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ABSTRACT

An Fourier Series solution is presented that describes the

simultaneous, one-dimensional, vertical flow of heat and ground water in

homogeneous, porous media beneath streams. Use of this analytical

solution provides an indirect method of determining vertical flow rates

and the effective vertical hydraulic connection between sediments and

overlying streams. The method consists of varying the Darcy velocity in

the solution until the temperature profiles predicted by the solution

match those measured in the field. The method was applied at three

field sites in Central Massachusetts. At the first site, which is

underlain by lacustrine clay, the vertical flow rate through the clay

was determined to be less than 5x10-7 cm/s and the vertical hydraulic

conductivity was less than 0.08 cm/s. The vertical flow rate through

mixed sand and gravel underlying the second site equaled 7.5x10-6 cm/s

and vertical hydraulic conductivities of sediments underlying the site

ranged from 3.8x10 -4 to 3.1x10 -3 cm/s. The vertical flow rate through

mixed sand and gravel underlying the third site ranged from 3x10 -5 to

7x10 -5 cm/s and vertical hydraulic conductivities of sediments

underlying the site ranged from 1x10-3 to 4x10-3 cm/s.

The simultaneous flow of heat and ground water in sediments

beneath streams may be more complex than that assumed for the Fourier

Series solution. The additional complexity may be partially

attributable to two factors: the presence of horizontal ground-water

flow, and the presence of thermal conditions near the stream that differ
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from conditions in the stream itself. The effects of that these two

factors have on thermal regimes in sediments beneath streams were

investigated using numerical simulations. Results indicate, for

example, that under conditions of no horizontal ground-water flow,

thermal conditions near the stream can affect temperatures in sediments

beneath the stream as far as 900 cm from the stream bank. For

horizontal flow rates greater than about 1x10-4 cm/s, thermal conditions

near the stream can affect temperatures in sediments beneath the stream

as far as 1500 cm from the stream bank.

The method of determining flow rates and hydraulic connection has

been applied to stream-aquifer systems. However, the method also may

have application in other hydrologic settings. Two such applications

might be to determine flow rates to and from lakes and rates of recharge

to aquifers.
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CHAPTER 1

INTRODUCTION

Background

Knowledge of the rate of flow and degree of hydraulic connection

between an aquifer and and overlying stream is important information in

many water-resources investigations. For example, many unconsolidated

sand and gravel aquifers have the potential for large-scale development

of water supplies, even though they are limited in areal extent and

thickness. Large-scale development of a water supply is possible if an

aquifer is traversed by a stream that serves as a source of induced

infiltration during pumping (Kazmann, 1948; Klaer, 1953; Todd, 1976).

Determination of the potential for development of these aquifers

requires knowledge of the flow rate and hydraulic connection between the

aquifer and overlying stream.

Knowledge of the rate of flow and degree of hydraulic connection

between an aquifer and overlying stream also may be required in studies

of the chemical interaction between surface and ground water (Kazmann,

1948; Klaer, 1953;). There is the potential for poor quality water in

one part of a stream-aquifer system to affect water quality in another

part of that system. The extent of this degradation, whether in areas

where ground-water discharges to the stream, or in areas where stream

water infiltrates into the underlying aquifer, is controlled by the

volume, quality, and degree of mixing of the surface and ground water.

Determination of probable degradation of either the ground or surface
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water under such conditions requires determination of the flow rate and

hydraulic connection between the aquifer and the stream.

Studies of the movement of solutes in ground water also may

require knowledge of the flow rate and hydraulic connection. The

quality of ground water in some unconsolidated aquifers is degraded.

Study of the aquifer's geohydrologic characteristics, and the chemical

quality of ground water in these aquifers, will be required under

programs of water-quality classsification, and aquifer restoration and

future protection. Studies of this nature may include solute - transport

modeling. Accurate simulation of solute movement in ground water first

requires accurate simulation of ground-water flow. Determination of the

rate of flow and hydraulic connection between the aquifer and overlying

stream is fundamental information for these models.

Several methods can be used to determine differences in rates of

discharge or infiltration between aquifers and streams. Stream reaches

that are not frozen during winter, in contrast to other reaches along

the same stream that are frozen, may indicate a high rate of ground-

water discharge (Pluhowski, 1961 and 1972). Infrared imagery (Harris

and Woodbridge, 1964) of streams may reveal reaches of relatively warm

and cool water indicative of different rates of ground-water discharge

or infiltration of stream water. For example, infrared imagery has been

used to delineate seepage patterns from canals (American Society Civil

Engineers, 1972). Also, infrared imagery has been used to locate areas

of high and low discharge of ground water along the coast of Hawaii

(Fisher, Davis and Sousa, 1966), and to locate areas of high ground-
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water discharge into the brackish bays surrounding Long Island

(Pluhowski, 1972). One problem with these methods, however, is that

they provide a qualitative rather than a quantative estimate of rates of

ground-water flow.

Quantitative estimates of the rates of ground-water discharge to,

or infiltration from, a stream usually are made by measuring the change

in stream discharge along a stream reach. However, accurate

determination of rates using this method requires a high ratio of gain

or loss in stream discharge to total stream discharge. This requirement

often is not met (oral comunication with U.S. Geological Survey Regional

Aquifer Systems Analysis Group, Albany, New York, 1987; Lapham, 1988).

Another method of measuring the rate of discharge to a stream is

by using a seepage meter. A seepage meter (Bouwer, 1961; Bouwer and

Rice, 1963; Lee, 1972; McBride and Pfannkuch, 1975; Lee, 1977; Lee and

Cherry, 1978; Erickson, 1981) is an open-bottomed drum. The drum is

embedded into the stream or lake bottom. A thin-walled plastic bag,

which is attached to the drum, collects any water than seeps into the

drum through the streambed. Seepage meters have been found to influence

the flow field in which they are installed and do not necessarily

measure seepage rates directly (Erickson, 1981).

Estimates of the effective hydraulic conductivities of aquifer and

streambed materials can be obtained from sediment grain-size

distributions (Krumbein and Monk, 1943; Masch and Denny, 1966), aquifer

tests, slug tests (Hvorslev, 1951; Cooper, Bredhoeft and Papadopoulos,

1967; deLima, 1988), seepage meters (Bouwer, 1961,; Irmay, Bear and
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Zaslavsky, 1962; Bouwer and Rice, 1963; Bouwer, 1963; and Bouwer and

Rice, 1964), laboratory tests (Wenzel, 1942; Lambe, 1951; Black, 1965;

and American Society of Testing Materials, 1967), tracer tests (oral

comunication with U.S. Geological Survey Regional Aquifer Systems

Analysis Group, Albany, New York, 1987; Barlow, 1987) or from numerical

models (Jeppson and Nelson, 1970; oral comunication with U.S. Geological

Survey Regional Aquifer Systems Analysis Group, Albany, New York, 1987;

and deLima, 1988). Values of hydraulic conductivity determined by many

of these techniques are inexact estimates. For example, the use of

sediment grain-size-distribution data for determination of hydraulic

conductivity is always of limited accuracy because the data on grain

size do not adequately describe the packing and shapes of the particles.

Consideration of the uncertainties associated with many of the

methods of determining flow rates and hydraulic conductivities described

above indicates a need to develop alternative methodology by which rates

of flow and the effective hydraulic conductivity between aquifers and

streams can be determined simply and accurately. An alternative

approach to this problem was proposed by Stallman (1963). He suggested

that ground-water temperatures might be used to indirectly estimate

ground-water movement, and that ground-water temperatures in combination

with hydraulic-head data might be used to estimate sediment hydraulic

conductivity.

During the past few years, several investigators have applied this

principle to stream-aquifer systems (Wankiewicz, 1984; Lapham, 1988).

Results of these studies suggest that the method may provide a simple
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and inexpensive alternative approach to determining these hydraulic

characteristics of stream-aquifer systems. However, further refinement

of the methodology and investigation of several assumptions implicit in

the method are needed. For example, an analytical solution that

describes the simultaneous flow of heat and fluid in a semi-infinite

porous medium was derived in the mid 1960's. This solution, however, is

applicable only to the simplest stream-aquifer systems. An analytical

solution has not been derived that is applicable to most stream-aquifer

systems. Also, several assumptions concerning the hydraulic and thermal

regimes in the vicinity of streams made in previous studies require

further investigation. Two of these assumptions are that: (1) thermal

conditions in sediments near the stream do not affect the thermal regime

in the sediments beneath the stream; and (2) horizontal ground-water

flow in the sediments near and beneath the stream does not affect the

thermal regime beneath the stream. These assumptions require further

investigation because their validity at many locations is questionable.

PURPOSE AND SCOPE OF THE INVESTIGATION

The objectives of this investigation are to: (1) study the

processes of conductive and convective heat transfer in sediments in the

vicinity of streams and how these processes affect the spatial and

temporal distributions of ground-water temperatures beneath streams; and

(2) develop methodology by which ground-water temperatures in sediments
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beneath a stream can be used to determine the flow rate and the

hydraulic connection of the stream-aquifer system.

The objectives of this investigation were met by: (1) developing

an analytical solution of the equation describing one-dimensional flow

of ground water through homogeneous, porous media for thermal conditions

commonly found in stream-aquifer systems (Chapter 4); (2) simulating

hypothetical combinations of hydraulic and thermal regimes in the

vicinity of streams and using the results of these simulations to

determine how conductive and convective heat transfer near streams

affect temperatures in sediments beneath streams (Chapter 5); and (3)

applying the results of (1) and (2) at three field sites in central

Massachusetts to understand the hydraulic and thermal processes

occurring at each field site and to calculate the flow rate and the

hydraulic connection of the stream-aquifer system at each site (Chapter

6).

The analytical solution describes the vertical distribution of

temperature in sediments beneath a stream over time. The derivation

assumes that the sediments beneath the stream are semi-infinite in

extent, the stream is infinite in width, and that periodic variation in

stream temperature is sinusoidal part of the period and constant at 00C

the remainder of the period. This pattern of cyclic (or periodic)

variation in stream temperature is common in many stream-aquifer

systems.

Combinations of hydraulic and thermal regimes in the vicinity of

streams were simulated in cross section using a finite-element model
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that describes the simultaneous flow of heat and fluid in porous media.

Simulated regimes encompassed the range of hydraulic and thermal

conditions expected to occur at field sites.

The hydraulic and thermal regimes occurring at each field site

were detemined by collecting hydraulic and temperature data. Flow rates

were determined using temperature data as input into the analytical

solution developed in this investigation. The hydraulic connection

between the stream and underlying sediments at each site subsequently

was calculated using the derived rate of flow and measured head

gradients.



CHAPTER 2

PREVIOUS INVESTIGATIONS

Stallman (1963) presented a general equation describing the

simultaneous flow of heat and fluid in the earth; and suggested that

ground-water temperatures might be used to determine indirectly ground-

water movement, and that ground-water temperatures, in combination with

hydraulic-head data, might be used to estimate sediment hydraulic

conductivity.

Since the early 1960's, numerous investigators have used ground-

water temperatures to determine ground-water movement and sediment

hydraulic properties in many different hydrologic settings. Recently,

ground-water temperatures also have been used to estimate flow rates in,

and hydraulic conductivities of sediments comprising stream-aquifer

systems.

General Applications of Ground-Water Temperatures to Determine 

Ground-Water Movement and Sediment Hydraulic Properties 

Ground-water temperatures have been used to locate aquifers,

determine aquifer characteristics, define directions of ground-water

flow, delineate discharge and recharge areas, calculate flow rates

through semi-confining beds, determine rates of recharge to aquifers,

and determine the rate of infiltration of surface water.

31
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Soil-temperature anomalies have been used to locate aquifers

(Cartwright, 1968). Cartwright suggested that an aquifer might be a

heat sink that influences and modifies heat flow from both land surface

and from within the earth's crust, Therefore, he postulated that the

presence of a surface-temperature anomaly might indicate the presence of

an aquifer at depth. Cartwright applied the method in Illinois and

found that theorectical anomalies did closely approximate field-measured

anomalies.

Subsurface heat flow has been used to determine aquifer

characteristics in the Tucson basin, Arizona (Supkow, 1971). Supkow

demonstrated that on a contour map of the temperature of the water

table, the lowest temperatures occurred in areas of recharge and that

the highest temperatures occurred in areas far away from areas of

recharge. Also, he delineated zones of high ground-water flow using a

valley-mapping function and demonstrated that these zones were located

where there were buried dendritic channels.

Subsurface temperatures have been shown to be related to ground-

water flow in glacial sediments in the Cochrane District, Ontario

(Parsons, 1969). Parsons simulated temperature profiles using a

numerical model and compared the simulated profiles to profiles measured

in the field. The field data showed a decrease in temperature with

depth in the sediments, which has been attributed to post-glacial

climatic change.

Soil temperatures have been used to delineate small, shallow

ground-water-flow systems and to distinguish recharge and discharge
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areas (Cartwright, 1974). Cartwright reasoned that, because circulating

water is known to affect the temperature of the rock through which it

flows, shallow ground-water flow should affect surface soil temperature.

Temperature data collected in the field during summer and winter months

supported this hypothesis and ground-water flow patterns inferred from

the temperature data agreed with flow patterns inferred from hydrologic

data.

An analytical solution for Stallman's (1963) equation was derived

by Bredehoeft and Papadopulos in 1965. Assumptions for this derivation

were that vertical, steady flow of ground water and heat occurs through

an isotropic, homogeneous, fully saturated porous media. The analytic

solution provides a method for determining vertical ground-water

velocity and hydraulic conductivity in a semi-confining layer using

steady-state temperature profiles.

The upward movement of ground water through semi-confining beds in

the San Luis valley of Colorado and the Roswell basin in New Mexico was

determined using temperature profiles and the solution of Bredehoeft and

Papadopolos (1965) by Sorey (1971). Rates of upward movement through

the semi-confining beds determined using the temperature profiles were

in good agreement with rates determined from aquifer-test data and

water-budget calculations.

Ground-water discharge in the Illinois Basin was determined on the

basis of temperature anomalies and application of Bredehoeft and

Papadopulos's 1965 equation (Cartwright, 1970). Cartwright reasoned

that temperature anomalies should be present in areas where ground water
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is moving vertically. To test this hypothesis, an isothermal map for a

depth of 500 feet was constructed on the basis of bottom-hole

temperatures in deep wells. This map was compared with a theoretical

isothermal map for a depth of 500 feet constructed by projecting

temperature gradients downward from land surface at locations where mean

annual air temperatures was known. A residual temperature map, made by

subtracting the calculated temperature at a point from the observed

temperature, indicated several warm and cool anomalies that were

postulated to be discharge and recharge areas, respectively.

Recharge rates to a shallow dolomite aquifer in northeastern

Illinois were determined by Boyle and Saleem (1979) by measuring steady-

state temperature profiles and the analytic solution formulated by

Bredehoeft and Papadopulos (1965).

An analytical solution relating infiltration rates into sediments

beneath flooded rice fields to temperatures in these sediments was

formulated in 1960 by Suzuki. Suzuki assumed that the rate of

infiltration was constant and that surface temperature varied

sinusoidally over time. Stallman (1965) modified Susuki's solution and

discussed the usefulness of the modified solution in field studies of

ground-water flow. Stallman found that in natural porous media of

average heat properties, percolation rates of the order of two cm/d or

greater could be detected with ease by using temperature profiles

resulting from diurnal temperature fluctuation. Percolation rates of

the order of 0.1 cm/d could be detected by using temperature profiles

resulting from annual temperature fluctuation.
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Applications of Ground-Water Temperatures to Determine 

Ground-Water Movement in, and Hydraulic Properties of,

Stream-Aquifer Systems 

Following earlier work by Simpson (1949 and 1952), ground-water

temperatures in a sand aquifer underlying the Mohawk River in eastern

Schenectady, New York, were used to investigate potential rates of

infiltration of river water into the aquifer (Winslow and others, 1965).

