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MAPPING OF THE CAMP CREEK GROUNDWATER SYSTEM
USING GEOPHYSICAL METHODS

I. INTRODUCTION TO THE STUDY

Introduction

Healthy riparian zones are among the most productive

rangeland areas for vegetation and wildlife. In addition

they function to protect stream banks and flood plains.

Streams with degraded riparian zones may exhibit poor

water quality due to increased sediments, dissolved

solids, and increased temperatures, and may exhibit

intermittent flows.

Land managers have developed considerable skill at

manipulating riparian areas by trial and error. In the

past several decades a strong, well founded interest in

improving the condition of degraded riparian zones has

developed which requires land managers to evaluate

management practices in an increasingly critical manner.

There is an increasing array of research involving

the effects of excluding or intensively managing livestock

grazing in degraded riparian areas. Riparian areas

excluded from livestock grazing frequently have shown

marked changes in aquifer and stream hydrology (Elmore and

Beschta 1987, Heede 1978, Skinner 1985), vegetation



composition, water quality (Elmore and Beschta 1987,

Skovlin 1984), and may undergo stream channel aggradation

(Elmore and Beschta 1987). Another profound effect has

been increased summer stream flows in some exclosed

reaches (Elinore and Beschta 1987, Van Haveren 1986,

Winegar 1977). Assuming riparian exclusion results in

increased vegetation and therefore increased

transpiration, this phenomenon is perplexing.

Obviously, several mechanisms must be considered to

properly define the interrelationships between riparian

zone management and stream/aquifer hydrology. While the

basic interrelationships between stream and aquifer

hydrology have been observed (Beschta and Platte 1986,

Pinder and Sauer 1971), they have not been carefully

applied to rangeland systems where improved riparian

management has brought about a change in hydrologic

function. This study is an initial attempt to characterize

the effect of riparian management on the hydrology of a

stream/aquifer system in eastern Oregon.

Obj ective

The purpose of this study was to measure the extent

of the shallow aquifer in the Camp Creek valley including

both the water table, and aquiclude (subsurface formation

which restricts the transmission of water) shapes and

depths. This objective was accomplished by producing
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topographic maps and surface plots of the water table and

restrictive layer elevations on a section of the Camp

Creek valley in Central Oregon. The geophysical method,

resistivity sounding (Mooney 1980), was used in

conjunction with the geostatistical method, Kriging

(Burgess and Webster 1980), to characterize the shallow

aquifer system on a stream valley scale.

Study Site

Camp Creek is located approximately 64 km (40 mi)

southeast of Prineville, Oregon in the Crooked River

watershed (fig.1). The Camp Creek watershed encompasses

approximately 448 km2 (173 mi2) from the headwaters to its

Crooked River junction. The elevation of the study site

ranges between 1130 and 1250 itt ( 3700 to 4100 ft) above

sea level, and the mean annual precipitation for the

watershed varies between 28 and 58 cm (11 and 23 in).

Portions of the main Camp Creek channel were fenced to

exclude cattle between 1966 and 1974 resulting in the

current exclosure illustrated in figure 2.

The Camp Creek watershed geology consists of John Day

Formation fine-grained, thin bedded, commonly bentonitic,

tuffaceous sedimentary claystone, with andesite flows,

breccias, and sedimentary rock formations in the upper
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portions of the watershed (Walker et al. 1967). Three soil

cores were collected on the study site in 1985 (fig. 2).

These cores indicate that the Camp Creek valley is

composed of alluvium deposits which are underlain by

sedimentary claystone at a depth of approximately 9 in (30

ft). This claystone acts as an aquiclude, forming a

perched water table.

Various management activities have occurred on the

watershed. Near the headwaters check dams were installed

in an attempt to control stream channel erosion. The year

of installation of these check dams is unknown. Other

management activities on the watershed include, juniper

thinnings in the upper reaches and vegetative conversions

such as seedings.

The hydrologic regime appears to be unique inside the

exclosure. Winegar 1977, indicated the base flow inside

the exciosure was greater than either above or below,

especially during drought. While his report lacked data to

substantiate this claim, other such observations have been

noted (Elmore, Personal communication). A higher water

table level in the exciosure is one hypothesis which may

explain this difference. Other hypotheses include a

variation or ripple in the aquiclude layer depth, and an

underground stream or source of water which feeds into the

exciosure.



7

II. LITERATURE REVIEW

The literature review has been divided into four

sections. The first deals with the effects of management

on rangeland stream systems physical processes and the

second focuses on stream! aquifer relations. Section three

delves into the geophysical method of resistivity sounding

while section four discusses the realm of geostatistics

concerned with spatial prediction or kriging.

Effects of Management on the Physical Processes
of Stream Systems in Rangeland Environments

Introduction

The features of stream and river systems are a result

of the geology, landform, climate, and long-term

vegetation patterns of the system. Drainage patterns,

stream orders, and longitudinal profiles develop from

interactions between runoff and sediment transport

processes (Beschta and Platts 1986).

Within a given drainage system, most of the stream

length consists of lower order channels. In many systems,

up to 90% of the total stream length may consist of first,

second, or third order streams. While these lower order

streams are usually impacted to a greater degree by uses

such as grazing and logging, policies and management

historically have not been concerned with lower order

channels and their riparian habitats (Beschta and Platts
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1986). Yet, the importance of these areas for recreation,

fish and wildlife, water quality, and forage has been

demonstrated (Kauffman and Krueger 1984,Platts 1983,

Chamberlin 1982). Public concern over management of

rangeland riparian zones and streams has forced federal

agencies to re-evaluate how landscapes should be managed,

especially with regard to cattle management (Benke and

Raleigh 1978). Several practices have been proposed to

improve riparian conditions, including total exclosure

from livestock, use of special riparian pastures, changes

in the type of livestock used, modified grazing

strategies, and the use of in-stream structures (Beschta

and Platts 1986).

The term "riparian ecosystem" is used here to

describe communities of plants and animals which are

dependent upon free unbound soil water occurring through

all or most of the growing season (Oakley et. al. 1985).

Yet, in recent years our understanding of how riparian

systems function has become broader in scope. A systematic

approach to riparian management has begun to surface in

the scientific literature with the realization that no

natural community functions apart from all other

communities (Cuinmins 1974, Kauffman and Krueger 1984). The

riparian zone is under continuous interaction with upland

and aquatic systems, with water, energy, and nutrients

passing in and out of the system (Borman and Likens 1969,
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Cummins 1974). The general ecological status of riparian

zones is contingent on the management of surrounding sites

and, in turn, management of riparian zones influences the

ecological status of areas bordering the riparian zone.

Stream Morphology

Channel morphology is dependent on many interrelated

factors, which makes comparisons between stream systems

difficult. However, comparative indices can still b

useful in evaluating channel characteristics, or

contrasts. For example, width/depth ratios tend to

increase in a downstream direction, so this index may be

useful in comparing upstream with downstream reaches

(Beschta and Platts 1986). Another index which is commonly

used to characterize stream channel morphology is the

pool/riffle ratio. These indices are important as

indicators of stream systems undergoing changes in flow or

sediment availability.

Changing the flow regime by increasing high flows

tends to increase both channel widths and depths, while

increasing sediment availability or transport tends to

increase the width and decrease depth (Beschta and Platts

1986). Changes in the sizes of bed load material carried

by a stream can also affect the channel morphology by

affecting pools and riffles.
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Pools are a result of localized scour during high

flows. The presence of pools indicates that the site is

one of intense turbulence. Narrowing of a channel, subtle

changes in channel shape, roughness, or bends where flow

is deflected may cause the formation of pools. These

relatively deep portions of the stream are important fish

habitat, and streams with large numbers of high quality

pools tend to support the highest fish biomass (Platts

1979).

Riffles occur in areas where, during high flow, water

is divergent and a lower effective slope is encountered.

This results in the deposition of large suspended material

on the streambed (Keller and Neihorn 1973). Riffles are

important for the production of food, especially insects,

for fish. Riffles are also used as spawning habitat by

trout and salmon.

Stream channels, and their associated riparian zones,

exhibit forms which allow water and sediment to be

efficiently discharged. Consequently, stream channels

contribute to the physical and biological composition of

riparian zones (Van Haveren and Jackson 1986).

Morphological features such as channel slope, hydraulic

geometry, and flood plain shape all adjust continually to

changes in discharge and sediment delivery, or changes in

channel or bed characteristics (Van Haveren and Jackson

1986).
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Stream Dynamics

Channel changes are natural processes in the dynamic

equilibrium of streams. Seasonal or yearly variations in

channel structure, as well as long term changes, are

integral parts of a natural stream system (Beschta and

Platts 1986). A channel may scour during high flows, but

rework sediment and aggrade during low flows (Bull 1979).

