behavior is by an analysis of the pressure derivative with 

respect to time (Gringarten, 1987). 

The aquifer tests can be interpreted as representing a dual porosity 

medium in which total system response is not attained. Observed drawdowns 

show early fracture-dominated flow giving way to decreased drawdowns which 

could represent the transition period. Running for 10,000 minutes, 

aquifer test KD2 has the longest drawdown record yet obtained. Late-time 
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drawdowns for test KD2 reach a maximum and show no evidence of increasing. 

In a double-porosity medium, this behavior would suggest a condition of 

restricted interporosity flow which occurs when the least permeable media 

impedes flow. At Koongarra, a double-porosity interpretation implies that 

parameters calculated with data prior to transition behavior are 

representative of the most permeable media, the fracture system. 

Interpretation of Aquifer Parameters 

Because aquifer connectivity appears good and drawdown patterns, 

though asymmetric, are regular, the aquifer can be treated as an 

equivalent porous medium. The departure of the true aquifer conditions 

from those assumed by equivalent porous medium models is shown by the 

range of transmissivities obtained from both isotropic and anisotropic 

analyses. However, using an isotropic model, the geometric means of 

transmissivities for tests PH14c, PH56b, and PH88 are very close ranging 

from 59 to 63 m2/d while that for test KD2 is 164 m2/d. 

Analyses of drawdowns using a model which assumes a homogeneous, 

anisotropic medium provide reliable transmissivity estimates for some 

tests, though in others interpretations must be constrained by drawdown 

patterns. For tests PH56b and KD2, good results are obtained by 

separating out groups of wells representing different components of the 

drawdown pattern. These groups appear to satisfy equivalent porous medium 

assumptions for observation wells at different distances from the pumped 

bore. Tests PH14c and PH88 show less correspondence to estimated 

transmissivity ellipses. However, directional transmissivities for tests 
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PH14c and PH88, though scattered, do largely match the transmissivity 

ellipses calculated from the least squares approximation or an estimate 

selected on the basis of drawdown patterns. 

Table 8 summarizes the best estimates of aquifer parameters using 

an anisotropic model. Principal transmissivities are north- to east-

northeast -oriented with anisotropy ratios ranging from 4 to 17. The 

northeasterly direction is representative of large-scale drawdown patterns 

and is subparallel to the Koongarra fault and features such as foliation, 

fold axes, and lithologic layering in the bedrock schists. The north 

direction is important at smaller scales (<150 m) and may reflect a less 

extensive fracture fabric in the unweathered schist or lower weathered 

zone. An alternative interpretation is that the transition from north to 

northeast directions may be continuous and represent flexure or open fold 

in the schistosity or relict bedding of the bedrock. 

The inability of a homogeneous, anisotropic model to account for all 

observations is due to aquifer heterogeneity. In some tests, the 

transmissivity tensor can only be determined for groups of data represent

ing domains displaying a portion of the drawdown pattern. These 

subregions appear to compose the total test response. These results show 

that the magnitude and orientation of the principal transmissivity varies 

with spatial position and the scale of the test and suggest that a 

representative elementary volume cannot be determined for the entire 

aquifer but only subregions of it. Although heterogeneity complicates 

parameter estimation and increases their uncertainty, the values in Table 

8 provide a good first approximation of transmissivity in the aquifer 

domains tested. 



Table 8. Summary of aquifer parameters obtained from anisotropy analysis. (See Table 4 for 
explanation of symbols). 

Test Txx Tyy Txy S Ta Tb THETA Ta/Tb 

(m^/d) (m^/d) (m^/d) (m^/d) (m^/d) 

PH14c 193.36 34.96 

PH56b 63.81 83.85 
316.88 46.03 

PH88 144.1 86.8 

KD2 324.25 299.7 
254.6 78.07 

-51.94 0.001884 208.88 

43.1 0.001372 118.08 
46.46 0.000774 324.63 

93.4 0.000059 213.12 

277.05 0.001016 589.3 
-66.71 0.000267 276.97 

19.45 -16.63 10.74 

29.58 38.46 3.99 
38.28 9.47 8.48 

17.75 36.46 12.03 

34.65 43.73 17.01 
55.69 -18.54 4.97 
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CHAPTER FIVE 

CONCLUSIONS 

Five hydrologic units compose the Koongarra site. These are: the 

Kombolgie Formation, unweathered Cahill Formation, weathered Cahill 

Formation, surficial sands and the Koongarra fault. Water-level and 

aquifer test data support the concept of a 'hangingwall' aquifer 

consisting of: (1) unweathered Cahill Formation forming a partially 

confined fractured-rock aquifer, (2) weathered Cahill Formation acting as 

a laterally variable aquitard, and (3) the surficial sands which likely 

form an unconfined aquifer during the wet season. The vertical hydraulic 

conductivity of the weathered zone and the amount of leakage possible 

through it are not known. The Kombolgie Formation composes a 'footwall' 

aquifer containing water in well-developed fracture sets. The Koongarra 

fault forms the hydraulic boundary between the two aquifers. The 

hydraulic characters of the Kombolgie Formation and Koongarra fault are 

poorly understood. Localized permeability across the fault is indicated 

by a recharge zone at the northeast end of the site. Elsewhere recharge 

is diffuse suggesting permeability across the fault is either evenly 

distributed or the fault is relatively impermeable and recharge occurs by 

infiltration through hangingwall rocks. 