Winslow and others found that the yield of the aquifer was limited

mostly by the seasonal range of temperature of the river and ground

water. Temperature was the limiting factor because it affects the

viscosity of the water, and, thereby, the hydraulic connection between

the river and aquifer.

Heat transfer by conduction and convection beneath two stream

channels in the Northwest Territories was investigated using ground-

water-temperature observations (Wankiewicz, 1984). Wankiewicz found

that conduction was the dominant heat transfer process at one site,

whereas convection was the dominant process at the other site.

Convection at the second site increased the apparent thermal

conductivity of sediments beneath the channel by an order of magnitude

over the value attributed to pure conduction.

Bi-hourly and monthly temperature measurements in sediments

beneath rivers at three sites in the northeastern United States were

used to determine the rate of vertical flow between the sediment and

overlying river, and the effective vertical hydraulic conductivity of

the sediment at each site by Lapham (1988). Independent estimates of
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velocity at two of the three sites were in general agreement with the

velocities determined using the temperature data. Also, the estimates

of velocities and conductivities derived from the temperature

measurements generally fell within the ranges of expected rates of flow

in, and conductivities of, the sediments encountered at the three sites.
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CHAPTER 3

BASIC PRINCIPLES OF SIMULTANEOUS FLOW OF HEAT

AND FLUID IN SATURATED POROUS MEDIA

The partial differential equation describing the simultaneous flow

of heat and fluid in saturated, porous media (Stallman, 1963, p. H41,

Equation 15) is:

= (Cm) p. ao/J) 	 a(v.T) 1 ±(C P ar
ax2 ay 2 az 2 	k	 L ax	 ay	 az j	 k at

(3- 1)

(Explanation of symbols is given in LIST OF SYMBOLS)

Equation (3-1) applies for a fully saturated, porous medium, which

is homogeneous for fluid flow, homogeneous and isotropic for heat flow,

has thermal and fluid properties that are constant in time and space,

and in which there is no internal heat generation or loss.

Equation (3-1) often can be simplified to describe heat and fluid

flow in simple ground-water systems. If the boundary conditions also

are simple, analytical solutions describing the simultaneous flow of

heat and fluid can be determined (for example, Stallman, 1965; Bredhoeft

and Papadopulos, 1965). In most ground-water systems, however, heat and

fluid flow, and/or the boundary conditions, are complex (Remson,

Hornberger, and Molz, 1971). In these cases, analytical solutions can
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not be determined, and numerical solutions are necessary for the

simulation of the simultaneous flow of heat and fluid.

Analytical solutions provide valuable insight into conductive and

convective heat-transfer processes in simple ground-water systems. For

example, an analytical solution can be used to ascertain the temperature

at any point at any time in a ground-water system given the system's

initial and boundary conditions. Because the results of the solution

are given in a closed analytical form, it is possible to deduce much

useful information concerning the parameters that control the

distribution of temperature in time and space in the system. However,

analytical solutions are limited to cases where the ground-water system

has a simple geometry and has boundary conditions that are easily

described mathematically.

Numerical techniques can be used to solve problems of heat and

fluid flow in ground-water systems for which an analytical solution is

unattainable because of the system's complex geometry and boundary

conditions. However, numerical techniques yield only values of

temperatures at selected, discrete locations at discrete intervals in

time. Consequently, numerical techniques do not provide the general

insight into the the conduction and convection of heat in a ground-water

system that is provided by an analytical solution.

Several analytical solutions of heat and fluid flow in simple

ground-water systems derived by previous investigators are discussed in

this chapter. These solutions provide fundamental information used in

Chapter 4 for development of the general analytical solution for one-
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dimensional, periodic flow of heat and ground water applicable to

stream-aquifer systems.

Steady One-Dimensional Flow of Heat 

and Fluid in Porous Media

The earth's geothermal flux causes temperatures in the earth to

increase with depth. In the absense of fluid flow in homgeneous

materials, this geothermal temperature gradient is linear (Bredhoeft and

Papadopulos, 1965) and is equal to about 3 °C/100 m (National Research

Council, 1979, p.3). Flow of ground water causes curvature of this

temperature gradient (Bredehoeft and Papadopulous, 1965). Bredehoeft

and Papadopulous proposed that the curvature of the temperature gradient

might be used indirectly to estimate the rate of vertical ground-water

movement in the earth.

For their analysis, Bredehoeft and Papadopulos assumed steady,

one-dimensional vertical flow of heat and fluid through an isotropic,

homogeneneous, fully saturated semi-confining layer separating two

aquifers (Figure 3-1). For the conditions assumed by Bredehoeft and

Papadopulos, Equation (3-1) reduces to (Bredehoeft and Papadopulos,

1965, p. 325):

a2r (on.)p. ay. n
aZ 2 	k	 vz az = (3-2)

Applying the boundary conditions
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T. = To 	at	 z = 0
	 (3-3)

and

	T. = TL 	at	 z	 = L
(3-4)

The solution to Equation (3-2) is (Bredehoeft and Papadopulos, 1965, p.

326):

T.—To e G8z/L) - 1

TL — TO	 en — 1	 (3-5)

where B is a dimensionless parameter equal to:

	_ 	 p.v.L	
(3-6)

Equation (3-6) indicates that, for constant values of Cm w , p w , L,

and k, B is directly proportional to v z . When the leakage rate (y z )

across the semi-confining layer is zero, the geothermal heat flux is

transmitted through the semi-confining layer only by conduction. If the

thermal conductivity of the semi-confining layer is constant, the

temperature gradient across the layer is linear and the rate of heat

flow is equal to the layer's thermal conductivity times the temperature

gradient across the layer. If the leakage rate is greater than zero,

the heat flux is transmitted through the semi-confining layer by

convection as well as by conduction. In this case, the temperature
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Ground surface

Water table

•Tz

	 •T,

iv
Semiconfining

layer

T., T„ T, Measured temperatures

vz 	Leakage rate

From Bredehoeft and
Papadopulos, 1965.

Figure 3-1. Conceptual model of semi-confining layer.

This figure shows the conceptual model of the semi-confining layer
assumed by Bredehoeft and Papadopulos (1965). The conceptual model
represents a semi-confining layer through which there is steady,
vertical flow of heat and ground water. In this figure, in Figure (3-
2), and in Equations (3-2) through (3-6), z is positive downward with
the origin at To, Tz is the temperature measurement at depth z, To is
the uppermost temperature measurement, TL is the lowermost temperature
measurement, L is the vertical distance between To and TL, and V z is the
velocity of ground-water flow through the semi-confining layer (leakage
rate).
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gradient is curved convex upward if flow is upward, and convex downward

if flow is downward. The higher the rate of leakage, the greater the

curvature of the temperature gradient.

Bredehoeft and Papadopulos proposed a method of determing the

Leakage rate using type curves (Fig. 3-2). The leakage rate is

determined by: (1) plotting ratios of (T z-To)/(TL-To) determined from

measured temperature data against values of z/L; (2) superimposing the

plotted values on the set of type curves of z/L versus (Tz -To)/(TL-To);

(3) selecting the value of 6 corresponding to the type curve that best

matches the values plotted in (1); and (4) calculating v z from Equation

(3-6) using the value of a determined in (3) and assumed values of Cmw ,

pw , and k, and the distance L from the field data.

As discussed in the section "Previous Investigations",

investigators have applied Bredehoeft and Papadopulos's technique to

estimate flow rates in many hydrologic settings in which steady,

vertical heat and fluid flow occurs. These applications include the

rate of upward movement of ground water through semi-confining beds in

the San Luis Valley of Colorado and the Roswell basin in New Mexico

(Sorey, 1971); the rate of ground-water discharge in the Illinois Basin

(Cartwright, 1970); and the rate of recharge to a shallow dolomite

aquifer in northeastern Illinois (Boyle and Saleem, 1979).
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Periodic One-Dimensional Conduction of Heat 

in a Semi-Infinite Porous Medium for Variation

in Surface Temperature Described 

by a Fourier Series 

In many hydrologic settings, heat flow is not constant because the

temperature at a thermal boundary varies over time. An example of a

hydrologic setting in which the temperature at a boundary varies over

time is that in which one of the boundaries is at land surface. In such

a hydrologic setting, Equations (3-2) through (3-6) do not apply.

The partial differential equation governing unsteady one-

dimensional conduction of heat in a homogeneous solid or porous medium

is (Schneider, 1955; Stallman, 1963):

k = (Cm) p LT
az 2 	at

Given the boundary conditions:

T(z ,t) = f(t)	 at	 z = 0

T(z,t) � oo	 at	 z=oo

(3-7)

(3-8a)

(3 -8b)

applied to a semi-infinite solid or porous medium, where f(t) describes

the temperature, T( z ,t), at the surface z = 0 as a function of time, and

the initial condition:



45

T=O	 at	 t 0	 (3-9)

the general solution to Equation (3-7) is (Boelter et al, 1948, p. VI-

4):

T = e -4 2Acos(X2 u.-4i71)a)-11-LisiI0,201-- -jazA	 (3-10)

Often the function f(t) is periodic. For example, if one boundary

of the semi-infinite medium is at land surface, the function f(t) would

describe the variation in temperature over time at land surface.

Temperatures at land surface usually are approximately periodic over

both daily and annual cycles. If the boundary condition f(t) at z = 0

(Equation (3-8a)) is a periodic function of time and is expressed by the

Fourier series

ao
T =	

2nn 	 2n.rc
—+ 1[a cos H)+b. sin' — t)]
2	 1.. n (3-11)

where ao, an , and bn are the Fourier coefficients, then the general

solution of Equation (3-7) describing conduction of heat in the semi-

infinite medium is (Boelter et al, 1948, p. VI-6; Carslaw and Jaeger,

1959. p. 64-70):
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-
1 –+ E e	 [an cos (2nn	 —nn

	t	 z
2 -\irci I n=1	 UT

ao
T

1;77,• (2nn	 nn
z
, 	 1 

+b n sin —t– —	 e
21,FTCW TO 4=1

[a n cos \I z' – b n sin Vi -171-t z][ e - 	–e
Cz+02-

] dz'
at (3-12)

The last term in Equation (3-12) represents the transient period

during which temperatures are affected by the initial condition that T =

0 at t = 0 for all z. As time approaches co, this last term in Equation

(3-12) approaches zero, and Equation (3-12) reduces to the general

periodic solution (Boelter et al, 1948, p. VI-6):

T —+ e	 [an cos(— t – — z)+ b n sin — t – — z2 ..1	
2nit
t	 at	

. (2nic 4-r-ut
"C

ao - — z

(3-13)

Equation (3-13) describes the temperature distribution resulting

from conduction of heat in a semi-infinite porous medium at any instant

in time, for a given surface frequency and 'ermal diffusivity, arid for

a periodic variation in surface temperature described by a Fourier

series.
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Periodic One-Dimensional Conduction of Heat 

in a Semi-Infinite Porous Medium for Sinusoidal 

Variation in Surface Temperature 

If the function f(t) in Equation (3-11) is the single harmonic

describing sinusoidal variation in surface temperature given in Equation

(3-14) and shown in Figure 3-3

T =Ta„+T sin (-2n
t —ph

)

°HIP
(3-14)

where

2n— =
(3-15)

The periodic solution to Equation (3-7) is (Boelter and others, 1941;

Schneider, 1955; Carslaw and Yaeger, 1959):

-471. .  Fr\T = Ta„+T„„,i, e	 sin Tt —ph — --oct z )

or, in terms of dimensionless temperature,

JrT —T, 
— e -4-aiv. sin ((3-7--c t—ph)—ArTz

Tamp 	Ca

(3-16)

(3 - 16a)

Equations (3-16) and (3-16a) describe the temperature distribution

resulting from conduction of heat in a semi-infinite porous medium at

any instant in time, for a given surface frequency and thermal
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Figure 3-3. Sinusoidal variation in surface temperature over time used
as the surface boundary condition at z = O.

This figure shows the sinusoidal variation in surface temperature over
time described by Equations (3-14) and (3-18a). This sinusoidal
variation in surface temperature is the boundary condition used for the
periodic solutions given in Equations (3-16) and (3-19).
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diffusivity, if the surface temperature varies sinuosidally as described

by Equation (3-14).

The physical significance of Equations (3-16) and (3-16a) is

apparent if the variation in temperature over time at any depth z is

studied (Boelter and others, 1948). In Figure 3-4, plots of temperature

versus time at three representative depths (z = 0, zl, and z2) are

shown. Depth z = 0 is at the surface, depth z1 is at relatively shallow

depth beneath the surface, and depth z2 is at a relatively deep depth

below the surface.

The temperature at any depth z will be a maximum and a minimum

when the sine function in Equation (3-16) or (3-16a) is +1 and -1,

respectively, assuming, for simplicity, that ph = 0 (Boelter and others,

1948). Therefore, the maximum temperature occurs each 2mr interval,

and,

- 27C .\ry—c
—t — --z = 2m7c

Ott (3-17)

Solving for t gives the time when the temperature is a maximum at

any depth z:

tmarz
—Z2 an

(3-18)
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1.4 —Lag time t iag

TIME (t)

EXPLANATION

\ Temperature wave
at depth zit°

Temperature wave
at depth zzz i

Temperature wave
at depth zzz 2

Figure 3-4. Temperature fluctuation over time at three representative
depths beneath the surface z = 0 in a semi-infinite solid or porous
medium for sinusoidal surface-temperature variation.

This figure shows temperature fluctuation over time at the surface z =
0; at a relatively shallow depth, z1; and at a relatively deep depth,
Z2.
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At z = 0, from Equation (3-16),

and

T = Tav +T sin t
)

anIP	 t (3-19)

trnaxo = Mt	 (3-20)

A comparison of Equations (3-18) and (3-20) shows that the temperature

oscillation at any depth z has the same period, T as the temperature

oscillation at the surface z = 0, but that the maximum (or minimum)

temperature at depth z lags the maximum or minimum temperature at z = 0

by the time

tiag =
 2 an (3-21)

This lagtime is shown in Figure 3-4.

Plots of 12 instantaneous vertical temperature profiles,

calculated using Equation (3-16a), are shown in Figure 3-5. For these

profiles, Tamp = 0.5 °C, T = 365 days, ph = 1.5708 radians ( 1T/2

radians), and 13 = 0.0073 cm 2/sec. The temperature profiles in Figure

3-5 represent, for a surface frequency of 365 days and thermal

diffusivity (a) of 0.0073 cm2/sec, and for the times shown, the

temperature distribution as a function of depth in a semi-infinite solid
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or porous medium for the sinusoidal variation in surface temperature

described by Equation (3-14).

The amplitude of the surface-temperature wave decreases with

depth. The maximum and minimum temperatures at each depth occur when

the sine function in Equation (3-16) equal +1 and -1, respectively.