Because stream systems exhibit a dynamic equilibrium, an

understanding of stream dynamics and energy dissipation is

important when trying to understand how the system

functions.

A major function of riparian areas is to dissipate

stream energies associated with overbank flows. This

function results in sediment deposition in the flood

plain, and development of an alluvial zone. Riparian areas

are also important as interfaces between the stream and

groundwater systems. They function as sites of bank

storage, recharging at high flows and draining at low

flows. This process results in a moderation of high flows,

and enhanced or increased base flows when compared with

stream systems where alluvial flood plains are absent, or

degraded (Van Haveren and Jackson 1986).

Streams have been regarded by some as sediment

transporting machines and, as such, analyzed in terms of

their ability to do work (Bangriold 1977). In general,
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streams tend toward the minimum gradient needed to

transport their sediment loads (Yang 1971). One concept

which is often used to characterize the power or capacity

of a stream system to move materials or shape channels is

the critical power threshold. The critical power threshold

can be divided into two components; stream power, or the

amount of energy available to transport sediment, and

critical power which is the amount of power needed to

transport the sediment load or supply (Bull 1979). Stream

power is dissipated in maintaining fluid flow against

resistance provided by the channel bed, banks, vegetation,

and suspended materials. Where stream power is greater

than critical power, channel scour may occur. Stream

systems tend to erode down to where the stream power is

equal to critical power. In general, high order streams

reach this equilibrium state faster than low order streams

due to their greater capacity for movement of material.

The rate of downcutting decreases, and the amount of

lateral cutting becomes more important as the threshold is

approached. Where stream power is insufficient, sediment

will be deposited and the system will tend to aggrade

(Bull 1979).

The ratio of vertical to lateral cutting during high

flows may be determined by how close the stream is to the

critical power threshold. In reaches where stream power

exceeds critical power, vertical erosion dominates the
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system. However where stream power is close to critical

power, lateral erosion predominates.

Soil type is another factor which influences whether

a stream cuts laterally or vertically when disturbed. Fine

textured deep alluvial soils are prone to vertical

incision. Conversely, coarse alluvial soils and those

channels which have incised to a more stable material tend

to respond by becoming wider and shallower with less steep

banks (Kauffman et. al. l983b, Beschta and Platts 1986).

Wide shallow channels, in addition to providing poor

habitat for fish (Kauffman and Krueger 1984), are less

capable of conveying high flows and more prone to bank

cutting and stream realignment during high flows (Van

Haveren and Jackson 1986).

Incised channels result from either downstream

lowering of the stream base level, or localized gullying

as a result of increased runoff rates or lowered

resistance to erosion (Van Haveren and Jackson 1986). The

development of incised channels is dependent on changes in

the base level, land use, and channel modification acting

on the site, as well as above and below the site. No

matter what the reason, the presence of incision indicates

that the threshold of critical power has been exceeded.
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Vegetation

Riparian vegetation is very important to the entire

stream system. Riparian vegetation can provide most of the

organic matter to support stream ecosystems, as much as

90% in some heterotrophic streams (Cummins 1974). Bank

vegetation can also control many of the physical

characteristics of the stream. It may stabilize

streainbeds, reduce streambank damage from ice flows and

large woody debris (Platts 1979), control the temperature

of the stream (Brown 1980), and act as a filter for

nutrients and pollutants, thereby improving the water

quality (Lowrance 1985, Cooper et. al. 1987).

Disruption of the riparian vegetation usually results

in the impairment of the overall stream resource. Removal

of the riparian vegetation can result in a reduction in

the critical power or the amount needed to move sediment

and an increase in stream power due to lowered resistance

to flow, resulting in channel erosion (Harvey et. al.

1986). In a Utah study, Platts et. al. (1985) reported

that floods badly damaged channel banks in heavily grazed

areas, while in areas protected from grazing the flooded

banks actually aggraded. Channel degradation can in turn

cause riparian vegetation to develop water stress if the

base level of the stream drops, and the riparian water

table is lowered (Van Haveren and Jackson 1986).
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In Eastern Oregon, as in much of the western U.S.,

livestock are a major source of disturbance in riparian

areas. The impact of livestock on streamside vegetation

can be divided into 3 basic categories; 1) herbage

removal, 2) soil compaction, and 3) physical damage by

trampling (Kauffman and Krueger 1984).

Woody riparian vegetation is important for wildlife

habitat and for its capacity to affect the microclimate of

these zones. As mature woody vegetation approaches

senescence, excessive grazing pressures may prevent

establishment of seedlings causing the development of a

non-reproducing, even aged community of decadent

individuals (Carothers 1977). Total demise of woody

species from a riparian area where it crrently exists

could be considered detrimental to the system. From a

management standpoint however, vegetation rehabilitation

is not necessarily costly. In many cases removal of

herbivore stress is sufficient to allow the redevelopment

of woody species (Meehan and Platts 1978). Other

potentially effective management strategies include

implementing deferred grazing systems, adjusting season of

use, creating riparian pastures, and developing water

sources for livestock away from riparian areas (Van

Haveren and Jackson 1986).

Many species of riparian vegetation require

disturbances like flooding and gravel bar formation to
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become established. Bradley and Smith (1986) reported that

cottonwoods in the great plains need a 2 year return flood

or greater during the period of seed dispersal to

establish. In another study, Reily and Johnson (1982)

found that the growth of several species of trees on the

Little Missouri River were controlled by groundwater,

overbank flooding, and soil type, among other factors.

Effects of Degradation

Three classes of channel adjustment can effect

riparian conditions: channel evolution, normal channel

dynamics, and rapid channel response (Van Haveren and

Jackson 1986).

Channel evolution pertains to channel adjustment on a

geologic time scale, which occurs as a part of landscape

evolution.

Normal channel dynamics are those adjustments which

occur as a normal function of dynamic equilibrium

conditions. Adjustments in this class include streambed

scour and fill, periodic incremental bank cutting, and

sediment deposition in the floodplain during floods.

Rapid channel responses are those channel adjustments

which occur rapidly in response to changes in long term

equilibrium conditions or controlling factors. Changes in

sediment delivery, channel or floodplain conditions, or

discharge can result in rapid channel adjustment. This
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type of adjustment is usually associated with human

disturbance. Hydrologic impacts due to past management of

stream systems and riparian areas include changes in; flow

regimes, flooding, aquifer storage adjacent to streams,

and infiltration of water into soils (Skinner et. al.

1985)

Rehabilitation

In areas where degradation has occurred, the

overriding considerations when planning a rehabilitation

program are the reasons for the degradation and the

potential for rehabilitation of the site. Once the

decision is made to rehabilitate, the methods used should

strive to establish physical and biological conditions

which favor recovery by natural processes (Van Haveren

1986).

Rehabilitation of a degraded channel requires a

thorough understanding of the geomorphic behavior of a

particular system. Once sufficient information on the

fluvial and alluvial system is gathered (to permit

prediction of the type of response expected by a

management practice) there are three options for channel

reclamation: geomorphic, engineering, and a combination of

the two. Geomorphic reclamation consists of removing the

force which caused degradation and letting the channel
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adjust, while the engineering approach involves structural

control (Harvey and Watson 1986).

Detention or retention structures can be very

effective in modifying the downstream hydrograph. Large

retention structures usually reduce flood peaks and

prolong the recession limb (declining discharge after the

peak flow) of storm hydrographs. This can have positive or

negative effects on the riparian zone downstream (Jackson

and Van Haveren 1984)..

With any management approach, the key to success is

the timing of the management program.

When considering the use .of structures in

rehabilitation, four questions should be considered.

First, will the structure permit the system to reach a

condition of natural stability more rapidly than can be

achieved by exiosures or other grazing management methods

which allow natural geomorphic reclamation? Secondly, are

the benefits achieved by accelerated rehabilitation worth

the cost? Third, will the benefits achieved be self-

sustaining, and not dependent on the structures integrity

(Van Haveren 1986)? Fourth, has the degraded system

reached a new equilibrium state (Beschta and Platts 1986)?

These questions should be addressed before the use of

structures on a particular site.

A channel in erodible material is considered stable

if it is able to move water and sediment loads without
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causing bed or bank erosion or deposition in excess of

what would be normally associated with the hydrologic

regime (Jackson and Van Haveren 1984).