Water levels at Koongarra are dynamic showing yearly, daily and 

semidiurnal cyclic fluctuations. Semidiurnal cycles are correlated with 

earth tides. The hydraulic gradient dips primarily to the south and 

varies slightly in magnitude with the season. Property-wide water-level 
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trends and results of aquifer tests indicate good hydraulic connectivity 

in the unweathered Cahill Formation aquifer. No impermeable boundaries 

were detected although these data do indicate heterogeneity at small 

scales (lO-lOOm). 

Drawdown patterns during aquifer tests indicate a heterogeneous 

aquifer with pronounced north to east-northeast anisotropy. Logarithmic 

drawdown curves for early-time data are frequently linear suggesting 

fracture-controlled flow. Intermediate- and late-time data indicate 

pseudo-radial flow conditions modified by leakage or fracture storage. 

Analysis of drawdown data using a homogeneous, anisotropic model 

provides consistent results though interpretations must be constrained by 

drawdown patterns. Table 8 summarizes the best estimates of aquifer 

parameters using an anisotropic model. Principal transmissivities are 

north- to northeast-oriented with anisotropy ratios from 4 to 17. 

Northeast anisotropy represents large-scale drawdown patterns and is 

controlled by bedrock geologic fabrics and the Koongarra fault. North 

anisotropy is areally restricted and may be controlled by localized 

fracture fabrics. Due to aquifer heterogeneity, the apparent magnitude 

and orientation of the principal transmissivity varies with spatial 

position and the scale of the test. A representative elementary volume 

cannot be defined for the entire area but only subregions of it. 

The combination of southerly hydraulic gradients and north-south to 

east-northeast-west-southwest oriented major transmissivity axes will 

result in southerly to southwesterly ground-water flux vectors. 

Ground-water velocities will be fastest when the gradient and major 

transmissivity are co-linear. 
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DISCUSSION 

The characterization of hydraulic parameters in fractured rock 

aquifers is hampered by problems ranging from the ability to define a 

representative elementary volume to uncertainty in the equations 

describing flow in fractured rocks (Neuman, 1987). The effects of 

channelized flow in fractures, the interaction of fracture geometries, the 

hydraulic character of the well and heterogeneity in the hydrostratigraphy 

are factors which are difficult to evaluate with conventional aquifer 

tests. 

The numerical estimates of transmissivity determined for the 

Koongarra site must be considered apparent values subject to further 

validation. However, the principal transmissivities determined correlate 

with observed drawdown patterns and provide a foundation for flow and 

transport models. Modeling will have to account for the spatial 

variability of the transmissivity tensor. 

Future field work should address uncertainties such as differences 

between wet season and dry season hydraulics, the lateral continuity of 

hydrostratigraphic units, the vertical distribution of hydraulic 

conductivity and the hydraulic connection between units. An important 

question for both flow and transport modelers is to what degree leakage 

along the numerous drill holes is affecting observations. Analysis of 

short-term hydrograph data using the techniques of Hsieh and Bredehoeft 

(1987) may provide additional estimates of transmissivity. Inverse 
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modeling should also be undertaken to obtain alternative estimates of 

parameters. 

Data requirements for modeling will depend of the degree of 

resolution desired. Cross-hole packer tests to determine the three-dimen-

sional hydraulic conductivity tensor may be warranted if detailed 

information on a small region is required. If property-wide distribution 

patterns are of prime interest, continued study by conventional aquifer 

tests is feasible. The transport processes being modeled at Koongarra 

have been active at a geologic time scale. The resulting large-scale 

chemical patterns are the average of a large number of flow events. The 

effects of local heterogeneity may not be as important as the average 

aquifer parameters determined here. However, from the perspective of 

repository performance, local heterogeneities may compose fast-flow paths 

which must be delineated. 



APPENDIX 1 

BOREHOLE INVENTORY 



Table Al.l. Sunnary of borehole characteristics in 1988. 