Therefore, the equations describing the maximum and minimum temperatures

at any depth z are (Boelter and others, 1948):

T	 = Taw +Ta nip e	 (3-22)

T = T.„—T e	
(3-23)

•

or, in terms of dimensionless temperature:

T	 —Ta, 	 - "Niff
	

(3-24)=e
Tamp

T • —Ten,
472.Tz

e
(3-25)

Tam 
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Figure 3-5. Plots of instantaneous temperature profiles for sinusoidal

variation of surface temperature and no ground-water flow.

This figure shows typical temperature profiles that occur approximately

monthly during a year for dimensionless sinusoidal variation in surface

temperature in a ground-water system where ground-water flow is 0, and

there are no other sources or sinks of heat.
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Equations (3-22) and (3-24) describe the curve that envelopes

maximum temperatures with depth (the maximum temperature envelope) and

Equations (3-23) and (3-25) describe the curve that envelopes minimum

temperatures with depth. The envelopes are shown in Figure 3-5.

According to Equations (3-22) - (3-25), temperature fluctuations are

damped at depth z more the shorter the period (t) and the smaller the

value of thermal diffusivity (a).

At depth z, the amplitude of temperature variation is reduced by

the value of the exponential in Equations (3-22) through (3-25).

Therefore, at depth z, the fraction fr of the amplitude of temperature

fluctuation at z = 0 is (Boelter and others, 1948):

_
fr = e V7-2-' z	 (3 -26)

Solving Equation (3-26) for z yields

(3-27)

(3-28)

\Ft

where

f =i

Equation (3-28) describes the depth z at which temperature

fluctuation is a specified fraction of the surface-temperature
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fluctuation. For example, the depth at which temperature fluctuation is

1 percent of the surface fluctuation is

z0.01 = f(1n (0.01)Ali) = 2.6 f

and the depth at which temperature fluctuation is reduced to 10 percent

of the surface fluctuation is

= f	 (0.1)/-17-6 = 1.3 f

If the surface-temperature fluctuation has a period of one year,

and assuming a = 0.0073 cm2/sec, then f = 480 cm. Therefore, the depth

at which temperature fluctuation is 0.01 of the surface fluctuation is

1247 cm, and the depth at which temperature fluctuation is 0.1 of the

surface fluctuation is 623 cm. If the surface-temperature fluctuation

has a period of one day, and assuming a = 0.0073 cm2/sec, then f = 25.1

cm. Therefore, the depth at which temperature fluctuation is 0.01 of

the surface fluctuation is 65.3 cm, and the depth at which temperature

fluctuation is 0.1 of the surface fluctuation is 32.6 cm. Curves

showing the depth beneath the surface where the temperature fluctuation

is a specified fraction of the surface-temperature fluctation for

several values of f are shown in Figure 3-6.
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Figure 3-6. Depth z beneath the surface z = 0 where the temperature
fluctuation is a specified fraction of the surface-temperature
fluctation.

This figure shows curves of the relation between depth z beneath the
surface z = 0 at which the temperature fluctuation is a specified
fraction of the surface-temperature fluctation for several values of f
(see Equation 3-28).



57

Periodic One-Dimensional Conduction and Convection of 

Heat in a Semi-Infinite Porous Medium for Sinusoidal 

Variation in Surface Temperature 

As discussed previously, the partial differential equation

describing one-dimensional, vertical flow of an incompressible fluid

through a homogeneous, porous medium is:

	a 2T	 ar	 WI'
k —a — (Cmw )

	z2 
	p„vz—az = (Cm) p —

at
(3-29)

Equation (3-29) is valid for the following conditions (Stallman,

1965): (1) Fluid and heat flow are along the z direction only; (2) fluid

flow is steady and uniform; (3) there is no spatial or temporal

variation in the thermal properties of the porous medium; and (4) there

is no internal heat generation or loss.

If the porous medium is semi-infinite and if the temperature at

the surface z = 0 varies sinusoidally as shown in Figure 3-3, and is of

the form:

T = T av + T amp sin (31 t)	 at	 z = 0
I t

(3-30a)

and if the temperature at depth z = 00 in the semi-infinite porous

medium is not affected by temperature fluctuations at the surface such

that

lim T = T a,	 at	 z = co
. -.0.

(3-30b)



kt	 2a
K =

it(Cm) poo (3-32d)
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Then, Stallman (1965, p. 2822) showed that the solution to Equation (3-

29) is:

T = Tay +Ta„v, e"" sin (-712 t – bz)	 (3-31)

where:

2n— =
(3-32a)  

K- +— +—VT V75

4	 2 
a = 

(3-32b)   

b = ((K2 +
4	 2

--Ill"
	

(3-32c)

and

= 
vz(On.)13. 

V 
2k

(3-32e)

Equation (3-31) describes the temperature distribution in a semi-

infinite porous medium at any instant in time, for a given surface

frequency, thermal diffusivity, and fluid velocity, if the surface
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temperature at z = 0 varies sinusoidally as described by Equation (3-

30a).

When the fluid velocity (v z ) = 0, Equation (3-32e) indicates that

V = 0, and, therefore, a = b = K. Under these conditions of no fluid

flow, Equation (3-31) is exactly the same as Equation (3-16), which

describes periodic heat flow due only to conduction in a semi-infinite

porous medium for sinusoidal variation in surface temperature.

Furthermore, as noted by Stallman (1965), if V (Equation (3-32e)) is

very large in comparison to K (Equation (3-32d)), both a and b approach

zero, and the temperature at depth is nearly equal to the temperature at

the surface at all times.

Stallman also showed that the values of a and b can be

observed from field data by analyzing the attenuation of the temperature

wave with depth. The value of a is the slope of the curve log((Tmaxz

Tav )/Tamp ) versus z, where a = 1/Az over 1 log cycle, and b =

(2fftl ag )/Tz . Using these values of a and b, and the relation derived

by Stallman given below,

vz (Cm.) P. b 2 — a 2
(3-33)  

a 

vz can be determined if values of Cmw , P' 	k are known.

Stallman determined that in natural porous media of average heat

properties, percolation rates of the order of 2 cm/d or greater could be

detected with ease by using temperature profiles resulting from diurnal

temperature fluctuation. Percolation rates of the order of 0.1 cm/d



could be detected by using temperature profiles resulting from annual

temperature fluctuation.

60
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CHAPTER 4

ONE-DIMENSIONAL CONDUCTION AND CONVECTION OF HEAT

IN SEDIMENTS BENEATH STREAMS

The solution by Stallman (1965) (Equations (3-31) and (3-32) in

this report) describes the simultaneous flow of heat and fluid in a

semi-infinite porous medium under conditions of periodic, sinusoidal

surface-temperature variation and steady fluid flow in the direction

perpendicular to the medium's surface. This conceptual model of

simultaneous one-dimensional heat and fluid flow for periodic,

sinusoidal surface-temperature variation occurs in many hydrologic

systems.

Surface temperatures often vary in a periodic, sinusoidal mannner.

For example, both annual and daily air-, ground-, and surface-water-

temperature variations often are approximately sinusoidal (Ward, 1963;

Collings, 1969; Gilroy and Steele, 1972; Collings, 1973; Tasker and

Burns, 1974; Miller and Thompson, 1975; Shampine, 1977; Anthes and

others, 1978).

Fluid flow in many hydrologic systems may be nearly steady and

one-dimensional. Several examples of hydrologic systems in which fluid

flow may be steady and one-dimensional include seepage to and from

lakes, ponds, and canals, and infiltration from flooded fields (Suzuki,

1961). Under some circumstances, flow between streams and underlying

sediments (Lapham, 1988) and ground-water recharge along ground-water

divides also might approximate steady, one-dimensional flow conditions.
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As discussed in Chapter 3, Suzuki (1961) proposed that infiltration of

water from flooded rice paddies fitted this conceptual model, because

the infiltration was vertically down and the diurnal variation of the

temperature of the flooded water was sinusoidal. Similiarily, stream-

aquifer systems in which either ground-water discharges from underlying

sediments to a stream, or stream water infiltrates into underlying

sediments, also may fit this conceptual model if the discharge or

infiltration is vertical and if the fluctuation in temperature of the

stream is sinusoidal. Consequently, rates of flow between sediments and

overlying streams might be determined indirectly by measuring the

vertical distribution of temperature in sediments beneath a stream.

One problem with application of this conceptual model to determine

rates of flow between between aquifers and overlying streams is that

often stream-temperature variation is not exclusively sinusoidal. For

example, in regions such as the northern United States and Canada,

stream temperature varies sinusoidally for only part of the year (Tasker

and Burns, 1974; Lapham, 1988). The remainder of the year, streams are

ice-covered, and stream temperatures remain at or near zero degrees

celsius. Tasker and Burns (1974) and Lapham (1988) reported that

streams in New England remain at zero degrees celsius for as much as

several months during winter. Under these conditions, Stallman's (1965)

equation is invalid.

In this chapter, a general solution to the partial differential

equation governing one-dimensional, periodic heat flow and steady fluid

flow in a semi-infinite porous medium is presented for the case where
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the surface temperature varies sinusoidally for part of the total period

and remains at zero degrees for the remainder of the period. The

general solution simplifies to that presented by Stallman (1965) for

conditions when the surface temperature varies only sinusoidally during

the period. Application of this general solution to determine flow

rates between streams and underlying sediments at three field sites in

Central Massachusetts, where stream temperatures remain at 0 °C for

several months during each winter, is presented in Chapter 6.

Fourier Series Describing Surface-Temperature Variation

that is Sinusoidal for Part of a Period and Constant at 

Zero Degrees for the Remainder of the Period 

A general solution to the periodic conduction of heat in a semi-infinite

solid with surface temperature expressed as a Fourier series is given in

Equation (3-13). Equation (3-13), therefore, provides the solution to

one-dimensional conduction of heat in a semi-infinite medium for

surface-temperature variation that is sinusoidal for part of the period

and constant at zero degrees for the remainder of the period, provided

the Fourier series for this variation in surface temperature is

determined. Subsequent modification of this solution to account for

convective transport of heat by fluid flow in the porous medium, using

the results presented by Stallman (1965), leads to the complete solution

sought. The derivation of the Fourier series describing this surface-

temperature variation is presented in this section.
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Tav
T
avsav /(1+xx)

Ts = 0.0

TIME (0

	T av + Tamp (sin((27c/T)t + ph )	 for	 0 t <

T(z,t) = f(t) =

	0 	 for	 t (1 ±XX)T

Figure 4-1. Surface-temperature which varies sinusoidally for part of

the periodic cycle and which remains constant at 0 °C for the remainder
of the periodic cycle.

This figure shows the variation in surface temperature over time

described by the Fourier series given in Equations (4-33 to 4-36). This

surface-temperature variation is used as the surface boundary condition

for derivation of the expression describing the one-dimensional flow of

heat and fluid in a semi-infinite porous medium given in Equations (4-

38) to (4-39).
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The surface-temperature variation is illustrated in Figure 4-1.

As shown in the figure, the surface temperature is periodic. The

duration of each periodic cycle is t total ' (1+xx)T. During each

periodic cycle, the temperature varies sinusoidally for a period of time

equal to T, and remains at 0°C for a period of time equal to (xx)T.
For purposes of illustration in Figure 4-1, the length of time that the

temperature remains constant at 0°C is one-half of the duration of the
sinusoidal part of the period. Therefore, the sinusoidal cycle has a

duration of T, the duration of each periodic cycle is 1.5 1 , the time

during which the temperature is constant at 0°C is 0.5 1 , and xx = 0.5.

Other characteristics of the surface-temperature variation include the

average temperature and the amplitude of temperature fluctuation. Tav

is the average temperature during the sinusoidal cycle, and Tavs is the

average temperature during one periodic cycle. Tamp is the semi-

amplitude of temperature fluctuation during the sinusoidal cycle, and

T ampmax and Tampm i n are the semi-amplitudes of temperature fluctuation

around the average temperature during one periodic cycle.

The expression for the variation in temperature illustrated in

Figure 4-1 during one periodic cycle is (Explanation of symbols is given

in LIST OF SYMBOLS):

T a, + T amp (sin (cot + ph) for 0 ^ t < 27c/co
T (z ,t) = f(t) =	 (4-1)

0 for 27c/co _̂ . t ^ ( 1 +xx)(27t/0))

where:
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= 
2/r	 (4-2)

and from Figure 4-1:

tt,„d = z (1 +xx) = —21r (1 +xx)	 (4-3)

Therefore,

— 
Otoraz—t)

XX' (4-4)

The Fourier series of the function f(t) is (Kreyszig, 1979, p.

188; Spiegal, 1974, p. 21):

i(t)= 6-12- +	 (a c (nnt)	 • (
...I 

n os —m + b „ sin —
nnt

2 Al   (4-5)  

where the Fourier coefficients a0/2, an , and bn are:

7 ==

1

i1C+2Mf(t)4rt	
(4-6)

1	 C +231
an = —	 f(t) cos (----

nnt
jdt

M c
(4-7)

b„
1 C +2M	 t

M	
f(t) sin (-iv)=	 C	 rin

dt (4-8)
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and where c is any real number, 2M is the period of the function f(t),

and n = 1,2,3,... The period of the function f(t) (Figure 4-1; Equation

4-3) is:

2M = tiotai = — (1 +xx)co (4-9)

and, therefore,

(1 + xx)Ir
M —

c.o (4 - 10)

First evaluate the Fourier coefficient a0/2, which is the mean of

f(t) over the period 2M.