Riparian areas vary greatly in response to particular

management activities. Proper riparian management will

ultimately result in the recovery of riparian areas

(Kauffman et al. l983b). Realizing that each section of

stream is unique, standard solutions to problems should

not be expected. Management of specific riparian areas

must strive to work with the system, not against it. A

fundamental problem facing future managers of riparian

areas is learning to manage in a way that enhances the use

or uses land managers decide most important for a

particular system (Kauffman et al. l983a).

Stream/ Aquifer relations

Sources of base flow may include flow directed by

structural geologic layering, soil water from side slopes

(Burt 1979), aquifers adjacent to the stream (Fetter

1980), and groundwater from alluvial bank materials

(Baurne, 1984).

Bank storage contributions to base flow appear to be

important in alluvial river systems, with recharge

occurring during flood stage and discharge during the

recession limb of the hydrograph. (Kondoif et. al. 1987).

Pinder and Sauer (1971) concluded that bank storage was
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influenced most by the hydraulic conductivity of the bank

material and secondarily by the width of the alluvial

aquifer. However, another study by Sharp (1977) indicated

that the heterogeneity and lack of full penetration by

streams, and varying degrees of confinement rendered a

simple model of bank storage invalid.

Proper physical hydrologic functioning of the

floodplain, stream-dependent water table, and stream

deposition and erosion processes are all necessary for a

healthy riparian ecosystem. Riparian zones dissipate

stream energies associated with flood flows, and act as

shallow aquifers that recharge at high flows and drain at

low flows (Jackson and Van Haveren 1984, Van Haveren and

Jackson 1986). In many cases, land use practices and

channelization of streams have resulted in accelerated

erosion of the channel bed and banks (Elmore and Beschta

1987, Heede 1977). This has in effect led to reduced

saturation in the riparian zone, changed overbank

flooding, and altered peak and base flows (Cooper et al.

1987, Skinner et al. 1985).

Resistivity Sounding

Introduction

Geophysical methods of subsurface exploration provide

geologists and hydrologists with indirect yet accurate
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information on below ground characteristics (Mooney 1976).

A direct method of exploration, such as coring, would be

the most accurate method for delineation of water table

and aquiclude depths. However, direct methods are

expensive and slow, so alternative methods must be

considered. Indirect methods of exploration are widely

used because of their speed and low cost relative to

direct methods. these benefits make them an attractive

alternative in many applications (Mooney 1976). There are

several common techniques used in indirect geologic

exploration including; seismologic analysis, electrical

resistivity analysis, geomagnetic analysis, and

gravitational analysis.

Resistivity Sounding

Resistivity is the characteristic tendency of a

material to resist flow, in this case the flow of electric

current. In resistivity sounding, electric current is

carried by ions in either the solid matter, or

groundwater. As a general rule, resistivity decreases with

an increase in: 1) the volume of water occupying rock

fractures , 2) salinity or free ion content of the

groundwater, 3) interconnection of the pore spaces

(permeability), and 4) groundwater temperature (Mooney

1980). From the preceding it may be inferred that: A)

materials which lack pore spaces will show high

resistivities, B) materials whose pore spaces are not



saturated will show relatively high resistivities, C)

materials which contain pure water will show high

resistivities, and D) most other materials, such as clay

soils and weathered rock will show medium or low

resistivities.

In its simplest form, the resistivity meter consists

of a battery, a current meter, and a voltage meter (figure

3). In order to take a resistivity reading, four

electrodes are placed in the earth along a line as shown

in figure 3. The outer two electrodes are the current

electrodes, and the inner two are potential electrodes. A

battery is connected between the two current electrodes

causing current to flow through the earth. This current

will be distributed throughout a large volume of earth,

I

I ¼i
Ic1 C PI a a 1C2

,1I_---------- - ---
t\ ---.::--- - ---::.--J' \-.

% --.- I--

Iv

Battery Current .meter

'III 0
Voltage meter

/ p2>pl

FIGURE 3. BASIC ELEMENTS OF A RESISTIVITY
METER.

22
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and some will be forced to flow along the ground surface.

The more resistive the earth material, the greater the

amount of surface current. Current which flows along the

surface will produce a drop in voltage between the two

inner or potential electrodes. Measures of current flow

through the earth and voltage drop between potential

electrodes are then used to determine the apparent

resistivity (p) of the volume of earth. Apparent

resistivity is calculated different ways, depending on the

configuration of the electrodes. If the Wenner electrode

configuration (Teleford et al. 1976) is used, the apparent

resistivity is calculated as:

p = A(21TV/I)

where,

A = Distance between potential electrodes

V = Voltage drop between potential electrodes

I = Current flow between the current electrodes

(through a volume of earth)

The quantity 2TrV/I is measured directly by the

resistivity meter.

Electrical current tends to follow the path of least

resistance. In figure 3, if layer 2 has a higher

resistivity than layer 1, current flow lines will be

concentrated in layer 1, and low in layer 2. conversely,
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if layer 2 has a lower resistivity than layer 1, current

flow lines will be concentrated in layer 2 and be low in

layer 1. The depth of penetration of flow lines is also

dependent on the spacing of the electrodes. At the smaller

electrode spacings, the dominant effect comes from shallow

materials. As the electrodes are moved further and further

apart, the effect of deeper materials is observed.

Many different electrode arrangements have been used

in resistivity sounding (Barnes 1952). The Wenner

electrode arrangement was chosen for this study because it

has been well developed for many applications in

engineering, groundwater, and shallow geologic problems

(Teleford et al 1976, Mooney 1980). The Wenner electrode

configuration maintains an equal distance between all four

electrodes, which are moved out incrementally from a

center point. This electrode configuration produces

resistivity readings which are approximately equal in

depth to the spacing between electrodes (Barnes 1952). For

example, if an incremental spacing of 1 meter is chosen,

the distance between electrodes for successive resistivity

readings would be im, 2m, 3m, and so on, producing a set

of resistivity readings from the surface to each of these

depths (figure 4).
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complex method which involves the comparison of field

curves with characteristic master curves such as those of

Orellana and Mooney (1966,1970) which were developed for

numerous combinations of resistivities and depths. This

interpretation process involves several steps. First, the

interpretation must include choosing an earth model which

is representative of the site. This may be accomplished in

several ways. One alternative is to collect field curves,

geologic information, and core-hole information on the

site. Another approach is to base a trial model on only

core-hole and geologic information. This process requires

a thorough understanding of the relationship between the

depth and resistivities of various geologic layers.

Secondly, the earth model is matched to a curve from a

catalog of pre-calculated theoretical curves such as those

referenced above. Third, the theoretical curves are

calibrated to improve agreement with the actual field

curves. Several computer programs such as those of Davis

(1979), and Merrick (1977), are available for this task.

The main drawback to this method is that curve catalogs

are limited to a small number of layers, usually two to

four, and a relatively small number of layer thicknesses

and resistivities.

Direct methods of data interpretation give reasonable

estimates for shallow depths and show the presence and

depths of contrasting beds (Teleford et al 1976). These



methods require that incremental electrode spacing be

constant and small compared to bed thicknesses.

The cumulative resistivity plot is one direct method

which is commonly used in resistivity sounding (fig. 5).

Field data are collected using the Wenner electrode

spread, and ordinates are obtained by summing all measured

CU*JLATIVE RESISTIVITY

(OHM METERS)

DEPTH (METERS)

FIGURE 5. WENNER ARRAY - CUMTJTATIVE RESISTIVITY PLOT.

resistivity values up to the depth being plotted. Straight

lines are then fit through as many points as possible

using linear regression, the breaks in slope indicating

the depths to interfaces (Teleford et al 1976).

27
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The Barnes method of layer value interpretation is

another direct method which can provide useful information

of the resistivities of layers and can enhance the

information from other direct methods such as the

cumulative resistivity plot. In this method the layers

are considered equivalent to resistors connected in

parallel. With an electrode spread of distance (a), the

resistance is considered to be from one resistor. An

electrode spread of 2(a) yields a resistivity equal to two

resistors in parallel, of which the value of the second

resistor is unknown, but the sum is known (Barnes 1952).