MINE COORDINATES TOTAL CASED PLUMBED HEIGHT OF 
BOREHOLE NORTH (cl EAST (a) ELEV. (a) DEPTH (a) DEPTH <«) DEPTH (•) H.P. ABOVE 

(19B8) SURFACE <•) 

PH14 3047.85 
PH15 3045.41 
PH24 3779.34 
PH27 3535.51 
PH37 3657.42 
PH43 3779.34 
PH44 3108.5 
PH49 3109.1! 
PH54 2925.94 
PH55 3108.81 
PH56 2925.94 
PH58 310B.B1 
PH59 2925.94 
PH61 2925.94 
PH73 5865.12 
PH74 5865.12 
PH75 6108.35 
PH78 6108.96 
PH80 5865.12 
PH81 5865.12 
PH82 6108.65 
PH83 5865.12 
PH84 2864.98 
PHB5 2864.98 
PH87 2864.98 
PH88 2864.98 
PH92 2864.98 
PH93 2864.98 
PH94 3108.81 
PH95 2880.22 
PH96 2910.70 
PH97 2941.18 
PH99 2743.07 
PH109 3779.34 
PHI 10 3779.34 
PHI 13 2499.24 
PH115 2502.29 
PHI IB 3873.62 
PH127 3901.55 

3171.29 25.01 
3134.11 25.33 
3276.44 27.95 
3108.81 25.51 
3106.81 26.53 
3108.81 30.97 
3155.75 25.66 
3147.21 26.02 
3154.53 24.52 
3215.4B 24.38 
3169.77 24.38 
3245.96 24.23 
3106.81 24.76 
3093.57 24.59 
3169.92 24.290 
3139.44 23.590 
3031.85 28.380 
3078.48 28.340 
3230.8B 23.130 
3246.12 22.850 
3094.02 28.180 
3261.36 22.6B0 
3276.44 22.500 
3291.6B 22.460 
3306.92 22.470 
3322.16 22.160 
3337.40 22.150 
3352.64 22.030 
3398.35 23.170 
3369.40 22.050 
3369.40 22.160 
3369.40 22.450 
3108.80 23.280 
3139.29 29.320 
3139.29 21.720 
3108.81 19.790 
3124.05 19.690 
3124.05 34.730 
3231.03 32.220 

133.19 20.4 
103.63 24 
76.20 N.D. 
82.29 32.4 
91.44 11.7 
64.00 N.D. 
117.34 N.D. 
118.87 N.D. 
58.67 23.2 
91.44 20 
106.67 22.4 
91.44 23 
24.38 15 
102.10 32.7 
91.44 14.2 
76.20 N.D. 
30.48 N.D. 
77.72 N.D. 
45.72 17 
24.38 N.D. 
60.96 N.D. 
45.72 24 
45.72 23 
45.72 18.8 
45.72 21.5 
45.72 21 
45.72 20.8 
45.72 20.7 
79.24 23.8 
22.86 17.6 
45.72 16.4 
24.38 N.D. 
45.72 N.D. 
102.10 19.2 
60.96 30 
24.38 15.2 
92.96 17.6 
91.44 23.2 
121.91 N.D. 

26 0.123 
42 0.157 

4.61 0.132 
36.3 0.312 
53.1 0.43 

N.D. 0.265 
4.2 0.84 
87 0.882 

56.8 0.218 
89 0.132 
69 0.152 

90.1 0.067 
19.6 0 
95 0.18 

85.4 0.323 
2.4 0.399 

13.52 0.183 
8.39 0.135 
24 0.192 

8.98 0.125 
14.11 0.290 
35.4 0.230 
3B 0.130 

40.4 0.105 
N.D. 0.165 

36.7 0.154 
44.7 0.155 
30.1 0.190 
76.3 0.435 
19.1 0.186 
43.7 0.079 
15.73 0.160 
3.5B 0.223 
20.1 0.470 
59.9 0.367 
16.2 0.067 
18.1 0.158 
29.6 0.485 
17.13 0.367 



MINE COORDINATES TOTAL CASED PLUMBED HEIGHT OF 
BOREHOLE NORTH («) EAST (•) ELEV. (it) DEPTH (a) DEPTH (n) DEPTH (•) H.P. ABOVE 

(1988) SURFACE <e) 

PHI 30 3904.91 
PH131 4022.55 
PHI 32 4022.86 
PH133 4024.69 
PHI 35 4150.26 
PHI 36 4144.77 
PH137 4144.16 
PHI 39 3232.85 
PH140 4266.38 
PH143 4266.69 
PH146 2622.68 
PH147 2621.46 
PH148 2625.42 
PHI 56 2743.68 
PHI 58 2743.07 
PH162 2864.07 
PH165 2498.02 
PHI 66 2501.68 
PHI 68 2869.55 
KD1 3080 
KD2 2945 
KD3 3415 
KD4 3436 