Assuming c = 0, Equation (4-6) is

ao 	i r 2lif

T 2M Jo 
f(t) dt (4-11)

Inserting the function f(t) from Equation (4-1) and the expression

for M from Equation (4-10) into Equation (4-11) yields

+ )	
]	0 dt	 (4-12)a° . 	 Orav +T.pw 	(UW-ik ph)) +

fzirko2 2741 +xx)

and integrating Equation (4-12) yields



ao

2	 2m(1	) [T
 t

1,7 +T  cos (ph)(--
1

cos(c)t))1 (;°co+xx aY 

2x

T sin (ph)(-1 sin((ot)) 1,7
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(4-13)

Evaluating Equation (4-13) over the limits of integration yields

the expression for a0/2:

ao 	T„„
=     

(4-14)2 1 +xx 

Now evaluate the Fourier coefficient a n : 

Equation (4-7) is:   

C +2M

=M
—
1 
f	 f(t) cos (—

nnt
jdt

c (4-15)

Assuming c = 0, inserting the function f(t) from Equation (4-1),

and the expression for M from Equation (4-10) into Equation (4-15)

yields

2x
—

CO [1 ((Tay ± Tamp sin (cot + ph»cos[ 1 :nxx t)jdt
(1 + xx)n 0

+f2. 	(o)cos(  cùn t) dt1
1 + xx (4-16)

Simplifying and expanding Equation (4-16) yields

a„ —



an = 
(1 +
	

xx)rc
[ f

0 
T

ay 
cos

 (1 +
xx t)dt + f (T sin (cot) cos (ph) cos 

(
1

co
+

n
xx t)) Cit

0	
wrip

_
0)	 w	 con	 œ

Given that sin(A+B) = sinAcosB + cosBsinA, the last term of

Equation (4-17) can be rewritten so that

u	 u_

CO
a = 	

n (1+F xx)it
(T,n,

2x

	cos (—°3n tjjdt +
1 + xx

0 69   

-

fo (Tamp sin (cot + ph) cos( 6)n t))dti
1+ xx

(4-17)

2._
+ f w (TaRip cos (cot) sin (ph) cos ( (1)11 tjjdt ]

o	 1 + xx
'

(4-18)

Taw Tamp, and ph are constants, and 
can be taken out of the integrals,

so
25 	 25

a n = 	
(1 +xx)rc 

[T
" o

O.)	 .f	
cos 1 +xx t dt + Tamp cos (ph)	 sin (cot) cos 

1 +xx 
t dt

-	 -

œ	 (  con 	
o 

œ	 con

2X

C°
± To mp sin(ph)	 cos (cot) cos 

(  con 
 tjdt ]

Jo 	1 + xx

and since (Kreyszig, 1979, p. A55)

1
sin A cos B = —

2 
(sin (A + B)+ sin (A —B))

1cosA cosB = —

2 
(cos (A + B)+ cos (A —B))

(4-19)

To

(4-20)

Equation (4-19) can be rewritten as



1 + xx

0).sin((co —	 )t)1 +.7a
Vconco –

(4-22)
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a
	(1 + xx)it	 0

	[T f cos 
(  con 

±xx t)dt + T	 iamp cos(ph) [
2 0 

(sin co+ 
1 +xx

con
t dt

2x

	+ sin (	 (
1	 a'co 	  t dt)] + T amp sin (ph) [ 21 (cos 6) + 	 xx )t dt

	

1 +	 xx

con  j
t dr)]]+ cos (co

1 + xx
(4-21)

After integrating Equation (4-21), an becomes:

co	 Ta,(1 +xx)	 cont -22-` Tamp cos (ph)
(1 +xx)	

–cos((co +7--
+Is

*
sin 	  +rt [ 	 con	 1 +xx	 2	 co+ con

1 +x

con	 0»,– cos((co – 1 + .7a )t) lz- T sin (ph) sin((c) +-1+= )t)+ 	 11: + amp	 [
	63n 2	 ton00 — 

1 + xr	 00 + 
1+ xx

an

Evaluating an over the limits of Integration and simplifying, the

expression for a n is:

zm  ,
1	 Ta,(1 +xx) sin(	 )

+ T 
cos(ph) 1 – cos((1 + --` )27c)o 4 - x0	 amP	 1 +2X

an 
–(1	 ) [	 (+ xx7c n	 2	 1 + 4

1+XX

1 COSal — + )270 ) + Tamp sin (ph) sinal +)27c)1 +xx 

2	 1 + 
1 +xr

1 — +xc

sin((1 – 
1+

z, )2n)
 )]

1 – 1+.
(4-23)



b =
n	 (1+ xx)7c

(i)

Now evaluate the Fourier coefficient bn :

Equation (4-8) is:

1 c,	 jr-4-2w „,	 (tact ,
1 0 = —	 ) Sill--J at

Al c	 Al

71

(4-24)

Assuming c = 0, inserting the function f(t) from Equation (4-1),

and the expression for M from Equation (4-10) yields

2x_'	 (1)	 co[f (Tay + T sin(cot +ph)) sin (	b  	 wn t)dt„

_
	(1+ xx)n 0	 amP	 1 + xx

	,i2. 	(0) sin ( 1 w+nxx t) dt]	 (4-25)
-.

Simplifying and expanding Equation (4-25) yields

T n
(  on

	sin(c	
n 

"	 1 +xx 
t)dt +	 T	 ot +ph ) sin 

1 +xx 
tjdt

( 
0

(4-26)

Given that sin(A+B) = sinAcosB + cosBsinA, the last term of Equation (4-

26) can be rewritten so that

2x	 2x

(con 
b = 

(1	
T sin

1 + 
t dt +	 T	 sin (cot) cos(ph) sin 

1 +
(p)fln
	 t dt]+xx)ic 0 "	 xx	 0	 xx

2ic
—co

T amp [cos(cot) sin(ph) sin 	 tjdti]
0	 1+ xx

(4-27)

Tay ,
Tamp, and ph are constants, and can be taken out of the integrals,

so



221

03 	•

	

(con	 •b 
- (1	 # 

rr f sin	 xr dt + T cos(pii) j r sin ((a) sinA-Ax	 0	 amf	
0

2x

+ T , sin(ph) 
0

cos (cot) sin(—	 r)dt] 1+ xx
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dt

(4-28)

and since (Kreyszig, 1979, p. A55)

sinA sinB = —
1

[—cos(A +B)+ cos(A
2

cos A sin B = —

1
[sin( A +B) + sin(A —B)]2 (4-29)

Equation (4-28) can be rewritten as

7x	
2xco

1
b„ = 

(1 +
	

xx)n
[T., f sin	 dt +T cos (ph)[– f (– cos (03 + —c°1 )t) dt1+ xx1 +xx	 2

+ cos (	
2x

fb— ( conco	 con t dt)] + Tom	 1 •
sin (ph )[-i 0 ( sm	 cojt dt1 + xx

.	 coti+ sin
1 +xx 

— co) t dt)]] (4-30)

and after integrating, b n becomes:
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= 	
-Ta,(1+ xx)	 w	 2x

b
n (1 +Lon r	 con
	 cos 	

+xx 1°67

Tamp cos (ph) - sin (co + + t sin (co - 1+. )t
con

co --2	 0) +---	 con Ho
	11-.=	 11-=

	con 	 con

+
T sin(ph)	 + co) t - cos( 

1 +xc - co) t
2	 con

	+ 	
con

1 +.rc	 1+ax
(4-31)

Evaluating bn over the limits of integration and simplifying, the

expression for b n is:

1 
-	 [

-Tov(1+ xx) cos ( 12::-	 T 	 (ph) -sin ql + 1.-77.-)27c) \
b n

(1 + xx)it	 2	 1+

sinla1- 1 :.)270 Tamp sin(ph) 1-cos((-+1)270
	  + 	

1+. 

	1--f---	 2 ,----+1

	

1+.	 L+=

1+ zc

1 -cos (( 47. - 1)2n)

1+xr — 1
	

(4-32)

Thus, the Fourier series describing surface-temperature variation

that is sinusoidal for part of the period and that remains constant at 0

for the remainder of the period (Figure 4-1) is:

((on tT = —
a0
+ [

1 + X
an cos	 tj+ b n sin (2	 1 1 +xxn = X

(4-33)



an =
nit	 2a(1 + xx + n) 	 2701 + xx — n)

Tay sin ( 12-7—:-)	 Tamp sin ((1 +-1-T'-`).-)27c)	 Tam sin ((1 — i+m )27t)
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where the Fourier coefficients a0/2, a n , and bn are equal to Equations

(4-14), (4-23), and (4-32), respectively.

A phase angle of ph = -1.5708 radians shifts the function in

Equation (4-1) so that the sinusoidal part of the periodic cycle begins

at t = 0. Simplifying the Fourier coefficients for this phase shift of

-1.5708 radians results in the coefficients defined as follows:

ao
— 	

2 
= 

1 +xx.
(4-34)

(4-35)

b„

2AIC	 ATm,(1 _COS (r.,-.; ))	 Tamp (1 —cos	 1)27c))
nit	 21c(n + 1 + xx)

Tampa — cos ((i .xx-- 1)27c))
27c(n — 1 —xx)

and

(4-36)

When the the surface-temperature variation is exclusively

sinusoidal, the period of the sinusoidal cycle (T) equals the period of

the entire periodic cycle (tt o ta l (Figure 4-1), and, therefore, from

Equation (4-4), xx equals 0. For xx = 0, the Fourier coefficients

(Equations (4-34) to (4-36)) simplify to: al = -Tamp; a2, a3, a4, .

an = 0; and bn = 0 for all n. Therefore, Equation (4-33) simplifies to:
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T = T — T cos (o)t)	 (4-37)

which is the equation describing sinusoidal variation in temperature

over time, with T(z,t) = 0 at t = O.

Periodic Conduction of Heat in a Semi-Infinite Solid 

Equations (4-34) through (4-36) describe the periodic variation in

surface temperature illustrated in Figure 4-1 for any combination of

ttotal and T, and, therefore, any value of xx. The general solution

for the one-dimnesional, periodic conduction of heat in a semi-infinite

solid for surface-temperature variation expressed as a Fourier series is

Equation (3-13). Therefore, the solution for one-dimensional, periodic

conduction of heat in the semi-infinite solid for the surface-

temperature variation shown in Figure 4-1 is:

aonnT	 +	 °-2»t k in cos (  2nn 
 t

(12 ..1 
[e	

(1 +XXYT	 1\i -11-xx)on z) 

nn + bn sin	
2nn 

(1 +xx)t
t AI	 z(1 +xx)œr )] (4-38)

where the Fourier coefficients a0/2, a n , and bn are given in Equations

(4-34) to (4-36).

As described in the previous section, as xx approaches 0, the

periodic cycle becomes exclusively sinusoidal. For these conditions,

Equation (4-38) simplifies to an equivalent form of Equation (3-16),

which describes heat conduction in a semi-infinite solid or porous

medium for sinusoidal variation in surface temperature.
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Periodic Conduction and Convection of Heat 

in a Semi-Infinite Porous Medium

Stallman (1965) solved the partial differential equation

describing one-dimensional flow of heat and fluid in a semi-infinite

porous medium (Equation (3-29)) for sinsuoidal variation in surface

temperature. The variables a, b, K, and V (Equations (3-32b) to (3-

32e)) in Stallman's solution account for convective, as well as

Conductive, heat transfer through the porous media. Determination of

the coefficients a xx , bxx , Kxx , and V in Equation (4-39a) to account for

convective heat transfer as well as conductive heat transfer, which is

identical to that presented in Stallman (1965), results in expressions

for the variables axx , bxx , Kxx , and V given as Equations (4-39b) to (4-

39e). Thus Equations (4-34) to (4-36) and (4-39a) to (4-39e) are the

general solution of Equation (3-29) and describe the periodic, one-

dimensional flow of heat and fluid in semi-infinite porous medium for

surface-temperature variation that is sinusoidal for part of the period

and that remains constant at 0 °C for the remainder of the period.
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If the surface-temperature variation is sinusoidal, then xx = 0,

and Equations (4-39b) to (4-39e) simplify to those presented by Stallman

(Equations (3-32b) to (3-32e)). If, in addition to the surface-

temperature variation being sinusoidal, v z = 0, then Equation (4-39a)

further simpifies to that of Equation (3-16), which describes . heat

conduction in a semi-infinite medium for sinusoidal variation in surface

temperature.

Therefore, Equations (4-39a) to (4-39e) represent the solution

sought for applications to stream-aquifer systems. These equations

describe the temperature distribution in a semi-infinite porous medium

as a function of depth z at any instant in time, t, for a given surface

frequency, thermal diffusivity, and velocity, for periodic variation in
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surface temperature which is sinusoidal for part of the period and which

remains constant at 0°C for the remainder of the period.
Figures 4-2 to 4-4 show examples of plots of temperature versus

time at three representative depths (z=0, zl, and z2) for three

different variations in surface temperature using Equations (4-39a) to

(4-39e). In Figure 4-2, the surface-temperature variation is

exclusively sinuosidal (xx = 0); in Figure 4-3, the surface temperature

varies sinusoidally for two-thirds of each period, and then remains at

0°C for one-third of each period (xx = 0.5); and in Figure 4-4, the
surface temperature varies sinusoidally for one-third of each period,

and then remains at 0 0C for two-thirds of each period (xx = 2.0). In

each figure, depth z = 0 is at the surface, depth z1 is at a relatively

shallow depth beneath the surface, and depth z2 is at a relatively deep

depth beneath the surface. The manner in which the surface-temperature

wave gradually becomes sinusoidal as the temperature wave moves deeper

into the medium is evident in Figures 4-3 and 4-4.

Comparison of Figures 4-2 to 4-4 reveals that, as the relative

length of time that the surface temperature remains at 0 °C increases,
the lag time between the occurrence of the maximum temperature at z = 0

and maximum temperature at any depth z decreases.
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Figure 4-2. Temperature variation over time at three representative
depths beneath the surface z = 0 in a semi-infinite solid or porcias
medium for sinusoidal surface-temperature variation.
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Figure 4-3. Temperature variation over time at three representative
depths beneath the surface z = 0 in a semi-infinite solid or porous
medium for surface-temperature variation that is constant at 0 °C for
half the time that the temperature varies sinusoidally (xx = 0.5), and
for v z = O.
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Figure 4-4. Temperature variation over time at three representative
depths beneath the surface z = 0 in a semi-infinite solid or porous
medium for surface-temperature variation that is constant at 0 0C for
twice the time that the temperature varies sinusoidally (xx = 2.0), and
for vz = 0.
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Effects of Fluid Velocity and Length of Time the

Surface Temperature Remains at 0°C

on Subsurface Temperatures

Subsurface temperatures are dependent on both fluid velocity and

the value of xx (the length of time that the surface temperature remains

at 0 °C (Figure 4-1)). The sensitivity of subsurface temperatures to

variations in fluid velocity and the value of xx is investigated by

comparing dimensionless temperature profiles and envelopes, and the

amplitude of temperature fluctuations at depth, for ranges of values of

these two parameters.

Dimensionless instantaneous temperature profiles in a semi-

infinite porous medium and the curves enveloping these profiles are

shown in Figures 4-5 to 4-13. Equations (4-39aa-e) were used to

determine the instantaneous profiles. The enveloping curves were

determined by calculating temperatures over time at specified depths and

selecting the minimum and maximum temperatures calculated. For all nine

Figures, the periodic cycle simulated was 365 days, and instantaneous

profiles were calculated at the end of 2, 3, 4, 6, 8, 9, 10, and 12

months. For the simulations shown in Figure 4-5 to 4-13, values for the

thermal conductivity and thermal diffusivity of the porous medium were

0.0046 cal/s-cm- 0C and 0.0073 cm 2/s, respectively, which are the values

of conductivity and diffusivity determined for sediments at the New

Braintree site discussed in Chapter 6. The effects of thermal

properties and period of the periodic variation in surface-temperature

on subsurface temperatures are discussed later in this chapter. For
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Figures 4-5 through 4-7, surface temperature was varied sinuso daily for

a period of 365 days (xx = 0.0, Equation (4-4)). For Figures 4-8

through 4-10, surface temperature was varied sinusoidally for a period

of 243 days, and held constant at 0°C for the remaining 122 days of 365-

day period (xx = 0.5, Equation (4-4)). For Figures 4-11 through 4-13,

surface temperature was varied sinusoidally for a period of 122 days,

and held constant at 0 °C for the remaining 243 days of 365-day period

(xx = 2.0, Equation (4-4)).

For Figures 4-5, 4-8, and 4-11, fluid velocity (v a ) is 0 cm/s.

Therefore, only conduction of heat occurs. For Figures 4-6, 4-9, and 4-

12, fluid velocity is 5x10 -5 cm/s downward from the surface into the

semi-infinite porous medium. For Figures 4-7, 4-10, and 4-13, fluid

velocity is 5x10 -5 cm/s upward in the semi-infinite porous medium toward

the surface. In stream-aquifer systems, a downward velocity, such as

simulated in Figures 4-6, 4-9, and 4-12, would occur where infiltration

of stream water recharges an underlying aquifer; and an upward velocity,

such as simulated in Figures 4-7, 4-10, and 4-13, would occur where

ground water discharges from an aquifer to an overlying stream.