To solve for the value of the second layer the following

formula is used:

l/R(n)= l/R(n) - l/R(n-1)

where:

R(n)= resistance of the nth layer

R(n)= resistance between the surface and nth layer

R(n-1)= resistance between the surface and n-i layer

The resulting resistivity of the nth layer is then equal

to:

P(n)= 2 a(n)R(n)



where:

P(n)= resistivity of nth layer

a(n)= the electrode spacing distance

P(n) data is then plotted on a bar graph against

depth (fig.6) . The graph is used to estimate breaks in

resistivity trends (Teleford et al 1976). For example,

figure 6 shows a Barnes bar graph of a transect run next

to a core hole on Camp Creek. The actual measured depth to

the water table and restrictive layer was 13.0 and 29.0

feet, respectively. The graph shown here exhibits a change

in trend between 12.0 and 15.0 feet (3.6 and 4.5m) and

between 27.0 and 30.0 feet (8.2 and 9.2m). This

information is then used to assist in regression analysis

of the cumulative resistivity plots.

RESISTANCE (OHNS)

0.4

0.3

2-

0
I II 21 24

DEPTH (IT)

FIGURE 6. BARNES GRAPH OF TRANSECT A, CA}P CREEK.
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Geostatistics

Introduction

In the early 1960's George Natheron, head of the

Center de Morphologie Mathematique in Fontainblue, France

published a book on the theory of regionalized variables.

The term geostatistics arose from the application of this

theory in the fields of mining and geology. The

application of geostatistics and theory of regionalized

variables discussed here were developed to produce a

"best" estimate of an unknown value at some location,

using known values within the neighborhood. This technique

is known as kriging after D. G. Krige of South Africa who

pioneered the method in the mid 1960's. The problem he

faced was estimating gold ore deposits, which can be very

erratic, using a limited number of core samples. While

this paper focuses on the application of these theories to

estimate values separated spatially, it should be

emphasized that this technique can be used wherever a

continuous measurement is made on a particular location in

space or time, and a sample value is expected to be

affected by its position and relationship to its neighbors

(Clark 1984).

Kriging is a form of weighted averaging, and optimal

in the sense that it provides estimates of values without

bias, and with minimum and known variance (Burgess and

30
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Webster 1980). This approach to prediction depends on

there being a relationship between the parameter of

interest and its location. Where measured data are sparse,

as is often the case, this method is the only feasible

one. The first step in kriging is to measure the variance

of a parameter with increasing distance between samples.

This variance distance relationship is known as semi-

variance. The graph of semi-variance vs. distance is

called a seini-variograin (Clark 1984). Semi-variograms

provide the values necessary for optimal interpretation,

and can be used as a guide to assist the researcher in the

choice of techniques and sampling strategies (Burgess and

Webster 1980). The development of a semi-variogram

requires that observations are made at equal intervals

along a transect, yielding a set of values,

Z(i),i=1,2,..n. The relation between pairs of points h

intervals apart (the lag) can be expressed as the variance

of the difference between all pairs. The per lag variance

between points is one half this value:

y(h)= 1/2 var[Z(i)-Z(i+h)]

or

*(h) l/2n(h)[Z(i)-Z(i+h)]2

which are general expressions for semi-variance, where

n(h) is the number of pairs of samples separated by the

same lag (h) (Burgess and Webster 1980, Istok and Cooper

In Press). From the above equation it is apparent that the



a

FIGURE 7. IDEAL SHAPE FOR A SEMI-VARIOGRAM, THE

SPHERICAL MODEL. 'C' REPRESENTS THE SILL

AND 'a' THE POPULATION VARIANCE.

variance, using least squares or similar analysis. Once a

suitable model is developed with a relatively high

correlation coefficient, the model is adjusted for use in

estimation using a technique called cross validation. This

process involves estimating the values of the semi-

variogram observation points as if they were unknowns,

using the model for the semi-variogram to krige each

32

more alike the sample values are, the lower the semi-

variance will be. A hypothetical semi-variogram model is

shown in figure 7. The graph illustrates the range (a), of

influence of a sample or the distance where the samples

become independent of one another, and the sill (c), the

value of gamma (y) at which samples become independent.

Once semi-variogram data are collected, the next step

is to fit a model or set of models to describe the semi-

C
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point. The model is adjusted until the average kriging

error is as close to zero as possible, the standard

deviation of the standardized errors is close to 1, and

the root mean square error is the lowest achievable

(Skirvan and Karlinger 1980). The semi-variance model can

be used to determine the weights applied to the data for

computing the estimated values using the kriging equations

(Vieira et. al. 1982).

Use of the method, kriging, requires an assumption

known as stationarity be made of the variable (Vieira et

al. 1983). A regionalized variable is considered

"Stationarity" if the statistics of the random variable of

a given lag (h) , or sampling distance, are the same for

every vector of lag (h) in the sampling area. In other

words, the expected semi-variance value for a given lag

(h) shouldn't depend on its position within the sampling

area. If K vectors exist within the sampling area, the

variable is called stationarity of order K. Second order

stationarity is required for geostatistical methods such

as kriging (Vieira et al.).

Kriging

Suppose we wish to estimate the value Z(x0) of Z at

point x0, letting our estimate of Z(x0) be and:

= A1z(x) + (x2) +... + 1(x,),



where:
A, = weights associated with data points

I A, = 1

Z(xi) = value of Z at point x1

Kriging provides a method for choosing weights so that the

error associated with the estimate is less than for any

other linear sum (Burgess et. al. 1980). These weights take

into account spatial and geometric relationships among the

observed points. Near points carry more weight than

distant points, and points occurring in clusters carry

less weight than lone points. The variance at x0 is the

expected value of the square difference between and

Z(x0) or: E({Z(x0)-Z0)2. The minimum variance is obtained

when:

I A,y(x;, xj) + p = y(z,, x0) for! 1,2,...

where:

y(x,x3) = the value of the semi-variogram

along the line joining x and x1 at a

distance of Ix-xii

xo = the value to estimate

U = a Lagrange parameter

A, = weights associated with x values

In matrix notation the coefficients are given by:

34
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The minimum estimation variance can be obtained from:

OIbTV]

If the number of points used to estimate a value is large,

the matrix inversion can be an enormous task. Fortunately,

several programs exist which calculate kriging

coefficients, such as those of Skirvan and Karlinger

(1980)

,andl
L
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where

y(x1, x,) y(x, x1) . . y(x, x1) I

y(x,, x2) y(x, x) . . y(x. x2) I

A=
y(x1, x4) x) .,>(x, . y(x, x) I

1 1 I
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Sampling Design

An important concept to remember when determining a

sample design is the further the interpolated point from

the measured sampling points, the larger the estimation

error (Burgess et al. 1980). Therefore, error can be

minimized for any given effort by sampling at equal

intervals.

Let the maximum distance between an estimated point

and an observed point equal d(max). Sampling on an equal

interval, d(max) can be minimized by sampling on an

equilateral triangular grid (Burgess et al. 1980).

Sampling on a triangular grid, d(max) equals .6204 or

almost 2/3 of the distance between sample points. The

major drawback with the triangular grid is that they are

inconvenient to handle. The rectangular grid which

minimizes d(max) is the square, making d(max)equal to

.7071. This is a slight increase in distance compared to

the triangular grid. The advantages of the square grid are

in its ease of application in the field and in computer

analysis of the data (Burgess et al. 1980).

Once a sampling design is established, the next step

is to look at the senti-variogram and determine the optimum

sampling distance by deciding the maximum variance

allowable and the amount of effort and money available for

sampling.
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III. METHODS

Chronology of Events

The methodology for developing maps of the subsurface

structure on Camp Creek consisted of:

Comparison of resistivity sounding results to
water well height measurements

Preliminary resistivity transects to predict
semi-variance

Developing a sampling design

Collecting of resistivity measurements
according to sampling plan

Geostatistical estimating of points

Mapping of results

Each of these steps is outlined in the following sections.

Electrical resistivity, and seismology were initially

investigated, and the first method chosen for its

superiority in identifying both the water table and

restrictive layer depths. A section describing seismology

and results of an initial investigation of the method has

been included in appendix A.

1) Comparison of resistivity sounding results to water
well height measurements

Electrical resistivity (resistivity sounding) was

verified on Camp Creek by running resistivity transects

adjacent to 7 existing water wells to determine which

layers were detectable and the precision of the method.
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The locations of water wells used for the verification

transects are shown in figure 8.

A "Bison" model 2350 resistivity meter was used to

measure the apparent resistivity at each site. The

transects were run parallel to the stream, and as close to

the water well as possible. A transect consisted of a

series of resistivity readings along a line using 4

equally spaced electrodes progressively moved out from a

center point. A Wenner electrode configuration was used

with an incremental increase in spacing of 0.9 in (3 ft)

and ranging in electrode spread from 0.9 to 13.7 m (3 to

45 ft). This series of readings at each site allowed a

graph of cumulative resistivities to be produced which was

used in conjunction with Barnes layer value method to

calculate depths to resistivity breaks. Existing soil logs

and measured water depths were utilized to determine the

layers associated with each break in resistivity.