N.D. - No Data 

3094.IB 36.790 
3092.96 38.920 
3139.29 37.090 
3187.14 35.B70 
3218.84 34.960 
3175.25 36.180 
3139.90 37.090 
3321.55 23.990 
3183.79 33.720 
3138.07 35;570 
2927.16 25.21 
2985.07 23.68 
3047.24 22.16 
3077.11 23.38 
3016.15 24.9 
3078.02 24.9 
2925.63 22.77 
2804.63 25.51 
2983.85 27.34 

2997 27.1 
3268 23.57 
3250 25.72 
3057 33.4 

131.06 33.7 
121.91 N.D. 
121.91 N.D. 
99.36 N.D. 
121.91 N.D. 
121.91 N.D. 
121.91 N.D. 
N.D. 23.4 
124.96 N.D. 
118.87 N.D. 
96.01 16.9 
103.63 20.5 
44.19 13.4 
60.96 N.D. 
27.00 24 
60.96 6.6 
60.96 N.D. 
60.96 N.D. 
108.20 N.D. 
120.00 70 
120.00 120 
120.00 120 
30.00 9 

34.7 0.072 
4.7 0.369 

>30 0.260 
15.66 0.392 

13 0.732 
if 0.282 

N.D. 0.140 
118.4 0.497 
6.4 0.160 

N.D. 0.293 
88.6 0.18B 
21.5 0.13 
17.5 0.186 
3.7 0.34 

24.6 0.356 
10.3 0.1 
2.22 0.049 

N.D. 0.848 
4.17 0.303 

N.D. 0.189 
N.D. 0.375 
N.D. 0.415 
N.D. 0.119 
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MONTHLY WATER-LEVEL ELEVATION MAPS 
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Figure A2.1. Contour map of water-level elevation on 20 June 1979 
(data from AGC, 1980c). 
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Figure A2.2. Contour map of water-level elevation on 25 July 1979 
(data from AGC, 1980c). 
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Figure A2.3. Contour map of water-level elevation on 22 August 1979 
(data from AGC, 1980c). 
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Figure A2.4. Contour map of water-level elevation on 26 September 
1979 (data from AGC, 1980c). 
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Figure A2.5. Contour map of water-level elevation on 24 October 1979 
(data from AGC, 1980c). 
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Figure A2.6. Contour map of water-level elevation on 21 November 1979 
(data from AGC, 1980c). h-
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Figure A2.7. Contour map of water-level elevation on 19 December 1979 
(data from AGC, 1980c). NJ 
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Figure A2.8. Contour map of water-level elevation on 23 January 1980 
(data from AGC, 1980c). 
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Figure A2.9. Contour map of water-level elevation on 27 February 1980 
(data from AGC, 1980c). £ 
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Figure A2.10. Contour map of water-level elevation on 26 March 1980 
(data from AGC, 1980c). 
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Figure A2.ll. Contour map of water-level elevation on 22 April 1980 
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APPENDIX 3 

BOREHOLE HYDROGRAPHS AND RECESSION RATES 
FOR 5/16/88-6/23/88 



Table A3.1. Rates of water-level decline froa 16 Hay to 23 June 19BB. 
131 

BOREHOLE RATE OF DECLINE 
(Ci/d) 

PH14 2.05 
PH15 2.13 
PH24 0.96 
PH27 1.3 
PH37 1.32 
PH43 1.78 
PH49 2.13 
PH54 1.7 
PH55 2.02 
PH56 1.8B 
PH5B 1.96 
PH59 1.75 
PH61 1.8 
PH73 1.54 
PH74 1.45 
PH75 2.91 
PH7B 2.41 
PHBO 1.5 
PHB1 1.93 
PHB2 2.86 
PH83 1.39 
PHB4 1.25 
PH85 1.03 
PH87 1.04 
PH88 1.05 
PH92 1.06 
PH93 1.06 
PH94 0.93 
PH95 1.06 
PH9£. 0.98 
PH97 1.05 
PH99 0.03 
PH109 3.57 
PHI 10 0.96 
PHI 13 0.89 
PHI 15 0.27 
PHI 18 2.03 
PH127 0.02 
PHI 30 4.01 
PH131 3.45 
PHI 32 3.23 
PH133 2.62 



BOREHOLE RATE OF DECLINE 
(ca/d) 

PH132 3.23 
PH133 2.62 
PHI 35 2.88 
PH136 4.24 
PH137 N.D. 
PHI 39 1.49 
PH140 2.71 
PH143 2.04 
PH146 1.93 
PH147 1.06 
PH148 N.D. 
PHI 56 1.14 
PH15B 1.18 
PH162 1.73 
PHI 65 0.43 
PH166 1.82 
PH168 5.27 