Comparison of the shapes of the temperature profiles and the

resulting enveloping curves for different fluid velocities (Figures 4-5

to 4-7; or Figures 4-8 to 4-10; or Figures 4-11 to 4-13) demonstrates

the effect of fluid velocity on subsurface temperatures and temperature

fluctuations. The higher the downward fluid velocity, the larger the

magnitude of temperature fluctuation at a specified depth. The higher
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Figure 4-5. Instantaneous temperature profiles in a semi-infinite
porous medium for surface temperature varying sinusoidally, and fluid
velocity equal to 0.0 cm/s.

This figure shows instantaneous temperature profiles that occur in a
semi-infinite porous medium if surface temperature varies sinusoidally
during a year, fluid velocity equals 0 cm/s, and thermal diffusivity
equals 0.0073 cm 2/s.
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Figure 4-6. Instantaneous temperature profiles in a semi-infLnite
porous medium for surface temperature varying sinusoidally, and fluid
velocity equal to 5x10 -5 cm/s downward.

This figure shows instantaneous temperature profiles that occur in a
semi-infinite porous medium if surface temperature varies sinusoidally
during a year, fluid velocity equals 5x10 - cm/s downward, and thermal
diffusivity equals 0.0073 cm'/s.
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Figure 4-7. Instantaneous temperature profiles in a semi-infinite
porous medium for surface temperature varying sinusoidally, and fluid
velocity equal to 5x10 -5 cm/s upward. This figure shows instantaneous
temperature profiles that occur in a semi-infinite porous medium if
surface temperature varies sinusoidally during a year, fluid velocity
equals 5x10-5 cm/s upward, and thermal diffusivity equals 0.0073 cm 2 /s.
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Figure 4-8. Instantaneous temperature profiles in a semi-infinite

porous medium for surface temperature varying sinusoidally for 243 days,

and fluid velocity equal to 0 cm/s.

This figure shows instantaneous temperature profiles that occurs in a

semi-infinite porous medium if surface temperature varies sinusoidally

for 243 days and then remains at 0 °C for 122 days, fluid velocity equals
0 cm/s, and thermal diffusivity equals 0.0073 cm2/s.
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Figure 4-9. Instantaneous temperature profiles in a semi-infinite

porous medium for surface temperature varying sinusoidally for 243 days,
and fluid velocity equal to 5x10 -5 cm/s downward.

This figure shows instantaneous temperature profiles that occur in a
semi-infinite porous medium if surface temperature varies sinusoidally
for 243 days and then remains at 0 °C for 122 days, fluid velocity equals
5x10 -5 cm/s downward, and thermal diffusivity equals 0.0073 cm2/s.
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Figure 4-10. Instantaneous temperature profiles in a semi-infinite
porous medium for surface temperature varying sinusoidally for 243 days,
and fluid velocity equal to 5x10 -5 cm/s upward.

This figure shows instantaneous temperature profiles that occur in a
semi-infinite porous medium if surface temperature varies sinusoidally
for 243 days and then remains at 0°C for 122 days, fluid velocity equals
5x10 -5 cm/s upward, and thermal diffusivity equals 0.0073 cm2/s.
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Figure 4-11. Instantaneous temperature profiles in a semi-infinite
porous medium for surface temperature varying sinusoidally for 122 days,
and fluid velocity equal to 0 cm/s.

This figure shows instantaneous temperature profiles that occur in a
semi-infinite porous medium if surface temperature varies sinusoidally
for 122 days and then remains at 00C for 243 days, fluid velocity equals
0 cm/s, and thermal diffusivity equals 0.0073 cm2/s.
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Figure 4-12. Instantaneous temperature profiles in a semi - infinite
porous medium for surface temperature varying sinusoidally for 122 days,
and fluid velocity equal to 5x10 -5 cm/s downward.

This figure shows instantaneous temperature profiles that occur in a
semi-infinite porous medium if surface temperature varies sinusoidally
for 122 days and then remains at 0°C for 243 days, fluid velocity equals
5x10 -5 cm/s downward, and thermal diffusivity equals 0.0073 cm2/s.
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Figure 4-13. Instantaneous temperature profiles in a semi-infinite
porous medium for surface temperature varying sinusoidally for 122 days,
and fluid velocity equal to 5x10 -5 cm/s upward.

This figure shows instantaneous temperature profiles that occur in a
semi-infinite porous medium if surface temperature varies sinusoidally
for 122 days and then remains at 0 °C for 243 days, fluid velocity equals
5x10 -5 cm/s upward, and thermal diffusivity equals 0.0073 cm2/s.
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the upward fluid velocity, the smaller the magnitude of temperature

fluctuation at a specified depth.

Comparison of the shapes of the temperature profiles and the

resulting temperature envelopes for identical fluid velocities but for

the three different surface-temperature conditions (Figures 4-5, 4 -8,
and 4-11; or Figures 4-6, 4-9, and 4-12; or Figures 4-7, 4-10, and 4-13)

demonstrates how the shapes of the profiles and envelopes change in

response to the manner in which the surface temperature varies over

time. When the surface-temperature variation is sinuoidal (Figure 4-5

to 4-7), temperature profiles that occur one-half a periodic cycle apart

are mirror images of each other, as are the minimum and maximum

enveloping curves. This symmetry is lost as the length of time that the

suface temperature remains at 0°C increases.
In summary, both fluid velocity and the manner in which the

surface temperature varies over time determine the shape of each

instantaneous temperature profile, and the magnitude of temperature

fluctuation at all depths beneath the surface. The rate and direction

of fluid flow determines the magnitude of temperature fluctuation at all

depths beneath the surface. The relative length of time that the

surface temperature remains at 0 °C determines the mean temperature about
which temperatures fluctuate at all depths, and the degree of symmetry

of the temperature profiles and minimum and maximum temerature envelopes

around mean surface temperature.

The sensitivity of the shape of the temperature envelopes (and,

therefore, indirectly the shape of instantaneous profiles) to variation
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in fluid velocity is summarized in Figures 4-14 to 4-16. In these three

Figures, families of temperature envelopes that result from fluid

velocities ranging from 5x10 -4 cm/s upward to 5x10 -4 cm/s downward are

shown. For all three Figures, the thermal conductivity and thermal

diffusivity simulated are 0.0046 cal/s-cm-°C and 0.0073 cm 2/s,

respectively. These values are the same as the values used for Figures

4-5 to 4-13. For Figure 4-14, the surface temperature was varied

sinusoidally throughout the entire periodic cycle of 365 days, in the

exact same manner simulated for Figures 4-5 to 4-7. For Figure 4-15,

the surface temperature was varied sinusoidally for 243 days and then

remains at 0°C for the remaining 122 days of the 365-day periodic cycle,

in the exact same manner simulated for Figures 4-8 to 4-10; and in

Figure 4-16, the surface temperature was varied sinusoidally for 122

days and then remains at 0 °C for the remaining 243 days of the 365-day

periodic cycle, in the exact same manner simulated for Figures 4-11 to

4-13.

Comparison of the effect of fluid velocity on the shapes of the

temperature envelopes in each figure illustrates the sensitivity of the

envelopes to fluid velocity. For example, fluid velocities greater than

about 5x10 -4 cm/s downward cause the full amplitude of the surface-

temperature fluctuation to occur at least as deep as 3000 cm beneath the

surface. Consequently, the minimum and maximum enveloping curves are

essentially vertical and equal in value to the minimum and maximum

surface temperatures, respectively. Virtually no fluctuation in

temperature around mean surface temperature at all depths beneath the
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Figure 4-14. Effect of fluid velocity on temperature envelopes for
sinusoidal variation in surface temperature.

This figure illustrates the sensitivity of temperature envelopes to
variation in fluid velocities ranging from 5x10-4 cm/s downward to 5x10 -

4 cm/s upward, assuming that surface-temperature variation is sinusoidal
during the entire 365-day periodic cycle, and thermal diffusivity of the
porous medium is 0.0073 cmi/s.
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Figure 4-15. Effect of fluid velocity on temperature envelopes for

surface-temperature variation that is sinusoidal for 243 days of the

365-day periodic cycle.

This figure illustrates the sensitivity of temperature envelopes to

variation in fluid velocities ranging from 5x10 -4 cm/s downward to 5x10 -
4 cm/s upward, assuming that surface-temperature variation is sinusoidal

for 243 days and then remains at 0 °C for the remainder of the 365-day
periodic cycle, and assuming that thermal diffusivity of the porous

medium is 0.0073 cm 2 /s.
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Figure 4-16. Effect of fluid velocity on temperature envelopes for
surface-temperature variation that is sinusoidal for 122 days of the
365-day periodic cycle.

This figure illustrates the sensitivity of temperature envelopes to
variation in fluid velocities ranging from 5x10 -4 cm/s downward to 5x10 -

4 cm/s upward, assuming that surface-temperature variation is sinusoidal
for 122 days and then remains at 00C for the remainder of the 365-day
periodic cycle, and assuming that thermal diffusivity of the porous
medium is 0.0073 cm2/s.
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surface occurs if fluid velocities are greater than about 5x10 -4 cm/s

upward.

A final set of three figures (Figures 4-17 to 4-19) illustrates

the degree of damping of the surface-temperature wave with depth beneath

the surface as a function of fluid velocity and with the manner in which

the surface-temperature varies over time. The degree of damping of the

surface-temperature wave is presented in terms of the fraction of the

surface-temperature fluctuation (the width of the temperature envelope)

that occurs at depths of from 0 cm to 3000 cm beneath the surface. In

all three Figures the thermal properties simulated are the same as those

simulated for Figures 4-5 throught 4-16. For Figure 4-17, the surface

temperature was varied sinusoidally throughout the entire periodic cycle

of 365 days, in the exact same manner as simulated for Figures 4-5 to 4-

7, and for Figure 4-14. For Figure 4-18, the surface temperature was

varied sinusoidally for 243 days and then remained at 0 0C for the

remaining 122 days of the 365-day periodic cycle, in the exact same

manner as simulated for Figures 4-8 to 4-10, and for Figure 4-15; and

for Figure 4-19, the surface temperature was varied sinusoidally for 122

days and then remained at 00C for the remaining 243 days of the 365-day

periodic cycle, in the exact same manner as simulated for Figures 4-11

to 4-13, and for Figure 4-16.

Several features of these three figures is notable. First, for

surface-temperature variation that is sinusoidal throughout the entire

365-day periodic cycle, the curve of the log of the fraction of
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Figure 4-17. Fraction of surface-temperature fluctuation as a function
of depth beneath the surface and fluid velocity for surface-temperature
variation that is sinusoidal.

This figure shows the relation between the fraction of surface-
temperature variation and depth beneath the surface for fluid velocities
ranging from 5x10 -4 cm/s downward to 5x10 -4 cm/s upward, assuming that
surface-temperature fluctuation is sinusoidal during the entire 365-day
period cycle, and assuming that thermal diffusivity of the porous medium
is 0.0073 cm2/s.
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Figure 4-18. Fraction of surface-temperature fluctuation as a function

of depth beneath the surface and fluid velocity for surface-temperature

variation that is sinusoidal for 243 days of the 365-day periodic cycle.

This figure shows the relation between the fraction of surface-

temperature fluctuation and depth beneath the surface for fluid
velocities ranging from 5x10 -4 cm/s downward to 5x10 -4 cm/s upward,
assuming that surface-temperature variation is sinusoidal for 243 days

and then remains at 0 °C for the remainder of the 365-day periodic cycle,
and assuming that thermal diffusivity of the porous medium is 0.0073

cm 2/s.
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surface-temperature fluctuation versus depth beneath the surface for

each value of fluid velocity is linear. This linear relation between

the log of the fraction of surface-temperature fluctuation and depth is

discussed by Stallman (1965, p. 2823). Superposition of the curves in

Figure 4-18 and 4-17 reveals that the curves in these two figures, for

the same fluid velocity, are essentially identical. There are

differences between the curves, although the differences are not

apparent at the scale at which the Figures are plotted. On the basis of

comparison of Figures 4-17 and 4-18, it is concluded that, for an annual

periodic cycle, the curves of the relations between the fraction of

surface-temperature fluctuation and depth beneath the surface are

essentially linear, regardless of the fluid velocity, if the time during

which the surface temperature reiains at 00C is less than about one-

quarter of the periodic cycle (if xx is less than about 0.50).

Consequently, for the same fluid velocity, although the shapes of the

temperature profiles and envelopes differ depending on how long the

surface temperature remains at 0°C (Figures 4-5 to 4-7 versus Figures 4-
8 to 4-10), the widths of the temperature envelopes (the fraction of

surface-temperature fluctuation) at the same depth are nearly identical,

if surface temperature remains at 0°C for less than about one-quarter of
the total periodic cycle.

Inspection of Figure 4-19 reveals that, as the time during which

the surface temperature remains at 0°C increases, the relation of the
log of surface temperature and depth becomes non-linear. Also,

comparison of Figure 4-19 to Figure 4-17 indicates that there is a
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greater degree of damping of the temperature wave with depth for the

same fluid velocity as the time during which the surface temperature

remains at 0 °C increases. For example, for exclusively sinusoidal
surface-temperature variation and for a fluid velocity of 0.0 cm/s, the

depth at which temperature fluctuation is 0.1 of the surface-temperature

fluctuation is 623 cm (Figure 4-17), whereas for surface-temperature

variation that is sinusoidal for only 122 days of the 365-day periodic

cycle, the comparable depth is about 540 cm (Figure 4-19).

Throughout most of New England, stream temperatures do not remain

at 0 0C for much more than about 4 months during the year (Tasker and

Burns, 1971; Lapham, 1988). This fact is important when considering the

application of the temperature-depth relations presented in this chapter

for indirect determination of ground-water velocity in sediments beneath

New England streams. The important implication of this fact is that,

for a given ground-water velocity, the width of the temperature envelope

(the magnitude of temperature fluctuation) at any depth beneath the

stream bottom is, for all practical purposes, essentially independent of

the length of time the stream temperature remains at 0°C, eventhough the
shapes of the temperature profiles and envelopes will differ depending

on the length of time the stream temperature remains at 0 0C.

Consequently, superposition of a plot of the relation between the log of

the fraction of stream-temperature fluctuation and depth beneath the

stream bottom at a field site on either Figure 4-17 or 4-18 can be used

to indirectly estimate fluid velocity regardless of the length of time

the stream temperature remained at 0 °C. Furthermore, if the curve of
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the relation between the log of the fraction of stream-temperature

fluctuation and depth beneath the stream bottom is not linear,

hydraulic and thermal conditions other than those assumed for the

development of the equations presented in this chapter must exist. Such

conditions may include fluid flow that is not strictly vertical, and/or

thermal conditions near the stream that differ from that in the stream,

and, which consequently affect temperatures in sediments beneath the

stream. The effects that these conditions have on the thermal regime in

sediments beneath streams is investigated in the next Chapter. An

example of a nonlinear curve of the relation between the log of the

fraction of river-temperature fluctuation and depth beneath river bottom

at a field site in Central Massachusetts, is presented and discussed in

Chapter 6.

Effect of the Period of the Surface-Temperature

Variation on Subsurface Temperatures

Subsurface temperatures are dependent on the period of the

surface-temperature variation, as well as on the manner in which the

surface-temperature varies over time, and the fluid velocity. The

temperature-depth relations shown in Figures 4-5 through 4-20 all apply

for annual periodic variations in surface temperature. However, diurnal

periodic variation in surface temperature also are common in many

hydrologic systems. For example, data in New England indicates that

stream-temperature variation is approximately periodic during both

annual and diurnal cycles (Lapham, 1988).
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For exclusively sinusoidal variation in surface temperature (xx =

0.0 (Figure 4-1)), the fraction of surface-temperature fluctuation that

occurs at any depth z is given by Equation (3-26):

fr = e	 "
	 (4-40)

where fr is the fraction of the surface-temperature fluctuation that

occurs at depth z. As discussed previously in this Chapter, for values

of xx less than about 0.5, the fraction of surface-temperature

fluctuation at depth z is essentially equal to that for xx = 0.0.