2) Preliminary resistivity transects to predict semi-
variance

Initial variogram data were collected at two sites,

adjacent to an exciosed section of the creek, and adjacent

to the creek below the exciosure (Fig. 8). Individual

resistivity transects were run parallel to the creek with

electrodes moved out from a center point as in the

verification transects above. These resistivity transects

were located 61 rn (200 ft) apart in a North/South and
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East/West Direction forming a + pattern. The water and

restrictive layer depths collected from these transects

were used to produce isotropic semi-variance versus

distance estimates (seini-variograms) using a semi-variance

computer program written by Istok and Cooper (in press).

Inputs into the program included the resistivity

determined depths, and Cartesian coordinates for points

from both semi-variogram transects. Using both transects

provided estimates of semi-variance for near as well as

more distant point spacings.

3) Developing a sampling design

The resulting variograms for water table and

restrictive layer depths were used in conjunction with

budget and time allotments to design a sampling grid for

the Camp Creek valley. A transect spacing of 305 in (1000

ft) was selected and a rectangular grid was established

on a topographic map covering approximately 8 km (5 mi) of

stream length and 0.8 km (0.5 ml) on each side of the

stream (fig.8). This grid was used to locate points for

the resistivity transects. Actual points were located by

surveying the area using a Zeiss Electronic Distance

Measuring Device.



Collecting of resistivity measurements according to
sampling design

Resistivity transects were run at grid points within

the valley portion of the study area using the same

electrode configuration and spacing as in the verification

transects. Resistivity transects were run on several hill

sites and could not be analyzed due to the lack of core

holes to verify results. As a result, steep hill areas

were not surveyed. The sample points are illustrated in

figure 8. Sample results were analyzed using cumulative

resistivities and Barnes layer method then converted

from depths to elevations above sea level.

Geostatistjcal Estimating of Points

The interpolation of elevations between measured

points was accomplished using the geostatistical method

known as kriging. First, all resistivity-estimated

elevations across the valley were combined with selected

water well measurements next to the creek. The water well

readings were used to provide

water surface in the vicinity

location of these water wells

42

more detailed information of

of the creek and the

is illustrated in figure 8.

The combined data file was used to produce semi -

variograms for the ground surface, water table, and

restrictive layer elevations using semi-variogram programs

by Skirvan and Karlinger (1980). These programs allow

input of larger data sets than those of Istok and Cooper
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(in press). Next, a least squares regression model was fit

to each set of variogralu data using a statistical computer

program called "Statgraphics" and adjusted using a cross-

validation computer program (Skirvan and Karlinger 1980).

Cross-validation improves the least squares model for

point prediction by allowing each known value to be

treated in turn as an unknown and using the model to

predict the value. The model is adjusted until the lowest

possible error is achieved. The criteria to judge the

acceptability of a semi-variograin model were that, 1)

average kriging error should be close to zero, 2) root

mean square error (root MSE) should be lower than the

standard deviation of the regionalized variable, 3) Kriged

reduced root MSE should be close to 1 (plus or minus

2*SQRT(2/n)),where n equals the sample size, 4)

standardized errors should be independent of the estimated

values, and 5) the standardized errors should be

independent of their location as expressed by their X and

Y coordinates. (Delhomiue 1978, Skirvan and Karlinger

1980).

Once a model was developed to represent the semi-

variogram data, kriging programs written by Skirvan and

Karlinger (1980) were used to estimate values between

measured points.
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6) Mapping of results

Kriged grids were produced on two different scales.

First, grids were made on a valley scale using all

available data for each parameter, and secondly grids were

produced on a larger scale to obtain more detailed maps

of the water table surface. Maps produced from grids are

presented in the results section. The locations of these

large scale mapped areas are shown in figure 8.

Three dimensional surface plots and topographic maps

of the surface topography, water table, and restrictive

layer were produced using a computer program called

"Surfer" (Golden Softwares Inc.).



IV. RESULTS and DISCUSSION

Resistivity Verification

Seven verification transects were run on Camp Creek,

and results are listed in Table 1. Locations of the

transects are illustrated in figure 8. The estimated

values were depths obtained through resistivity sounding.

Actual water depths were measured at the respective water

wells using a well depth probe marked off in tenths of

feet. The aquiclude depths were estimated as the water

TABLE1: RESISTIVITY VERIFICATION TRANSECTS FOR WATER
TABLE AND AQUICLUDE ELEVATIONS (METERS).

Transect Actual Estimated Diff.

Al 8.82 9.10 -0.29
A6 9.12 8.45 0.67
Bl 8.51 8.48 0.03
B6 8.51 7.69 0.83
VI. 7.60 7.53 0.07
V9 7.30 7.41 -0.11
LI. 8.82 8.72 0.09

Avg. Diff.= 0.20

45

Water Table
Transect Actual Estimated Diff.

Al 4.42 4.53 -0.10
A6 4.26 4.16 0.10
Bl 4.58 4.57 0.01
B6 4.41 4.28 0.13
Vl 4.09 3.93 0.16
V9 4.23 4.09 0.13
Ll 5.65 5.53 0.12

Avg. Diff.= 0.08

Aquiclude
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wells were being drilled and readings do not exhibit the
same degree of accuracy as the water depth measurements.

It has been assumed that errors of up to 0.5 in (1.5 ft) in
measuring actual aquiclude depths were possible.

The valley sediments are fluvial deposits and
somewhat heterogeneous between sites. Gravel lenses and

other intermittent features may have contributed to the
variation in errors associated with resistivity-measured
depths.

Initial Semi-Variograms

Two initial semi-variograin transects were run in late
August 1987 (see figure 8). The values from these

transects were combined to form seini-variograms with a

wide range of distances or lags. Resulting water table and
aquiclude semi-variance values are given in tables 2 and
3, and shown graphically in figure 9. Least squares lines
were fit to the initial semi-variograins. Power functions
provided the highest correlation coefficients for both
graphs. These least squares models indicate that the sill
(population variance or range of influence) was not
achieved. The sill values would likely have been reached

if semi-variance had been studied at greater lags. The
models fit on both graphs pass through the origin implying
nugget variances (inherent unpredictability of the
parameters) were close to zero.
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TABLE 2. WATER TABLE ELEVATION SEMI-VARIOGR.AM
COMBINING THE READINGS FROM BOTH INITIAL
TRANSECTS. THE DISTANCES REFER TO DISTANCES
BETWEEN SAMPLES (IN METERS). GAMMA IS THE

The values in figure 9 were useful in determining the

grid spacing for the entire valley. Theoretical sampling

grids were produced on a valley topographic map, and the

number of potential sample points tallied for each grid.

Grid spacings of 76m (250ft), 152m (500ft), 305m (l000ft),

610m (2000ft), and 920m (3000ft) were considered. These

GROUP
NO.

SEMI-VARIOGRAN ASSOCIATED WITH THE LISTED
DISTANCE.

AVERAGE NO. OF GAMMA
Distance (H) PAIRS (H)

1 60.80 30 0.7].

2 93.86 30 1.73
3 125.43 30 2.85
4 167.23 30 2.83
5 186.67 30 4.72
6 225.32 30 5.30
7 246.69 30 7.05
8 271.05 30 6.82
9 304.00 30 10.93

10 317.11 30 14.49
11 355.82 30 15.32
12 387.23 30 15.15
13 455.02 30 22.15
14 1058.39 30 70.80
15 1414.51 30 127.32
16 1498.65 30 144.66
17 1545.10 30 181.06
18 1580.87 30 170.35
19 1614.93 30 157.22
20 1651.03 30 155.93
21 1680.83 30 162.11
22 1720.16 30 179.17
23 1761.09 30 171.33
24 1805.93 30 198.37
25 1852.48 30 191.93
26 1905.51 30 218.92
27 1986.92 30 224.04
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TABLE 3. AQUICLUDE ELEVATION SEMI-VARIOGRAM COMBINING
THE READINGS FROM BOTH INITIAL TRANSECTS. THE
DISTANCES REFER TO DISTANCES BETWEEN SAMPLES
(IN METERS). GAMMA IS THE SEMI-VARIOGRAN

distances were chosen to maintain sample semi-variances in

the lower half of the semi-variogram graph. The final

sampling grid was chosen considering time and manpower

constraints, assuming an average of five resistivity

sounding sites per day. A rectangular spacing of 304.8

meters (1000 ft.) was used as the final valley scale grid

(see figure 8).