KD1 1.94 
KD2 1.09 
KD3 1.68 
YM 0.93 

N.D. - Ho Data 
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Figure A3.1. Hydrographs for all monitoring wells from 16 May to 23 
June 1988. (May 16 begins at zero on the time axis). 
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Figure A3.1--Continued 
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Figure A3.1--Continued 
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Figure A3.1--Continued 
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SHORT-TERM HYDROGRAPHS FOR THE 1988 FIELD SEASON 
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Figure A4.1. Borehole hydrographs for 23 May 1988. Water-level data 
are contained in Diskette 1. 
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Figure A4.1-Continued 
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Figure A4.2. Borehole hydrographs for 26 May to 28 May 1988 (during 
aquifer test PH14a). Water-level data are contained in 
Diskette 1. 
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Figure A4.2.--Continued 
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Figure A4.3. Borehole hydrographs for 2 June to 4 June 1988 (during 
aquifer test PH56b). Water-level data are contained in 
Diskette 1. 
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Figure A4.3.--Continued 



Borehole hydrographs for 11 June to 14 June 1988 (during 
aquifer test PH14c). Water-level data are contained in 
Diskette 1. 
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APPENDIX 5 

DRAWDOWN CONTOUR MAPS FOR AQUIFER TESTS 
KD2 AND KD3 
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Contour map of final measured drawdowns for aquifer test 
KD2 on 2 July 1978 (data from AGC, 1979). 
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DISCHARGE RECORDS FOR AQUIFER TESTS PH14c, 
PH56b, AND PH88 
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Table A6.1. Discharge record for aquifer test PH14c. 

•TONOMETER DISCHARGE TIME TO FILL DISCHARGE 
[•in) T (C) E.C. (uS) pH Eh (nV) <Dl) tl/sl 10 LITER CAN (l/s) 

8 31.2 199.6 6.06 55 210 
14 31.6 196.9 5.98 -31 
18 0.65 
23 31.6 195.1 5.96 -27 
26 210 15 0.67 
30 31.7 194.7 5.99 -25 
32 
38 31.7 195 6.04 -26 210 15 0.67 
42 210 0.642 
48 31.6 195.2 6.29 -25 
52 210 0.642 15 0.67 
58 31.8 195.3 6.3 -25 
67 210 0.65 15 0.67 
73 31.9 194.9 6.3 -26 
83 210 0.65 15 0.67 
95 31.9 193.7 6.32 -27 
103 210 0.642 
113 32 193.7 6.32 -25 210 
124 210 0.65 
126 32 193.7 6.32 -27 
135 210 0.642 
142 32.2 193.2 6.32 -28 
154 32.2 193.3 6.33 -27 210 
169 210 0.65 
184 32.2 193.1 6.32 -26 210 0.624 15 0.67 
231 32.3 194.2 6.31 -26 210 
246 210 0.65 
255 32.3 193.2 6.31 -26 210 
279 32.3 193.1 6.33 -25 210 15 0.67 
308 32.3 192.5 6.32 -25 0.648 
340 32.3 192.5 6.32 -23 
343 0.643 
371 32.3 192.8 6.32 -25 210 
401 32.3 192.7 6.31 -21 210 
410 0.652 
440 32.2 192.5 6.34 -18 
443 0.648 
469 32.2 191.9 6.32 -20 210 
522 0.653 
529 32.2 192.6 6.32 -13 



NONOHETER DISCHARGE TINE TO FILL DISCHARSE 
t fain) T (C) E.C. (uS) pH Eh (oV) (en) (l/s) 10 LITER CAN (1/s) 

570 32.1 192.1 6.29 -18 
610 32.1 191.4 6.28 -16 
650 31.6 190.8 6.27 -10 
685 31.9 191.6 6.25 -5 210 
694 0.65 
788 0.65 
795 31.8 191.8 6.23 4 210 
891 0.647 
895 31.8 192 6.24 8 210 
995 0.658 
998 
1090 0.625 
1094 31.6 191.6 6.12 -1 
1237 0.65 
1240 31.4 193.5 6.03 10 
1397 31.3 191.9 5.99 14 
1540 31.2 194.4 6.32 -6 
1655 32.2 193.4 6.27 -7 
1714 32.2 192.6 6.29 -10 210 0.65 
1810 32.2 192.6 6.28 -12 210 
1885 32.2 193.3 6.29 -10 
1890 0.638 
2115 31.9 191.9 6.26 3 
2126 0.652 
2295 31.7 192.1 6.12 0 200 0.637 
2425 200 0.633 
2485 180 0.603 
2531 180 0.603 
2740 180 
2780 170 
2826 175 
2833 180 
2B50 180 0.59 
2865 180 0.587 



Table A6.2. Discharge record for aquifer test PH56b. 