Using Equation (4-40), the relation between depth beneath the

surface where temperature fluctuation is a specified fraction of the

surface-temperature fluctuation (fr) and the period of the surface-

temperature variation can be determined as:

= e 
7-47/13-r.2 z2 	 (4-41)

where z1 and z2 are the depths beneath the surface where the temperature

fluctuation is the same fraction of surface-temperature fluctuation (fr)

if the periods of the surface-temperature fluctuation are T1 and T2,

respectively.

Solving for the ratio of z2/zi:

z2— = -g-TT2Z1 	"CI
(4-42)
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results in the relation between the depths at which temperature

fluctuation is the same fraction of surface-temperature fluctuation, for

different periods of the surface-temperature fluctuation. Equation (4-

42) indicates that the ratio of the depths are equal to the square root

of the ratio of the two periods of surface-temperature variation.

Consequently, although Figures 4-5 to 4-20 apply for an annual cycle,

these figures also apply for any other periodic cycle, such as a diurnal

cycle, by rescaling the depth axis using Equation (4-42) to account for

a period that differs from 365 days.

Calculation of the ratio of depths for which fr is equal for

diurnal and annual periodic cycles of surface temperature (Equation (4-

42)) results in a ratio of z diurnal/zannual ' • 052, or zannual/zdiurnal

= 19.1. Therefore, for example, the depth at which the temperature

fluctuation is 0.1 of the diurnal surface-temperature fluctuation is

about .052 times the depth at which the temperature fluctuation is 0.1

of the annual surface-temperature fluctuation.

Effect of Thermal Properties of Saturated Sediments

on Subsurface Temperatures

Many investigators (for example, Bredehoeft and Papadopulos, 1965;

Sorey, 1971; Boyle and Saleem, 1979) have assumed single, representative

values of the thermal properties of saturated sediments in their

studies. Values of the thermal properties of saturated sediments,

however, probably do vary from location to location. Subsurface

temperatures are dependent on these thermal properties, as well as on
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the period of the surface-temperature variation, on the manner in which

the surface-temperature varies over time, and on the fluid velocity.

The thermal properties which affect subsurface temperatures differ

depending on whether or not there is fluid flow. In the absence of

fluid flow, only conduction of heat occurs, and subsuface temperatures

are dependent on the value of the thermal diffusivity of the saturated

sediments (Equation (3-26)). In the presence of fluid flow, both

conduction and convection of heat occurs, and subsurface temperatures

are dependent on both the thermal conductivity and thermal diffusivity

of the saturated sediments (Equation (3-32b)).

The sensitivity of subsurface temperatures to the thermal

properties of saturated sediments was investigated by calculating and

plotting curves of the relation between the fraction of surface-

temperature fluctuation and depth beneath the surface for combinations

of thermal properties that cover the range of thermal properties of

saturated sediments that probably would be encountered at field sites.

In all simulations, surface temperature was varied in an exclusively

sinuosidal manner with a period of 365 days. In addition, three fluid

velocities were simulated: 5x10 -5 cm/s downward from the surface into

the porous media; 5x10 -5 cm/s upward in the porous media toward the

surface; and 0.0 cm/s.

Values of thermal properties of the saturated porous media used

for the simulations are based on data reported in several sources:

Kerston (1949), Farouki (1981), and Lunardini (1981). Using the data

reported in these sources, Lapham (1988) concluded that volumetric heat
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capacities (Cv) of saturated sediments encountered at field sites could

range from about 0.60 to 0.90 cal/cm 3-0C, and that thermal

conductivities (k) could range from about 0.0020 to 0.0060 cal/s-cm- °C.

Thermal diffusivity (0) equals the ratio of thermal conductivity and

volumetric heat capacity. Therefore, thermal diffusivities of saturated

sediments could range from about 0.0022 to 0.010 cm2/s.

Four combinations of volumetric heat capacity and thermal

conductivity were selected for simulation (Table 4-1). These four

combinations are: Cv = 0.90 cal/cm 3-°C and k = 0.0020 cal/s-cm- °C

(simulations A, E, and I); Cv = 0.90 cal/cm 3 -°C and k = 0.0046 cal/s-cm-

°C (simulations B, F, and J); Cv = 0.60 cal/cm 3-°C and k = 0.0046 cal/s-

cm-0C (simulations C, G, and K); and Cv = 0.60 cal/cm3- °C and k =

0.0060 cal/s-cm- °C (simulations D, H, and L). Fluid velocity for

simulations A-D was 5x10 -5 cm/s up, fluid velocity for simulations E-H

was 0.0 cm/s, and fluid velocity for simulations I-L was 5x10 -5 cm/s

down.

Results of the simulations (Figure 4-20) are presented as curves

of the relation between the log of the fraction of surface-temperature

fluctuation and depth beneath the surface for each simulation.
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FRACTION OF SURFACE—TEMPERATURE FWCTUATION 

EXPLANATION

SIMULATION A

(SEE TABLE 4-I)

Figure 4-20. Sensitivity of temperature profiles and envelopes to
thermal properties of the saturated porous medium.

This figure shows the relation between the fraction of surface-
temperature fluctuation and depth beneath the surface for the range of
thermal properties of saturated porous media commonly encountered at
field sites. Surface-temperature variation is sinusoidal during the
entire 365 -day periodic cycle.
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Figure 4-20 indicates that thermal properties affect the magnitude

of temperature fluctuation in sediments at all depths, and, therefore,

subsurface temperatures, for the range of thermal properties that may

occur at field sites. For example, for a downward fluid velocity of

5x10 -5 cm/s, the fraction of surface-temperature fluctuation that occurs

at a depth of 1500 cm beneath the surface for simulation J is about

0.29, whereas for simulation K is about 0.52. For a flow rate of 0.0

Cm/s, the fraction of surface-temperature fluctuation that occurs at a

depth of 1000 cm beneath the surface for simulation F is about 0.012,

whereas for simulation H is about 0.043. For an upward fluid velocity

of 5x10-5 cm/s, the fraction of surface-temperature fluctuation that

occurs at a depth of 300 cm beneath the surface for simulation B is

about 0.027, whereas for simulation D is about 0.12. Therefore, the

values assumed for the thermal properties of the saturated sediments can

significantly affect the fluid velocity indirectly estimated using

subsurface temperatures. Consequently, if future investigations reveal

that thermal properties of sediments do vary to the extent assumed in

Table 4-1, then independent estimates of the thermal properties at a

field site for input into Equation (4-39a) is important.

Comparison of the effect of variation in thermal properties on the

relation between temperature and depth in Figure 4-20 to that of fluid

velocity indicates that temperature fluctuations at all depths are much

more sensitive to fluid velocity than to the thermal properties of the

saturated sediments.
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Effect of The Geothermal Gradient on

Subsurface Temperatures

A final factor that may affect subsurface temperatures is the

increase in temperature with depth caused by the geothermal gradient.

Although the geothermal gradient varies from location to location, an

average value for this gradient is about 30°C/km (National Research
Council, 1979) or about 3°C/10000 cm.

The effects of the geothermal gradient on the mean temperature at

depth and on the minimum and maximum curves enveloping temperature

fluctuations at all depths are shown schematically in Figure 4-21.

Shown in the Figure are the minimum and maximum temperature envelopes

and the mean temperature that would exist in the absence of a geothermal

gradient, and in the presence of a geothermal gradient. As indicated in

the figure, if no geothermal gradient is present, the mean temperature

at all depths is equal to the mean surface temperature. In the presence

of a geothermal gradient, the mean temperature increases as the depth

beneath the surface increases. Also, the maximum and minimum

temperatures that occur at all depths beneath the surface increase.

One approach for estimating the magnitude of the effect of the

geothermal gradient on subsurface temperatures is to calculate the

percent increase in the mean temperature at depth in the presence of the

geothermal gradient compared to the mean surface temperature in the

absence of the geothermal gradient. In the absence of the geothermal

gradient, the mean temperature at all depths beneath the surface equals
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Figure 4-21. Schematic representation of the effect of the geothermal
gradient on the mean temperature at depth and on the minimum and maximum
temperature envelopes.
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the mean surface temperature, Tavs , (Figure 4-1). Assuming no fluid

flow, in the presence of the geothermal gradient, the mean temperature

at any depth z is increased by the geothermal gradient (G) times the

depth, as indicated in Figure 4-21. Therefore, the percent increase in

mean temperature at depth z is equal to:

Percent increase =—
Gz

(100)
Tavs (4-43)

Equation (4-43) indicates that the percent change is directly

proportional to z and inversely proportional to the magnitude of Tays .

Therefore, the geothermal gradient has greater effect on temperatures at

greater depth beneath the surface and for smaller values of mean surface

temperature. For example, average annual stream temperature in New

England is about 10°C. Using Equation (4-43) with G = 3 °C/10000 cm, and
assuming no fluid flow, the mean temperatures at depths of 100, 500,

1000, and 3000 cm would increase from 10°C to 10.03, 10.15, 10.30, and
10.90°C, respectively. Therefore, the percent increase in average
temperature at these four depths of 100, 500, 1000, and 3000 cm, in the

presence of a geothermal gradient would equal 0.24, 1.2, 2.4 and 7.2

percent, respectively. Instantaneous vertical temperature gradients and

temperature fluctuations over time are greatest nearest the surface.

Therefore, temperatures near the surface, which are relatively

unaffected by the geothermal gradient when compare to temperatures at

depth, also provide the most important temperature data for indirect

determination of fluid velocity. Consequently, the presence of a high
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geothermal gradient probably does not significantly limit the use of

subsurface temperature data for estimating flow rates. If the

geothermal gradient at a site is high, its presence should be apparent

from the family of plots of instantaneous temperature profiles such as

shown in Figures 4-5 to 4-13.
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CHAPTER 5

EFFECTS OF HORIZONTAL GROUND-WATER FLOW AND THERMAL REGIMES

NEAR STREAMS ON TEMPERATURES IN SEDIMENTS BENEATH STREAMS

Introduction

In Chapter 4, a solution was derived that describes the

simultaneous, one-dimensional flow of heat and fluid in a homogeneous,

semi-infinite solid or porous medium for the surface-temperature

variation shown in Figure 4-1. Assumptions of the conceptual model used

for this derivation, when applied to the flow of heat and ground water

in sediments beneath streams, are that the sediments are semi-infinite

in extent, that ground-water flow is strictly vertical, and that the

temporal variation in the temperature of the stream and along the water

table near the stream are identical.

In most cases, the assumption that the sediments are semi-infinite

in extent is probably valid. For example, most stream-aquifer systems

in New England are areally extensive and at least 10 m thick. Figures

4-5 to 4-13 indicate that, except in cases where high rates of downward

flow occur, annual temperature fluctuations at depths beneath the

surface greater than about 10 m are damped to a small fraction of the

surface-temperature fluctuation. Therefore, Equation (3-8b), which

describes the lower thermal boundary condition of the conceptual model

used in Chapter 4, is, for all practical purposes, probably valid for

most of the stream-aquifer systems in New England.	 The assumptions
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that flow is strictly vertical and that temperature variation is

identical over the entire surface, however, may not be valid for many

stream-aquifer systems.

Assumption of Vertical Ground-Water Flow

Ground-water flow probably is not strictly vertical at most

locations beneath a stream, as illustrated in Figures 5-1 and 5-2. The

general cross-sectional pattern of ground-water circulation in part of a

basin is shown in Figure 5-1. In this figure, recharge from

precipitation enters the ground-water system and utlimately discharges

to streams in the basin. Recharge that occurs locally discharges to the

upland tributary streams. Recharge that occurs far from these upland

streams may underflow them and discharge at the main stream. A more

detailed cross-section of the grjund-water-flow pattern near the main

stream is shown in Figure 5-2. As illustrated in both figures, ground-

water flow is predominately vertical near the centers of the streams.

However, even with the vertical exaggeration in the figures, a

horizontal component of flow is evident near the edges of the stream.

Along stream reaches where water infiltrates from the stream into the

underlying sediments, a similiar flow pattern occurs. Although flow may

be predominately vertical near the center of the stream, there may be a

significant horizontal component of flow near the edges of the stream.

The thermal regime in sediments near the edge of a stream may be

affected by this horizontal component of flow.
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Assumption of Identical Surface-Temperature Variation

The temperature variation along the water table near the stream

may differ from that of the stream itself. Seasonal temperature

variation in a stream generally approximates a mean monthly air-

temperature curve. Minimum stream temperature may not reach the lower

extreme of air temperature, which may be below freezing, and maximum

stream temperature may be slightly above or below the upper extreme of

air temperature, depending upon the degree of shading (Stevens, Ficke,

and Smoot, 1975). For example, at the Barre Falls climatic station on

the Ware River in central Massachusetts, minimum weekly average air

temperature was -16 °C, whereas minimun river temperature was 0 °C during
the winter months from October, 1984 to October, 1985 (National

Atmospheric and Oceanic Admininstration, 1984-1985; Lapham, 1987). Both

the maximum weekly average air temperature and the maximum temperature

of the Ware River about four miles downstream of this station were about

25 °C during this period.
Diurnal temperature variation in a stream also approximates the

diurnal air-temperature curve, although the stream-temperature

fluctuations generally are not as great as the air-temperature

fluctuations. For example, the diurnal maximum and minimum air

temperatures on June 4, 1986 near the Rockaway River, Dover, New Jersey,

were 29.6 and 7.6°C, respectively, whereas maximum and minimum diurnal
river temperatures on that same day were 20.8 and 16 °C, respectively
(Data collected by Lapham in 1986).
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Not only does the amplitude of stream-temperature variation

approximate the amplitude of air -temperature variation, but also the

lagtime of the response of stream temperature to change in air

temperature is fairly rapid. This rapid response occurs over both

annual and diurnal temperature cycles. For example, at the Barre Falls

climatic station on the Ware River, the maximum weekly average air

temperature from October, 1984 to October, 1985 occurred in early August

(National Atmospheric and Oceanic Admininstration, 1984-1985). The

maximum temperature of the Ware River about four miles downstream of

this station also occurred in early August (Lapham, 1988). At the

Rockaway River, Dover, New Jersey, on June 4, 1986, minimum diurnal

stream temperature lagged minimum diurnal air temperature by about three

hours, and maximum diurnal stream temperature lagged maximum diurnal air

temperature by about one hour (Data collected by Lapham in 1986).

In comparison to the similar amplitudes of air- and stream-

temperature fluctuations, the amplitude of temperature fluctuation at

the water table near a stream may differ significantly from that of both

air temperature and stream temperature. Also, in comparison to the

relatively short lagtime of response of stream temperature to change in

air temperature, the lagtime of response of the temperature at the water

table adjacent to the stream to change in air temperature may be very

long.

Temperature fluctuation at the water table in response to

fluctuation in air temperature is influenced by the physical, thermal,

and hydraulic properties of the unsaturated zone. These properties
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include the soil lithology, surface heat coefficient, surface

reflectivity, thermal conductivity and heat capacity, degree of

saturation, hydraulic conductivity, and infiltration characteristics.