GROUP
NO.

ASSOCIATED WITH THE LISTED DISTANCE.

AVERAGE NO. OF GAMMA
Distance (H) PAIRS (H)

1 60.80 30 0.83
2 93.86 30 1.71
3 125.43 30 3.02
4 167.23 30 2.53
5 186.67 30 4.52
6 225.32 30 4.50
7 246.69 30 6.96
8 271.05 30 6.30
9 304.00 30 9.80

10 317.11 30 15.74
11 355.82 30 15.12
12 387.23 30 16.47
13 455.02 30 22.71
14 1058.39 30 71.95
15 1414.51 30 127.95
16 1498.65 30 139.16
17 1545.10 30 169.99
18 1580.87 30 161.32
19 1614.93 30 148.42
20 1651.03 30 148.43
21 1680.83 30 148.87
22 1720.16 30 167.51
23 1761.09 30 160.54
24 1805.93 30 184.95
25 1852.48 30 177.65
26 1905.51 30 205.64
27 1986.92 30 209.92



FIGURE 9. INITIAL AQUICWDE AND WATER TABLE
SEMI-VARIOGRANS.
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Sampling

Resistivity transects were run to determine water

table and aquiclude depths on the sampling sites between

September 1st and September 20, 1987. Results are listed

in appendix B as depths and as elevations above sea level.

The effort was made to collect all resistivity

measurements in as narrow a span of time as possible to

assure little change in the groundwater depth during the

data collection. The raw resistivity sounding data was

reduced using a computer spreadsheet and graphics program

called "Lotus". The program automatically graphed the

cumulative resistivity plots, then least squares lines fit

manually. The resistivity breaks ranged from very distinct

to less distinct. The Barnes layer method was used to

assist in defining breaks when cumulative plot line breaks

were less distinct.

Kriging

Semi-variograms were developed for each map produced.

Valley scale semi-variograms for surface elevations, water

table elevations, and aquiclude elevations are presented

in figure 10. Initial least squares lines and final

estimation models produced by cross validation are also
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presented. All three least squares lines fit to the semi-

variograms were power functions. The sill was not achieved

for any of the three parameters and the least squares

lines pass through the origin indicating a near zero

nugget variance. The final models were also power

functions and indicate a nugget variance ranging between

3m for the surface and 6m for the water table and

aquiclude layers. Larger scale semi-variograius of the

water table elevations for plots adjacent to the

exciosure, and below the exclosure are presented in figure

11. An initial semi-variogram could not be produced for

the large scale plot above the exclosure due to an

insufficient number of measured points to produce the

required minimum of 30 pairs of variance measurements per

semi-variograin point. An estimation model was developed in

this case by adopting the valley scale water table

estimation model and using the cross validation procedure

on all points within l200iu (3940ft) of the upstream plot,

adjusting the variables until an acceptable model was

developed. All three final models are listed in figure 11.

The accepted upstream model ended up being the same model

as used in the estimation of downstream water table

values. This supports the assumption of stationarity of

the variable within the study area (a necessary assumption

to use the kriging method).
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In many cases, more than one model is required to
explain the observed semi-variance relationship. The
valley scale water table semi-variogram in figure 10, for
example, exhibits a shift in the semi-variance distance
relationship around l200m (3940ft) indicating the need for

another model to describe this relationship at greater
distances. However, the scarcity of points above 1200m
(3940ft) prohibits the development of a model to describe
this relationship and in this case forces the use of the
semi-variograin at distances less than 1200m (3940ft). The
semi-variance becomes relatively large in the region above

1200n1 (3940ft) and points greater than about l200iu from

the estimation point would not be used.
The valley scale surface semi-variogram (fig.1O)

shows much higher semi-variance values than either the
water table or aquiclude semi-variograms at comparable
distances. This can be attributed to the wider
fluctuations in surface elevation with distance, making it
less predictable with increased distance. Once acceptable
models were developed for each set of data, kriged grids
were produced.

Valley scale contour maps of the aquiclude, water
table, and surface elevations are shown in figure 12. The
aquiclude was used as a base map and the other parameters

as overlays to allow for comparison between the different
layers. Larger scale maps of the water table surface
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above, adjacent to, and below the exciosure are presented

in figures 13, 14, and 15 respectively. Surface maps of

the variance associated with each kriged point were also

produced and are presented in Appendix C. The ranges of

semi-variance values were approximately the same on all

three large scale maps.

The aquiclude topographic map (fig. 12) depicts the

layer as relatively consistent throughout the valley

exhibiting slightly steeper and flatter areas, but in

general sloping directly down valley.

The water table topographic overlay (fig. 12)

indicates the water table contours shift in response to

the shifting of the stream within the valley. The contour

lines remain nearly perpendicular to the stream through

most of the valley. In the upper portion of the valley

above the lower end of the exciosure, the water table

appears to be relatively flat across the width of the

valley. Groundwater flow is perpendicular to water table

topographic lines, so the slight bend in topographic lines

toward the creek indicates that some water is being

contributed to the stream, but the majority of flow is

regional in nature, or parallel to the creek. This implies

that the majority of groundwater movement is through the

subsurface downstream. Beginning near the end of the

exclosure the water table lines begin to bend more sharply

toward the creek indicating a more localized groundwater



FIGURE 13. UPSTREAM WATER TABLE CONTOUR MAP. MINIMUM
ELEVATION - 1251m, MAXIMUM ELEVATION 1260ni,
CONTOUR INTERVAL lm.



FIGURE 14. ADJACENT WATER TABLE CONTOUR MAP. MINIMUM
ELEVATION = 1215m, MAXIMUM ELEVATION = 1221m,
CONTOUR INTERVAL = un.



N

FIGURE 15. DOWNSTREAM WATER TABLE CONTOUR MAP. MINIMUM
ELEVATION =12O5m, MAXIMUM ELEVATION = 1211m,
CONTOUR INTERVAL un.
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flow pattern, with flow directed into the stream rather

than downstream through the groundwater system. The large

scale maps support this observation. Figures 13 and 14

illustrate the regional flow of the groundwater system

above and through the exciosure. Figure 15 illustrates the

localized flow below the exciosure.

Several hypothesis have been developed to account for

the groundwater flow patterns observed on Camp Creek. The

presence of the exclosure, resulting in the deposition of

sediment in the flood plains and subsequent changes in

stream gradient above and through the exclosure may be

responsible for raising the groundwater level upstream

from the lower end of the exclosure, forcing groundwater

flow parallel to the creek. Below the exclosure, the

stream level drops, the gradient increases, and

groundwater essentially drains into the stream, which is

apparent from the topographic lines bending toward the

stream in figures 12 and 15.

The geology of the Camp Creek valley might also play

a role in the observed flow patterns. The stream valley is

constricted by hills beginning around the 4900in (l6000ft)

grid mark in the west-east direction (see figure 12). This

constriction may have a controlling effect on the down

valley groundwater flow.

Precipitation records for a USGS climate station

located in the southern portion of the Camp Creek Valley
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(out of the study area) were available for the years 1962

to 1987. The station known as "Barns Station" is located

in the Sw 1/4, Section 5, T19S, R21E. Calendar year

precipitation totals for the entire station record are

listed in table 4. Cumulative residual analysis was

conducted on the precipitation totals and is presented in

figure 16. The analysis involves summing the yearly

departures from the mean precipitation value of 31.2cm

(12.3in). Results indicate the Camp Creek area encountered

a series of dryer than average years from 1962 through

1976, followed by a series of above average totals from

1977 to 1984. The years 1985 through 1987 fluctuated

around the mean. Theoretically, the precipitation patterns

illustrated here may have had an effect on the changes in

streamf lows observed on Camp Creek through its effect on

the groundwater system. However the precipitation

streamfiow relationship for Camp Creek has not been

studied.



TABLE 4.CALENDAR YEAR PRECIPITATION TOTALS
FOR BARNS STATION 1962 TO 1987.