t (ain) T (C) E.C. (uS) Eh (BV) pH 

12 30.9 163.6 -15 6.73 
19 31.1 163.2 -54 6.73 
23 30.8 161.8 -54 6.73 
28 31.1 161.6 -53 6.72 
33 31.1 161.2- -53 6.72 
38 31.2 160.9 -51 6.71 
43 31.2 160.5 -51 6.72 
45 31.3 160.6 -50 6.71 
50 31.3 160.4 -50 6.72 
55 31 159.8 -49 6.72 
59 31.4 159.9 -49 6.71 
64 31.4 159.8 -48 6.72 
69 31.4 159.4 -47 6.72 
73 31.4 159.4 -48 6.72 
77 31.3 159 -48 6.72 
82 31.3 158.7 -47 6.72 
89 31.4 158.5 -47 6.72 
99 31.6 158.7 -46 6.72 

105 31.8 155.7 -46 6.72 
111 31.7 154.6 -47 6.73 
117 31.9 154.7 -45 6.73 
129 31.8 154.3 -44 6.74 
136 32 154.6 -42 6.74 
145 31.7 153.6 -43 6.74 
152 31.8 153.2 -43 6.75 
168 31.8 153.2 -42 6.75 
176 31.8 153 -42 6.76 
186 31.7 152.4 -41 6.76 
198 31.8 152.3 -42 6.77 
213 31.8 152 -40 6.77 
229 31.9 152.1 -40 6.77 
250 31.9 151.8 -39 6.77 
261 31.9 151.7 -40 6.77 
27B 31.9 151.4 -38 6.77 
296 31.8 150.8 -38 6.78 
321 31.7 150.3 -37 6.76 
337 31.6 149.9 -36 6.75 
359 31.6 149.8 -36 6.72 
395 31.6 149.5 -32 6.69 
427 31.6 149.3 -34 6.69 
470 31.7 149.1 -32 6.68 



(ain) 

490 
514 
536 
563 
590 
615 
675 
725 
743 
795 
853 
943 
992 

1077 
1150 
1187 
1245 
1285 
1380 
1486 
1572 
1673 
1725 
1780 
1837 
1905 
1965 
2184 
2295 
2380 
2433 
2508 
2595 
2691 
2758 
3146 
3240 
3301 
3390 
3430 
3770 
3845 
4053 
4120 

T (C) E.C. luS) Eh <aV) pH 

31.6 148.8 -30 6.68 
31.6 147.7 -29 6.68 
31.5 149.4 -29 6.68 
31.5 149.1 -29 6.68 
31.5 148.9 -29 6.67 
31.4 151.3 -29 6.67 
31.2 150.3 -25 6.64 
31.2 150 -23 6.62 
31.1 149.9 -25 6.61 
31.1 149.8 -20 6.59 

31 149.3 -10 6.6 
31.1 149 -3 6.54 
30.9 148.3 -4 6.55 
30.9 148.3 -2 6.56 
31.1 148.5 -11 6.6 
31.2 148.7 -13 6.6 
31.1 148.2 -6 6.6 
31.1 148 -5 6.58 

31 146.9 -1 6.47 
31 147 4 6.52 

31.7 148.4 -9 6.69 
31.8 145.2 -9 6.7 
31.6 144.8 -13 6.66 
31.6 144.5 -14 6.66 
31.6 144.4 -15 6.64 
31.7 144.3 -14 6.64 
31.6 144.2 -8 6.65 
31.1 145.5 12 6.55 
31.2 145.4 10 6.44 
31.1 145.4 12 6.41 
31.1 145.4 10 6.42 

31 145 14 5.94 
31.1 145.3 12 5.84 
30.6 144.2 15 5.3 
30.9 143.6 14 5.74 
31.9 144.6 6.8 
31.6 143 6.67 
31.6 143 6.66 
31.6 143.1 6.67 
31.5 143 6.7 
30.9 143.7 6.4 
30.4 143.7 6.49 
30.7 142.7 5.68 
30.7 142.5 6.24 



t (tin) T (C) E.C. <uS) Eh (aVJ pH 

4455 30.7 143.6 66 6.33 
4540 32 142.2 27 6.39 
4785 32.4 143 22 6.3 
4916 31.5 139.8 14 6.21 
5035 31 140.9 24 6.16 
5275 30.5 141.5 36 6.13 
5720 30.8 141.6 35 6.18 

Note: Honoieter level Has naintained steady at 160 
corresponding to a discharge of 1.0 1/s. Filling 
tice for a 10 liter container was steady at 9 sec. 
Average discharge estiaated at 1.1 1/s-



Table ft6.3. Discharge record for aquifer test PH88. 

t (Bin) T (C) E.C. <uS) pH Eh (BV) MOHOttETER(BB> S (i/s) 