Although these properties influence temperature fluctuation at the water

table, probably the most important variable controlling both the

temperature fluctuation at the water table and the lagtime of response

of the temperature at the water table to change in air temperature is

the thickness of the unsaturated zone. As an example of the importance

of the thickness of the unsaturated zone, assume the following

conditions: (1) air temperature varies sinusoidally from a minimum

dimensionless temperature of -1 to a maximum dimensionless temperature

of +1 over a year; (2) the temperature variation at land surface is

identical to that of air temperature; (3) the thermal diffusivity of the

sediments in the unsaturated zone is 0.0073 cm 2/s; and (4) only vertical

conduction of heat occurs in the unsaturated zone (no fluid flow).

Given these conditions, Equation (3-16a) indicates that the

dimensionless temperature at land surface is at a maximum value of +1

after 182.5 days, if a phase shift of ph = 1.5708 radians is assumed.

Equation (3-27) indicates that the amplitude of the temperature

fluctuation is reduced to 0.5 of that at land surface at a depth of

187.6 cm. At the same instant in time that the surface temperature is a

maximum of +1, Equation (3-16a) indicates that the dimensionless

temperature is 0.38 at a depth of 187.6 cm. Furthermore, Equation (3-

21) indicates that the lagtime between when the temperature at land

surface is a maximum and when the temperature at a depth of 187.6 cm is
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a maximum is 40.3 days. Using these same equations, the amplitude of

temperature fluctuation is reduced to 0.1 of that at land surface at a

depth of 623.3 cm; at the same instant in time that the surface

temperature is a maximum value, the dimensionless temperature is -0.067

at a depth of 623.3 cm; and the lagtime between when the temperature at

land surface is a maximum and when the temperature at a depth of 623.3

cm is a maximum is 133.7 days. In summary, assuming only vertical

conduction of heat through the unsaturated zone, if the unsaturated zone

near the stream is 187.6 cm thick, the temperature fluctuation at the

water table would be only 0.5 of that at land surface, and the maximum

temperature at the water table would occur 40.3 days after the maximum

temperature at land surface occurred. If the unsaturated zone is 623.3

cm thick, the temperature fluctuation at the water table would be only

0.1 of that at land surface, and the maximum temperature at the water

table would occur 133.7 days after the maximum temperature at land

surface occurred. As discussed previously, however, stream-temperature

variation closely approximates air-temperature variation. The above

calculations demonstrate that temperature variations at the water table

do not necessarily closely approximate air-temperature variations.

Therefore, temperature variations along the water table near a stream

may differ significantly from the temperature variation in the stream.

The purpose of this chapter is to investigate the effects that

horizontal ground-water flow, and thermal regimes in sediments near

streams have on the thermal regime in sediments beneath streams. These

effects are investigated using a finite-element model that simulates



124

simultaneous flow of heat and fluid in vertical sections under specific

sets of hydraulic and thermal conditions.

Many simulations would be necessary to investigate all possible

combinations of hydraulic and thermal conditions that could occur at

field sites. However, although many simulations could be run, only a few

are necessary to describe the general effects of horizontal flow and

thermal regimes near streams on thermal regimes in sediments beneath

streams. These few simulations encompass the range of combinations of

flow rates and thermal regimes that probably would be encountered at

field sites.

Conceptual Model 

Every complexity of all thei.mal regimes that may be encountered at

field sites cannot be simulated. However, a general understanding of

thermal processes'in the vicinity of streams can be achieved with a

limited number of simulations. Although the simulations are ideal and

hypothetical, the physical, hydraulic, and thermal properties, and,

therefore, the thermal regimes simulated are representative of

conditions that may occur at field sites.

The conceptual model assumed in this chapter is a simplified

representation of the physical, hydraulic, and thermal characteristics

of stream-aquifer systems that commonly are encountered in the field.

Principal features and assumptions of the conceptual model are:

1. Only the part of a stream-aquifer system in the immediate

vicinity of the stream is simulated. This part of the stream-aquifer
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system is delineated by the outline of the finite-element mesh shown in

the cross section in Figure 5-3. Only this part of the stream-aquifer

system is simulated because hydraulic and thermal conditions outside of

this area do not have a significant effect on the thermal regime beneath

the stream, at least for the hydraulic and thermal conditions assumed in

this investigation. Details of the part of the stream-aquifer system

simulated are shown in Figure 5-4. The part simulated extends

horizontally 1500 cm from the edge of the stream into the stream in one

direction and horizontally 1500 cm from the edge of the stream on land

in the other, and vertically to a depth of 1500 cm beneath the stream.

2. In the figures showing the results of simulations, the water

table is shown as flat away from the stream and is at the same elevation

as stream bottom. This method of presentation is for diagrammatic

purposes only. The water table actually slopes toward the stream in the

simulations. Horizontal flow rates are simulated in the model by

specifying fluid pressures and/or fluid fluxes at model boundaries.

Also, no seepage face at the stream bank is simulated.

3. All temperatures are described in terms of dimensionless

temperatures relative to the temperature of the stream. Dimensionless

temperature equals (T- Tav)/Tamp, where T is the temperature at any

location within the modeled area at any instant in time, T av is the
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average temperature of the stream over the periodic cycle, and Tamp is

the semi-amplitude of the temperature fluctuation of the stream over the

periodic cycle. Temperatures at any field site can be transformed into

dimensionless temperatures for comparison to model-simulated results if

Tav and Tamp of the stream at the field site are known.

4. An unsaturated zone (z unsat in Figure 5-4) of constant

thickness at all locations beneath land surface is assumed. The

thickness of this zone controls the degree of damping of the surface-

temperature fluctuation at the water table, and the time lag between the

occurrence of the maximum temperature along the water table and along

land surface.

5. The stream bank is assumed to be vertical. This bank has a

thickness equal to the thickness of the unsaturated zone, as shown in

Figure 5-4.

6. Fluid flow is steady.

7. Heat flow is periodic.

8. The density of the ground-water does not vary with

temperature, and, therefore, no density-driven convective heat transport

in the sediments is simulated. Density-driven heat transport can occur

if relatively cold, denser water overlies relatively warm, less dense

water and the temperature gradient exceeds a critical value.

9. Estimation of the physical and thermal properties of the fluid

and the solid grains comprising the sediments are an essential part of

the development of the conceptual model. In the conceptual model, all

physical, hydraulic, and thermal properties are assumed to be constant
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in space and time. Fluid properties are density, viscosity, specific

heat, and thermal conductivity. Solid-grain properties are density,

specific heat, and thermal conductivity. Solid-fluid matrix properties

are fluid and matrix compressibility, porosity, permeability,

anisotropy, and degree of saturation.

Values of these properties were selected based partly on field-

measured values at the New Braintree field site discussed in Chapter 6.

Values assigned in the model are: fluid density (p w ) = 1.0 gm/cm 3 ;

fluid viscosity (pw )= 0.0013 gm/cm-s (viscosity of water at 10 °C);

fluid specific heat (Cmw ) = 1 cal/gm-°C; fluid thermal conductivity (k w )

= 0.0014 cal/s-cm- °C; solid-grain density (p s ) = 2.6 gm/cm 3 ; solid-

grain specific heat (Cm s ) = 0.18 cal/gm- °C; solid-grain thermal

conductivity (ks )= 0.0060 cal/s-cm-°C; fluid compressibility (y w ) = 0.0

(gm/cm-s 2 ) -1 ; matrix compressibility (Is) 0.0 (gm/cm-s 2 ) -1 ; matrix

porosity (E) = 0.3; matrix intrinsic permeability (P) = 5 x 10 -7 cm 2 ,

and degree of saturation (s) = 100 percent. The solid-fluid matrix was

assumed to be homogeneneous and isotropic.

Other properties of the fluid and solid grains, and the bulk

properties of the solid-fluid matrix, can be determined from the

properties listed above and the relations (Voss, 1984):

Cv =	 (p)(Cm)	 (5- 1)

p =	 (E)(Sw)(Pw) + ( 1-E)(P5)
	

(5-2)
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=	 (C)(sw )(kw ) + (1-c)(k s )
	

(5-3)

Cv = (c)(sw )(pw )(Cmw ) + ( 1- E)(P5)(Cm5)	 (5-4)

a = k/Cv	 (5-5)

Values of the physical and thermal properties used in the

conceptual model are summarized in Table 5-1. The thermal diffusivity

of 0.0073 cm 2/s is the value assigned to both the saturated and

unsaturated zones. This value is the same value of thermal diffusivity

determined for sediments at the New Braintree field site discussed in

Chapter 6. At acutal field sites, the thermal diffusivity of the

unsaturated sediments would most likely be less than the thermal

diffusivity of the saturated sediments.

10. Both the temperature of the stream and temperature at land

surface were varied sinusoidally. The periodic cycle of temperatures in

the stream and at land surface was one year. Transformation of the

results presented in this chapter for periodic cycles other than one

year is discussed in Chapter 4.

As discussed in Chapter 4, stream temperatures in many regions may

remain at or near 0°C for part of the year. Consequently, the annual

periodic cycle in stream temperature may be sinusoidal during only part

of the year. If stream temperature remains at 0 °C, the resulting yearly
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temperature envelope is assymetric around mean stream temperature

(Figures 4-8 to 4-13, 4-15, and 4-16). The situation in which stream

temperature remains at 0 °C during part of the periodic cycle was not

simulated. However, the effect of this occurrence on temperatures

beneath the stream can be determined using the results presented in

Chapter 4.

The temperature variation of the stream (T stream in Figure 5-4) at

all points along the stream width was identical for each simulation, and

the temperature variation at all points along land surface (Tl and in

Figure 5-4) was identical for each simulation.	 However, the variation

in temperature of the stream may differ from that of land surface in

each simulation.

Method of Simulation of Thermal Regimes 

"SUTRA" (Voss, 1984) was used to simulate combinations of

hydraulic and thermal regimes in the vicinity of a stream. SUTRA

simulates saturated and unsaturated, fluid-density dependent ground-

water flow with energy transport or chemically-reactive single-species

solute transport. The model employs a hybrid finite-element and

integrated finite-difference approximation for the solution of the

partial differential equations governing ground-water and heat flow

(Voss, 1984). The finite-element mesh is shown in Figure 5-5. The mesh

consists of 945 elements and 1012 nodes. The nodes are at the corners

of the elements. The mesh extends horizontally 1500 cm from the edge of

the stream into the stream in one direction and horizontally 1500 cm
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from the edge of the stream away from the stream in the other direction,

and vertically to a depth of 1500 cm beneath stream bottom. Element

thicknesses are less at shallow depths beneath the stream than deep

beneath the stream because vertical temperature gradients are larger at

shallow depths than at great depths. Element widths are less at the

edge of the stream than away from the edge of the stream in both

horizontal directions because horizontal temperature gradients generally

are larger at the edge of the stream than away from the edge of the

stream. Thicknesses of the elements range from 1.5 cm directly beneath

the stream bottom to 150 cm at depths of from 900 cm to 1500 cm beneath

the stream bottom. Widths of the elements range from 25 cm near the

edge of the stream to 200 cm toward the center of the stream and 300 cm

toward land.

Both hydraulic and temperature boundary conditions must be

specified in the finite-element model. The hydraulic conditions

specified determine the rate and direction of ground-water flow. The

temperature boundary conditions, coupled with the flow field, determine

the internal distribution of temperature.

Hydraulic boundary conditions consist of either specified fluid

pressures or specified fluid flux, or combinations of both conditions,

around the perimeter of the model. The actual manner of specification

depends on the internal flow field being simulated. In all simulations,

the horizontal boundary at a depth of 1500 cm beneath the stream was

modeled as a no-flow boundary.
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As discussed in the section "Conceptual Model", thermal boundary

conditions consist of specified temperature in the stream (T stream in

Figure 5-4) and along land surface (Ti and in Figure 5-4). In all

simulations, the horizontal boundary at a depth of 1500 cm beneath the

stream was modeled as insulated. Consequently, no heat flow occurs

across this lower boundary. Temperatures along both vertical boundaries

were allowed to vary in response to temperature conditions imposed in

the stream and along land surface, and to the rate and direction of

ground-water flow.

Method of Presentation of Results of Simulations 

The results of each simulation are presented in three ways: (1)

one illustration that shows eight vertical dimensionless temperature

profiles at 10 locations along the cross section shown in Figure 5-4;

(2) four illustrations, each of which shows contours of dimensionless

temperature in the cross section shown in Figure 5-4 at specified times;

and (3) curves of the relation of the log of the fraction of stream-

temperature fluctuation and depth beneath stream bottom at several

locations beneath the stream.

Figure 5-6 (in section "Results of Simulations") is an example of

the illustration that shows the eight vertical dimensionless temperature

profiles at 10 locations along the cross section shown in Figure 5-4.

Each profile is a plot of dimensionless temperature versus depth beneath

stream bottom at the instant in time that stream temperature reaches a

specified value during its periodic cycling of from -1 to +1. The

figure at each of the 10 locations is similiar in form to Figures 4-5 to
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4-13 discussed in Chapter 4. The eight specified values of

dimensionless temperature of the stream, and the time of occurrence

relative to day 0 of an annual periodic cycle, are: (1) -0.5 after 60.8

days (2) 0.0 after 91.2 days; (3) +0.5 after 121.7 days; (4) +1.0 after

182.5 days; (5) +0.5 after 243.3 days, (6) 0.0 after 273.7 days; (7) -

0.5 after 304.2 days; and (8) -1.0 after 365 days. The locations of

these profiles are shown in Figure 5-4. These locations are labeled on

Figure 5-6 as x = 0.0, 25, 50, 100, 300, 900, and 1500 cm from the edge

of the stream toward the center of the stream, and 25, 300, and 1500 cm

from the edge of the stream toward land.

The shapes of the eight instantaneous profiles and the overall

shape of the temperature envelope may differ among simulations at the

same location, and may differ at each location along the section in any

one simulation. The magnitude of these differences depends on the

hydraulic and thermal conditions simulated. Diagrams such as Figure 5-6

are useful for comparison of differences in vertical temperature

profiles and envelopes at the same location in the vicinity of a stream

as a result of different hydraulic and thermal conditions. The diagrams

also are useful for comparison of differences in vertical temperature

profiles and envelopes from location to location in the vicinity of a

stream for specific hydraulic and thermal conditions at a site.

Figures 5-7 to 5-10 are examples of the four illustrations that

show contours of dimensionless temperature in cross section at four

different times during the year. Each illustration presents contours at

the instance in time when dimensionless stream temperature is a
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specified value. The four specified values of stream temperature, and

the time from day 0 of the periodic cycle when those temperatures occur,

are: (1) 0.0 after 121.7 days (when stream temperature is equal to the

mean stream temperature); (2) +0.5 after 182.5 days; (3) +1.0 after

243.3 days (when stream temperature is at its maximum value); and (4)

+0.5 after 273.3 days. Instantaneous profiles on these four days are

shown in Figure 5-6.

The cross-sectional distribution of temperature changes over time

in all simulations, and the cross-sectional distribution of temperature

differs at any instant in time among simulations. The magnitude of

these differences depends on the hydraulic and thermal conditions

simulated. Diagrams similiar to those in Figures 5-7 to 5-10 provide

synoptic views of the cross-sectional distribution of temperature in the

vicinity of a stream for specific hydraulic and thermal conditions.