Year Centimeters Inches

1962 24.59 9.68
1963 24.94 9.82
1964 26.59 10.47
1965 26.47 10.42
1966 25.88 10.19
1967 15.39 6.06
1968 25.22 9.93
1969 23.93 9.42
1970 33.10 13.03
1971 27.86 10.97
1972 22.68 8.93
1973 27.94 11.00
1974 19.79 7.79
1975 31.14 12.26
1976 29.01 11.42
1977 36.40 14.33
1978 36.75 14.47
1979 33.99 13.38
1980 34.09 13.42
1981 40.28 15.86
1982 40.28 15.86
1983 62.41 24.57
1984 48.08 18.93
1985 24.84 9.78
1986 36.20 14.25
1987 32.21 12.68

Average 31.16 12.27
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V. CONCLUSIONS

The role of riparian areas and the effects of changes

in condition in relation to the hydrologic functioning of

the aquifer system is not well known. This study is a

snapshot in time of the functioning of this system, and

needs to be expanded and repeated throughout the year to

acquire a more complete understanding of how the system is

operating. Long-term studies are needed to evaluate the

influence of variables such as precipitation on the Camp

Creek system. Extension of the exciosure upstream and

downstream from its current boundaries would provide an

opportunity to monitor any changes which might develop

over time in the stream/aquifer system as a result of

channel and riparian succession. Exclusion of livestock

from a stream in a different watershed is another option

which would contribute information on stream/aquifer

relations and how they might change in response to changes

in riparian condition.

The shallow aquifer in the mapped section of the Camp

Creek valley is an effluent system feeding the stream even

during the fall low stream flow period, when this study

was conducted. The restrictive layer may be important in

producing the flow regimes illustrated on Camp Creek.

However, further research is needed to determine the role

of the restrictive layer to hydrologic functioning in arid

land streams with shallow perched water tables, or
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encroaching hard bedrock hills, and the benefit of

riparian restoration to stream systems lacking this

shallow restrictive layer.

The aquifer/stream interface may play a role in the

rate of groundwater discharge into the stream. The

downstream section of the map in figure 12, and figure 15

indicates the aquifer could be draining at a faster rate

than the upstream section illustrated in figures 12-14. A

hypothesis which would account for this is that the

downstream section of the stream is cut further into the

aquifer than the upstream section, providing a greater

surface area for the aquifer to drain into the stream.

This might cause the aquifer to discharge at a faster rate

than water is able to move through the aquifer system,

given its inherent transmissivity, resulting in the

drawdown observed in the water table below the exciosure.
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VII. APPENDICES



Appendix A. SEISMOLOGY

Introduction

There are three types of shock waves which can be

observed in seismology. These are; rayleigh surface waves

(RS), compressional or pressure waves (P), and shear waves

(S). Rayleigh surface waves only occur along the surface

and die out rapidly with depth. These waves are

unimportant in interpretation except where they interfere

with the reading of the other types of waves.

Compressional and shear waves occur on the surface as well

as with depth. Of the three types of waves compressional

waves travel at the highest velocity, while shear waves

travel at approximately .45 to .57 times the speed of

compressional waves, and rayleigh waves travel at .9 times

the speed of shear waves. In geologic seismology work

compressional waves are used most often because they are

the fastest (first arrival) and most easily recognizable.

In contrast, the shear and rayleigh waves arrive later and

as a result are more difficult to identify (Mooney 1976).

There are three possible wave paths for compressional

waves: direct wave path, reflected wave path, and

refracted wave path (figure A-i). The different wave paths

will lead to different travel times for compressional

waves, so a seismic waveform will in principle show

distinct arrivals. However, in practice later arrival
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waveforms may be nearly impossible to distinguish from the

first arrival. The wave which arrives first therefore,

will be the easiest to interpret. Due to their speed, P

waves always arrive first and are the basis for the

analysis that follows.

- OIRtCT WHAt PATH _?
/1

.. REFLECTED WHAt PATH / /\ N

I

N /
N /

I

\\ N / /\ / /
I '/ /__I

L. RtfRACTED W'Vt PII

FIGURE A-i. COMPRESSIONAL WAVE PATHS.

The following example illustrates a simple two-layer

subsurface structure with the lower layer consisting of a

denser (higher velocity) material than the surface.

When the distance between the seismic source and the

recorder or geophone is small, the first compressional

wave (P) to arrive is the direct P wave. Moving the source

progressively further from the recorder, eventually a

point is reached where the refracted wave, because it

utilizes the lower faster layer, will arrive before the

surface wave. A graph of the time versus distance for the

first arrival is shown in figure A-2. This type of

subsurface structure will always produce this type of
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TRAVEL TIME
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FIGURE A-2. FIRST ARRIVAL TIME VS. DISTANCE GRAPH.
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graph. However there are other structures which can also

produce this kind of graph, which will be discussed later.

A three-layer subsurface structure with the third

layer denser than the second, and the second denser than

the surface will produce a graph similar the one in figure

A-2 with the addition of another break in the line. The

second break will occur when the refracted wave from the

third layer reaches the recorder before the waves from the

first or second layer.



D=V1T1

where

V1= The velocity of the first layer (1/slope of the line)

V2= Velocity of the second layer

T2= The y intercept of the second-layer line

D= Depth to the second layer

In situations where three layers are present the

depth to the second layer is completed by the above

formula while the depth to the third layer is computed by

the formula:

= V2T3

1

- Jv22
1

V3 '1
ti -D1Q

2
- v22j

VT I

75

Interpretation

The first step in interpretation is to construct a

graph similar to the one shown in Figure A-'2. For a two-

layered structure the depth is computed from the formula:

where

V3= Velocity of the third layer

T3= the y intercept of the third line



The preceding equations for three layer structure

have assumed velocity to increase with depth: V1 less than

V2 and V2 less than V3. However, other sequences are

possible. In a three layer structure with a low, medium,

and high-velocity layer, six combinations exist.The

sequence which has already been considered is:

Low
Medium
High

Two other sequences:

High High
Medium and Low
Low Medium

will both produce travel time graphs consisting of a

single line. This can be attributed to the fact that the

shallow high-velocity wave will always reach the recorder

before waves from the medium or low-velocity layers.

The sequences:

Medium Low
High and High
Low Medium
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will both produce situations in which the third layer will

remain undetected. Again this is due to the high-velocity

layer overlying a lower velocity layer.

The last possible combination is:

Medium
Low
High

This structure will produce a travel time-graph with no

indication of a low velocity layer between the medium and

high velocity layers. Analysis of this type of structure

without knowledge of the slow layer would result in the

computation of an erroneous depth for the second layer

(Mooney 1976).

In practice the researcher must utilize non-seismic

controls such as core drilling to detect the presence of

low-velocity layers between higher-velocity layers.

Camp Creek Data

Three core samples were used to determine the layer

configuration in the study site. All three cores showed

similar stratigraphy. The surface was composed of a clay

silt grading to a gravelly silt which overlies a

bentonitic claystone lying approximately 9.lin (3Oft) below

the surface. The depth to the perched water table varied

from 4.6 to 8.8m (15 to 29ft).
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Results from a seismic transect at a core hole midway

along the creek showed a velocity break at 4.3in (14.Oft)

and another at l9.9m (65.2ft), which is below the area of

concern. The actual depth to the water table was measured

to be l9.Bm (13.Bft), and the actual depth to the

bentonite layer was 8.83m (29.Oft). In this case the

seismic method did break out the water table, but didn't

break out the bentonite clay layer. This would lead to the

conclusion that the bentonite clay layer is somewhat

slower in seismic velocity than the saturated layer above,

and as explained earlier will cause the layer to remain

undetected. Analysis of the two other cores resulted in

the same conclusion, the subsurface consisting of a

velocity layering scheme:

Low
High
Medium

Seismology in this situation has limited value, since

another method in addition to seismology must be employed

to map this site.