81 32.1 137.9 7.05 158 130 
105 32.2 138.3 7.07 163 130 
124 32.1 130.5 7.05 160 130 
134 130 0.503 
140 32.1 138.3 7.03 161 130 
155 
167 130 0.475 
168 32.1 138.6 7.02 159 
197 130 
199 32 138.5 7 159 
241 13G 0.517 
245 32 139 7 145 
265 130 0.517 
269 32.1 139.3 7.01 112 
289 0.515 
320 32.2 139.7 7.03 -2 130 
325 0.513 
350 0.508 
353 32.1 139.6 7.04 -31 
3B0 32.1 140 7.05 -80 130 
385 0.508 
416 32.2 140.3 7.02 -89 130 
464 31.9 140.1 7 -87 130 
465 0.517 
521 31.7 140 6.84 -100 130 
590 31.4 141.1 6.75 -76 130 
642 31.2 141.5 6.74 -77 130 
649 0.517 
687 31.4 141.5 6.73 -78 130 
689 0.518 
753 31.3 141.8 6.72 -75 130 
756 0.515 
825 31.4 142.5 6.72 -75 130 
B26 0.517 
923 31.3 143 6.7 -73 130 
924 0.518 
1022 0.523 
1025 31.2 142.7 6.69 -65 130 
1122 0.523 
1126 31.3 143.5 6.72 -75 130 
1180 31.2 142.7 6.77 -75 130 



(nin) 

1292 
1390 
1530 
1540 
1620 

1627 
1731 
1740 
1830 
1840 
1920 
1986 
2070 
2080 
2195 
2205 
2315 
2325 
2440 
2450 
2625 
2795 
2832 
2855 
2860 

2877 
2955 
2990 
2995 
3014 
3148 
3153 
3199 
3225 
3431 
3440 
3460 
3500 
3618 
3627 
3820 
3826 

4026 
4137 

171 

(0 E.C. <US) pH Eh <aV) HONOHETER(BB) 

31 141.5 6.7 -61 130 
31.6 142.8 7.04 -80 130 

32.2 144.1 7.08 -82 130 

32 143.5 7.05 -81 

32.1 144.3 7.06 -82 

32.1 144.2 7.07 -80 130 
31.7 143.3 7.05 -83 130 

31.4 144.1 6.75 -72 

31.3 144.3 6.65 -53 130 

31.2 144 6.67 -66 

31.2 144.7 6.73 -71 130 
31.1 141.9 6.65 -54 130 
31.3 144.2 6.67 -50 130 

32.1 145.7 7.11 -80 

32.1 145.7 7.06 -70 

32 145.7 7.11 -93 

31.6 144.5 7 -63 

31.4 146.5 6.72 -66 130 

31.3 146.7 6.73 -72 130 
PUMP OFF APPROXIMATELY 14 MINUTES 

30.6 143.4 0.61 -34 

0.53 

0.527 

0.525 

0.523 

0.516 
0.515 

0.515 

0.515 

0.516 

0.493 
0.495 
0.499 
0.507 
0.533 
0.533 

0.525 
0.495 

0.51 

0.533 

0.53 
0.53 

0.525 

0.523 
f 

0.523 
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APPENDIX 7 

ANALYSIS OF ANISOTROPY 

In this appendix, equations for drawdown in a confined anisotropic 

aquifer are reviewed, and the analytical procedure used in the present 

study is described. The equations and methods summarized here are 

comprehensively developed in Papadopulos (1965), Neuman et al. (1984), and 

Maslia and Randolph (1986). 

Theory 

In an anisotropic aquifer, transmissivity is a two-dimensional 

symmetric tensor. For an arbitrary coordinate system (x,y), the 

transmissivity tensor can be written as: 

T -
xx 

yx 

xy 
r yy 

where Txx, TXy, TyX and Tyy are the tensoral components of transmissivity 

and T^y - TyX by symmetry. When the direction of anisotropy is co-linear 

with the coordinate system, the off-diagonal terms equal zero, and: 

T -

where Ta and T^ are the maximum and minimum principal transmissivities. 
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In terms of drawdown, flow in a uniform, anisotropic aquifer is 

described, in arbitrary coordinates, by: 

Txx 9x2 + 2Txy 8x3y + Tyy gy2 " S 9t (1) 

where S is storativity, s is drawdown, and t is time. In the principal 

coordinate system, Equation (1) can be rewritten as follows: 

I + T.^f -s|* (2) 
a 3a2 b 8b2 9t 

where a and b are the principal axes. The relation between the equivalent 

scalar transmissivity, Te, and the components of the transmissivity tensor 

is: 

T - -i/T TT - -\/T T - 2T (3) 
e V a b V xx yy xy v ' 

Papadopulos (1965) presented the equation for drawdown in an 

arbitrary coordinate system as: 

s(x,y,t) - H(Wxjr, (4) 
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where Q is the pumping rate, and W(/Xxy ) is the negative exponential 

integral defined as: 

where: 

-u 
oo xy 

W ( V" I  d u  ( 5 )  
H xy xy J 

/T Y + T X2 - 2T xy\ 
u - — ( — xx xy ) (cs  
x y  4 t  \  T T - T 2  /  (  '  J N xx yy xy ' 

The terms x and y are the cartesian coordinates of the observation well 

in an arbitrary coordinate system with its origin at the pumped well. 