Appendix B. RESISTIVITY DEPTHS AND SELECTED
WATER WELLS USED IN RRIGING

Table B-i. Resistivity Detennined Depths and Resulting
Elevations
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Coords.
X Y

Resistivity
Depths

Water Aguicid Gnd
Elevations

Water Aquicid

914 1829 5.34 7.40 1272.25 1266.91 1264.86
1219 1524 3.92 1270.46 1266.54
1219 1829 2.88 6.27 1266.56 1263.68 1260.29
1524 1219 3.84 6.74 1266.31 1262.47 1259.57
1524 1524 3.06 6.53 1262.93 1259.87 1256.40
1524 1829 6.91 1264.08 1257.17
1829 610 4.19 8.71 1250.92 1246.73 1242.21
1829 1219 4.07 7.43 1259.30 1255.23 1251.87
1829 1524 4.04 7.46 1261.63 1257.59 1254.17
2134 305 3.96 6.78 1257.17 1253.20 1250.38
2134 610 3.99 7.67 1256.39 1252.41 1248.72
2134 914 4.12 7.72 1255.35 1251.23 1247.63
2134 1219 4.12 7.59 1256.57 1252.45 1248.98
2438 610 5.28 8.66 1253.93 1248.65 1245.27
2743 305 3.94 7.03 1252.65 1248.71 1245.62
2743 610 5.21 8.33 1251.19 1245.98 1242.86
2743 914 4.31 6.73 1250.85 1246.53 1244.12
3048 610 5.23 8.56 1249.07 1243.83 1240.50
3353 305 4.62 7.57 1248.85 1244.23 1241.29
3353 610 4.54 8.20 1248.73 1244.20 1240.54
3658 610 4,81 8.20 1246.03 1241.22 1237.83
3962 305 4.97 8.00 1246.78 1241.81 1238.78
3962 610 5.30 8.22 1243.91 1238.61 1235.68
4267 610 4.31 8.42 1241.96 1237.65 1233.54
4267 914 7.37 9.22 1241.16 1233.79 1231.93
4267 1219 2.99 1244.03 1241.04
4572 610 6.78 11.28 1241.46 1234.68 1230.19
4572 1219 2.41 1240.93 1238.52
4877 1219 3.77 7.07 1237.59 1233.82 1230.52
5182 1219 3.90 6.75 1233.76 1229.86 1227.02
5486 1219 4.53 7.89 1229.97 1225.44 1222.08
5791 1219 4.44 7.80 1227.69 1223.24 1219.89
5791 1524 2.68 4.43 1229.74 1227.07 1225.32
6096 1219 4.02 6.77 1224.84 1220.82 1218.08
6096 1463 4.47 7.44 1225.16 1220.69 1217.72
6096 1524 4.51 7.70 1225.67 1221.16 1217.97
6157 1463 4.43 7.62 1225.05 1220.62 1217.43
6218 1463 3.97 7.60 1222.85 1218.88 1215.25
6279 1463 3.90 7.86 1222.83 1218.93 1214.96
6340 1463 4.04 7.77 1222.49 1218.45 1214.72
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Table B-l. Resistivity Determined Depths and Resulting
Elevations

Coords.
X Y

Resistivity
Depths

Water Aquicid
Elevations

Gnd Water Aquicid

6401 1158 5.25 8.77 1222.36 1217.11 1213.59
6401 1219 4.51 8.31 1222.17 1217.66 1213.86
6401 1280 4.79 8.38 1222.14 1217.35 1213.76
6401 1341 4.63 7.74 1221.77 1217.15 1214.03
6401 1402 4.15 7.72 1222.09 1217.94 1214.37
6401 1463 4.21 7.45 1222.01 1217.80 1214.56
6401 1524 4.76 8.37 1221.35 1216.58 1212.98
6401 1585 4.21 7.60 1221.48 1217.26 1213.88
6401 1646 4.58 7.59 1221.42 1216.84 1213.83
6401 1707 3.91 7.75 1222.06 1218.14 1214.30
6401 1768 3.83 7.27 1222.77 1218.94 1215.50
6401 1829 3.93 7.59 1222.76 1218.83 1215.17
6462 1463 4.08 7.88 1221.52 1217.44 1213.64
6523 1463 3.92 7.57 1220.93 1217.02 1213.36
6584 1463 4.04 6.85 1220.23 1216.19 1213.38
6645 1463 3.81 7.56 1219.99 1216.18 1212.43
6706 1219 5.75 9.42 1220.16 1214.41 1210.74
6706 1524 5.68 9.28 1219.95 1214.26 1210.67
6706 1829 5.36 7.82 1217.94 1212.58 1210.12
7010 1219 4.99 8.45 1218.04 1213.05 1209.59
7010 1829 4.68 7.28 1216.14 1211.46 1208.86
7315 1524 2.82 5.52 1216.46 1213.65 1210.94
7315 1829 4.62 7.34 1214.47 1209.85 1207.13
7620 1829 4.15 7.16 1214.11 1209.97 1206.95
7620 2134 4.71 8.43 1214.81 1210.10 1206.38
7681 2134 4.66 8.38 1214.42 1209.76 1206.04
7742 2134 4.72 8.35 1213.83 1209.12 1205.49
7803 2134 4.68 8.33 1213.27 1208.59 1204.94
7864 2134 4.56 7.68 1212.60 1208.04 1204.92
7925 1524 0.46 5.53 1211.80 1211.34 1206.27
7925 1829 6.49 8.73 1212.06 1205.57 1203.33
7925 1890 5.99 8.71 1211.80 1205.81 1203.09
7925 1951 4.00 6.83 1209.32 1205.31 1202.48
7925 2012 5.21 8.62 1211.70 1206.50 1203.08
7925 2073 5.16 8.43 1212.09 1206.93 1203.66
7925 2134 4.58 7.63 1212.31 1207.73 1204.68
7925 2195 3.97 7.64 1212.03 1208.06 1204.38
7925 2256 3.99 7.46 1212.28 1208.29 1204.82
7925 2316 2.81 5.72 1212.07 1209.26 1206.35
7925 2377 2.77 5.67 1212.61 1209.84 1206.94
7925 2438 2.90 5.59 1215.79 1212.88 1210.20
7986 2134 4.59 7.74 1211.53 1206.94 1203.79
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Table B-i. Resistivity Determined Depths and Resulting
Elevations

Table B-2. Selected Water Well Depths Used in Kriging

Water
Well

Coordinates
X Y

Ground
Elev.

Water
Depth Elev.

a4 1986 941 1254.09 0.39 1253.71
C]. 2822 491 1252.49 4.37 1248.12
e6 2153 1091 1252.12 0.69 1251.42
f4 3235 816 1243.92 0.46 1243.45
gi 3127 717 1250.26 5.27 1244.98
h5 4346 1013 1233.31 0.62 1232.68
i5 4651 993 1230.01 0.77 1229.23
m7 4906 1062 1227.80 0.30 1227.50
n4 5073 1091 1226.56 0.83 1225.74
05 5250 1111 1233.05 8.38 1224.67
p4 5103 934 1234.79 5.37 1229.42
k3 5516 1121 1223.75 0.71 1223.04
17 6401 1150 1217.84 0.46 1217.38
q3 6548 1209 1216.82 0.99 1215.83
s6 6882 1396 1214.67 0.71 1213.96
t7 7079 1426 1213.66 0.62 1213.05
u3 7256 1553 1212.55 0.37 1212.18
v4 7522 1779 1211.28 0.75 1210.53
dwn 7925 1875 1209.64 0.00 1209.64

Coords.
X Y

Resistivity
Depths

Water Aquicid
Elevations

Gnd Water Aquicid

8047 2134 4.60 7.72 1211.13 1206.53 1203.41
8108 2134 4.64 7.60 1210.51 1205.87 1202.91
8169 2134 4.68 7.67 1210.21 1205.53 1202.54
8230 1829 5.52 8.24 1210.52 1205.00 1202.28
8230 2134 4.64 7.64 1209.85 1205.21 1202.22
8230 2438 5.29 7.69 1210.06 1204.78 1202.37
8534 2134 6.84 8.74 1208.36 1201.52 1199.62
8534 2438 6.13 8.27 1208.82 1202.69 1200.55
8839 2438 5.26 7.26 1206.71 1201.45 1199.45



APPENDIX C. KRIGING ESTIMATION VARIANCE PLOTS.
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FIGURE Ci. VALLEY SURFACE ESTIMATION VARIANCE. MINIMUN
VARIANCE = 6.8m, MAXIMUM VARIANCE = 6011n,
CONTOUR LINE INTERVAL = 25m.
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FIGURE C-2. VALLEY WATER TABLE ESTIMATION VARIANCE.
MINIMUM VARIANCE - 6.4m, MAXIMUM VARIANCE
18.9m, CONTOUR LINE INTERVAL im.
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FIGURE C-3. VALLEY AQUICLUDE ESTIMATION VARIANCE. MINIMUM
VARIANCE = 6.7m, MAXIMUM VARIANCE = 18.9m,
CONTOUR INTERVAL = im.



FIGURE C-4. UPSTREAM WATER TABLE ESTIMATION VARIANCE.
MINIMUM VARIANCE - l.2m, MAXIMUM VARIANCE =
l.6m, CONTOUR INTERVAL = O.02m.



FIGURE C-5. ADJACENT WATER TABLE ESTIMATION VARIANCE.
MINIMUM VARIANCE 1.O4in, MAXIMUM VARIANCE
1.24m, CONTOUR INTERVAL = O.02m.
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FIGURE C-6. DOWNSTREAM WATER TABLE ESTIMATION VARIANCE. MINIMUM VARIANCE
= 1.39in, MAXIMUM VARIANCE 5.0Gm, CONTOUR INTERVAL = .2m.