Lines of equal drawdown around a pumping well in an anisotropic aquifer 

form concentric ellipses with long axes along the maximum transmissivity 

axis (Ta) and minor axes along the minimum transmissivity axis (T^). 

Application to Pumping Tests 

The Koongarra aquifer tests were evaluated using the semilog 

straight-line method to obtain effective scalar transmissivities. The 

tensoral components of transmissivity were determined using the 

Papadopulos (1965) method for three observation bores and the least 

squares adaptation of Neuman et al. (1984) for more than three observation 

bores and one pumped well or multiple pumped wells and observation bores. 
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For large values of time, the semilog straight-line method 

approximates drawdown as: 

s(x,y,t) -
2.303 0 
47TT 

log 
2.246 T t 

e 

S (T Y + T X - 2T xy) 
xx yy xjr-* . 

(7) 

Using a straight line drawn through the appropriate data plotted on 

semilogarithmic axes, a transmissivity was calculated for each observation 

well using As for one log cycle. The value of Te for a particular test 

was taken to be the geometric mean of the transmissivities calculated for 

each observation bore in the test. 

Extrapolating the semilog straight line to the zero drawdown gives 

tQ. The components of the transmissivity tensor are calculated using: 

S (T Y2 + T X2 - 2T XY) - 2.246T 2 t (8) 
xx yy xy e o 

which results from Equation (7) because the argument of the log must equal 

1 at s - 0. Defining T'xx - STXX, T'yy - STyy, and T'xy - STxy further 

simplifies Equation (8). 

In the case of three observation wells and one pumped well, Equation 

(8) yields three equations and three unknowns (T'xx, T'yy, and T' ) which 

are determined by simultaneous solution. When data are available from 

more than three observation wells or multiple pumping wells with at least 
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two common observation wells, the application of Equation (8) gives an 

over-determined system of equations of the form: 

2.246 T 
e 

2 
t 
o 

( 9 )  

where the index i refers to the pumping wells, and j denotes the 

observation well in the i,h test. The resulting system of equations is 

solved for the unknowns T'xx, T'^ , and T'Xy using the least squares 

procedure of Neuman et al. (1984). 

Knowing Te, T'xx , T'yy. and T' , the storativity is calculated 

from: 

and the components of the transmissivity tensor are obtained from: 

T. 
(10) 

e 

T' 
T 

xx 
XX S 

(11) 



The principal transmissivities are computed as the two roots of: 
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r, - J (T + T ) ± -v/( 
k 2 I v xx yy' ~ Y 

(T_ + T_) ± -J(Txx " T^)2 + 4Txy2J (12) 

k - a, b 

The angle, theta, between the principal transmissivities and the arbitrary 

coordinate axes, is calculated as: 

THETA - J arc sin^ T "JT ) (13) 
a b' 

which has two solutions THETA and 90°-THETA. The solution satisfying the 

constraint: 

2 
T T - T, sin 0 . 1 .... 
a - xx b > 1 (14) 
T 2 
b T - T sin 0 

yy a 

is the correct one. 

The validity of the analytical results can be evaluated by plotting 

the directional transmissivities of observation bores on the theoretical 

transmissivity ellipse. If the aquifer behaves as a homogeneous, 

anisotropic equivalent porous medium, the directional transmissivities 

should plot along the perimeter of the transmissivity ellipse. The 
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transmissivity ellipse is defined in terms of the computed principal 

values as: 

where: 

a,b - the axes of the principal coordinate system rotated THETA 

degrees from the arbitrary coordinate system; 

The directional transmissivity, T,j , of an observation bore is a measure 

of the magnitude of transmissivity in the direction of the pumped well and 

is calculated as: 

Centered on the pumping well, the transmissivity ellipse is plotted on 

polar-coordinate paper with the square root of the directional transmis

sivity plotted in the direction of the observation well. The failure of 

directional transmissivities to coincide with the transmissivity ellipse 

indicates an error in the data or failure of the analysis to properly 

model the aquifer. 

- the major axis of the transmissivity ellipse; and 

- the minor axis of the transmissivity ellipse. 
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