Figure 5-11 is an example of the curve of relation of the log of

the fraction of stream-temperature fluctuation and depth beneath stream

bottom. This figure is similiar to Figures 4-17 to 4-19 discussed in

Chapter 4. Figures similiar to Figure 5-11 are useful for comparing the

degree of damping of the stream-temperature wave in sediments beneath

streams for the different combinations of hydraulic and thermal

conditions presented in this chapter.

Results of Simulations 

The hydraulic and thermal conditions assumed in each simulation

are summarized in Table 5-2. In all simulations, the temperature of the
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stream and temperature along land surface were varied sinusoidally with

a period of 365 days from a minimum dimensionless temperature of -1 to a

maximum dimensionless temperature of +1. The thickness of the

unsaturated zone was simulated as either 0 cm (Simulation 1), 187.6 cm

(Simulations 2-3), or 623.3 cm (Simulations 4-6). For a simulated

thickness of the unsaturated zone of 0 cm, the temperature variation

along the water table is identical to that along land surface because

the water table is at land surface. For a simulated thickness of the

unsaturated zone of 187.6 cm, the amplitude of temperature fluctuation

at the water table far from the edge of the stream is 0.5 of the

amplitude of temperature fluctuation at land surface. For a thickness

of the unsaturated zone of 623.3 cm, the amplitude of temperature

fluctuation at the water table far from the stream is 0.1 of the

amplitude of temperature fluctuation at land surface. Thicknesses of

the unsaturated zone of 187.6 and 623.3 cm also cause lagtimes between

the time when the temperature of the stream is a maximum and the time

when the temperature of the water table is a maximum. The lagtimes are

40.3 and 133.7 days for thicknesses of 187.6 and 623.3 cm, respectively.

The simplest hydraulic and thermal conditions investigated are

those of Simulation 1. For this simulation, the temperature of the

stream and along land surface are varied in exactly the same manner, the

thickness of the unsaturated zone is zero, and there is no ground-water

flow (Table 5-2). Because the thickness of the unsaturated zone is 0.0

cm, the water table is located at land surface, and, therefore, the

temperature variation along the water table is identical to that in the
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stream. Given these hydraulic and thermal conditions for Simulation 1,

vertical conduction of heat occurs but horizontal conduction does not

occur. Horizontal conduction does not occur because, at every instant

in time, temperatures everywhere beneath the stream bottom and beneath

the water table at a specified depth are identical. Also, no horizontal

or vertical convection of heat occur because there is no ground-water

flow.

The results of Simulation 1 are shown in Figures 5-6 to 5-11. In

Figure 5-6, it is apparent that the simulated temperature variation of

the stream and temperature fluctuation along the water table are

identical because, at 0 cm beneath the stream bottom, temperatures at

all 10 locat ons are identical for each of the 8 times during the year

the temperature is plotted.

Figure 5-11 shows the relation between the fraction of stream-

temperature fluctuation and depth beneath stream bottom at all locations

along the cross section shown in Figure 5-4. This relation is identical

to that shown in Figure 4-17 for a fluid velocity equal to 0 cm/s (note

differences in scales of the axes in the two figures). The curves at

all locations along the cross section in Figure 5-4 are identical

because the thermal regime at all locations along the section is

identical.

Characteristics of the thermal regime in the vicinity of the

stream for hydraulic and thermal conditions of Simulation 1 are: (1) all

temperature profiles everywhere in the vicinity of the stream at the
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FRACTION OF STREAM-TEMPERATURE FLUCTUATION

Figure 5-11. Relation between fraction of stream-temperature
fluctuation and depth beneath the stream bottom for Simulation 1.
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same instant in time are identical (Figure 5-6) and also are identical

to those shown in Figures 3-5 and 4-5; (2) all temperature envelopes at

all locations in the vicinity of the stream are identical (Figure 5-6)

and also are identical to those shown in Figures 3-5 and 4-5; (3)

temperature contours at every instant in time are horizontal (Figure 5-7

to 5-10); (4) the cross-sectional distribution of temperature changes

continually over time; and (5) the relation of the log of the fraction

of stream-temperature fluctuation and depth beneath the stream bottom

(Figure 5-11) is linear and is identical to that shown for v z= 0 in

Figure 4-17. The results shown in Figures 5-6 to 5-11 are obvious upon

consideration of the simple hydraulic and thermal conditions of

Simulation 1. These simple hydraulic and thermal conditions are

identical to the conditions assumed in Chapter 4. Figures 5-6 to 5-11

are included in this chapter to provide a basis for comparison of the

results of the more complex hydraulic and thermal conditions of

Simulations 2 through 6 in Table 5-2.

The temperature profiles shown in Figure 5-6, the temperature

contours shown in Figures 5-7 to 5-10, and the relation between fraction

of surface-temperature fluctuation and depth shown in Figure 5-11, apply

for hydraulic and thermal conditions of Simulation 1 regardless of the

rate of horizontal ground-water flow (v x , Table 5-2). The temperature

distribution is independent of the rate of horizontal flow because

horizontal temperature gradients are always equal to zero everywhere in

the cross section in Figure 5-4.
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Simulations 2 and 3 assume an unsaturated zone thickness of 187.6

cm (Table 5-2). As discussed previously, and as indicated in Table 5-2,

for the simulated unsaturated zone thermal diffusivity of 0.0073 cm2 /s

(Table 5-1, Figure 5-5), a thickness of the zone of 187.6 cm causes the

amplitude of temperature fluctuation along the water table far from the

stream to be reduced to 0.5 of the amplitude of temperature fluctuation

at land surface, assuming there is no vertical flow in the unsaturated

zone. Also, a lagtime of 40.3 days occurs between the time when the

temperature at land surface is a maximum and the time when the

temperature at the water table is a maximum. Downward flow in the

unsaturated zone from recharge would result in less reduction of the

amplitude of the surface-temperature wave at the water table than 0.5.

The only difference between SimuAtions 2 and 3 is the rate of

horizontal ground-water flow simulated. The rate of horizontal flow is

0.0 cm/s in Simulation 2, and 1x10 -3 cm/s in Simulation 3.

The simulated amplitude of temperature fluctuation along the water

table in the vicinity of the edge of the stream is shown in Figure 5-12

for Simulation 2 (vx = 0.0 cm/s) and Simulation 3 (v x = lx10 -3 cm/s).

The curves in Figure 5-12 were drawn by plotting the amplitude of

temperature fluctuation at a depth of 0 cm beneath the stream bottom

simulated at each of the 22 locations across the section in Figure 5-5

where there is a finite-element node. The amplitude of temperature

fluctuation at each node was estimated by plotting the simulated

temperature for each time step at the node during 365-day periodic
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cycle. The amplitude of temperature fluctuation was determined from

this temperature-time step curve. As shown in Figure 5-12, the

amplitude of dimensionless temperature fluctuation at all locations in

the stream for both Simulations is 2.0 (-1.0 to +1.0: Table 5-2). Far

from the edge of the stream, the simulated amplitude of temperature

fluctuation at the water table is 1.0 (-0.5 to +0.5: Table 5-2). Within

1500 cm of the edge of the stream, the amplitude of temperature

fluctuation at each location along the water table is dependent on the

temperature fluctuation of the stream, the temperature fluctuation at

the water table far from the stream, the thermal and physical properties

of the sediments, and the rate of horizontal flow simulated.

Immediately at the edge of the stream the amplitude of temperature

fluctuation at the water table is 2.0 (Figure 5-12). As the distance

along the water table away from the edge of the stream increases, the

amplitude of temperature fluctuation decreases. Beyond a distance of

about 600 cm from the edge of the stream, the amplitude is somewhat less

than 1.0. One reason that the amplitude is somewhat less than 1.0 is

because the sinusoidal variation in temperature at the water table far

from the stream is not in phase with the sinusoidal variation in

temperature of the stream. As discussed previously, the variations in

temperature are out of phase because of the presence of the 187.6 cm

thick unsaturated zone (Table 5-2), which causes a time lag of 40.3 days

between when the temperature of the stream and the temperature at the

water table far from the stream are a maximum.
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Results of Simulation 2 are shown in Figures 5-13 to 5-17. The

difference between the simulated amplitude of temperature fluctuation of

the stream and simulated amplitude of temperature fluctuation along the

water table is evident in Figure 5-13. At the location 1500 cm toward

the center of the stream, stream temperature (temperature at the depth

of z = 0) ranges from a minimum value of -1 to a maximum value of +1

(Table 5-2). At the location 1500 cm away from the stream, the

temperature at the water table (temperature at the depth z = 0) ranges

from a minimum value of about -0.5 to a maximum value of about +0.5.

The lagtime of temperature at the water table far from the stream to

that of the stream itself of 40.3 days also is evident in Figure 5-13.

At the location 1500 cm toward the center of the stream, a dimensionless

temperature of 0 occurs on day 273.7. At the location 1500 cm away from

the stream, a dimensionless temperature of 0 at the water table occurs

somewhat later than day 304.2.

The extent to which the difference in thermal conditions between

Simulations 1 and 2 affect temperatures in sediments beneath the stream

can be observed by overlaying Figure 5-13 on 5-6. Comparison of these

two figures indicates that temperature profiles in sediments beneath the

stream are virtually identical for both simulations at all distances

greater than about 300 or more cm from the edge of the stream. The fact

that the profiles are identical indicates that the unsaturated zone

thickness of 187.6 cm for Simulation 2 does not affect the thermal

regime in sediments beneath the stream beyond a distance of about 300 cm
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from the stream bank. However, the profiles in sediments beneath the

stream at locations within about 300 cm of the stream bank do differ

between Simulations 1 and 2. This conclusion also can be made by

comparing the cross -sectional distributions of temperature at different

times during the annual sinusoidal cycling of stream temperature for

Simulation 2 (Figures 5-14 to 5-17) and Simulation 1 (Figures 5-7 to 5-

10). Comparison of these contours demonstrates that the presence of a

187.6 cm thick unsaturated zone affects the thermal regime in sediments

beneath the stream within a distance of about 300 cm from the stream

bank.

Figure 5-18 is a comparison of the results of Simulations 1 and 2

in terms of the relation between the log of the fraction of stream-

temperature fluctuation and depth beneath stream bottom at locations of

0.0 cm from the stream bank and 1500 cm from the stream bank. The

curves of this relation at these two locations for Simulation 2 should

be identical with the curve for Simulation 1 if the presence of a 187.6

cm-thick unsaturated zone for Simulation 2 did not affect the thermal

regime in sediments beneath the stream. On the Figure, the curve for

Simulation 2 at a distance of 1500 cm is virtually identical with the

curve for Simulation 1; whereas the curve for Simulation 2 at a distance

of 0.0 cm is different from the curve for Simulation 1. This comparison

verifies that the presence of a 187.6 cm thick unsaturated zone affects

the thermal regime in sediments beneath the stream near the edge of the

stream but does not significantly affect the regime 1500 cm from the

stream bank.
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Several other aspects of Figure 5-18 warrant discussion. The

curve for Simulation 2 at 0.0 cm is approximately linear and its slope

is less than that of the single curve that describes both Simulation 1

and Simulation 2 at 1500 cm. In Chapter 4, one-dimensional, periodic

flow of heat and fluid in a semi-infinite porous medium for the surface-

temperature variation shown in Figure 4-1 was discussed. In that

Chapter, it was shown that the relation between the log of the fraction

of stream-temperature fluctuation and depth beneath stream bottom is

essentially linear (Figures 4-17 and 4-18) if the value of xx (Figure 4-

1) is less than about 0.5. Also, it was shown that the slope of this

relation was related to the velocity of vertical ground-water flow (v z ).

Therefore, the presence of an unsaturated zone near the stream has the

same apparent effect of reducing the slope of the curve relating the log

of the fraction of stream-temperature fluctuation and depth as does an

upward ground-water flow rate. Consequently, use of Figures similiar to

Figures 4-17 to 4-19 to determine vertical flow rates from temperature

data collected in sediments close to a stream bank may result in

incorrect determination of the rate of vertical flow unless the effect

of the presence of the unsaturated zone on the thermal regime is

accounted for. However, in the case of hydraulic and thermal conditions

of Simulation 2, an additional note regarding this conclusion is

necessary. The vertical velocity determined by comparing Figure 5-18 to

Figure 4-17, although incorrect, is still close to the actual velocity

of 0 cm/s. The rate determined by comparing the two figures is between

0.0 and lx10 -5 cm/s. Therefore, although the presence of an
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unsaturated zone of 187.6 cm affects the thermal regime in sediments

near the stream bank, and, therefore, the estimate of vertical velocity

near the stream bank, the estimate of velocity is still nearly equal to

0.

Results of Simulation 3 are shown in Figures 5-19 to 5-24. In

Simulation 3, the rate of horizontal ground-water flow is lx10 -3 cm/s

(Table 5-2). A darcy velocity of 1x10 -3 cm/s probably is close to the

maximum rate of horizontal ground-water flow commonly encountered at

field sites.

Comparison of Figures 5-13 and 5-19, Figures 5-20 to 5-23 and

Figures 5-14 to 5-17, and Figure 5-18 and Figure 5-24 shows the effect

of a horizontal flow rate of 1x10-3 cm/s on the thermal regime in

sediments beneath a stream for an unsaturated zone thickness of 187.6

cm. Comparison indicates that temperature profiles at all locations in

sediments beneath the stream within 1500 cm of the stream bank appear

compressed upward toward the stream bottom relative to the profiles at

that same locations in Figure 5-13. Therefore, horizontal ground-water

flow, as well as the presence of an unsaturated zone near the stream,

has the same apparent effect on temperature profiles as does an upward

velocity of ground-water flow.

Figure 5-24 is a comparison of the results of Simulations 1 and 3

in terms of the relation between the fraction of stream-temperature

fluctuation and depth beneath stream bottom at locations of 0.0 cm from

the stream bank and 1500 cm from the stream bank toward the center of

the stream. Similiar to that discussed previously for Figure 5-18, the
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curves of this relation at these two locations for Simulation 3 should

be identical with the curve for Simulation 1 if the presence of both a

187.6 cm thick unsaturated zone and a horizontal flow rate of 1x10 -3

cm/s in Simulation 3 does not affect the thermal regime in sediments

beneath the stream. As shown in Figure 5-24, both curves for Simulation

3 differ from the curve for Simulation 1. The differences verify that

the presence of a combination of both a 187.6 cm thick unsaturated zone

near the stream and a horizontal flow rate of 1x10 -3 cm/s affects the

thermal regime in sediments beneath the stream as much as 1500 cm from

the stream bank.

As concluded in the case of Simulation 2, use of figures similiar

to Figures 4-17 to 4-19 to determine vertical flow rates from

temperature data collected in sediments close to a stream bank may

result in incorrect determination of the rate of vertical flow.

However, as was noted for Simulation 2, the vertical velocity determined

by comparing Figure 5-24 to Figure 4-17, although incorrect, would still

be close to the actual velocity of 0 cm/s. The rate determined by

comparing the two figures is between 0.0 and 1 x10-5 cm/s. Consequently,

although the presence of both an unsaturated zone of 187.6 cm and a

horizontal flow rate of 1x10 -3 cm/s affects both the thermal regime in

sediments beneath streams within about 1500 cm of the bank, and,

therefore, the indirect estimate of vertical velocity near the stream

bank, the estimate of velocity is still nearly equal to 0.
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Simulation 3.
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Figure 5-25 summarizes the results of Simulations 2 and 3 in terms

of the relation between the amplitude of temperature fluctuation (the

width of the temperature envelope) at a depth of 187.6 cm beneath the

stream and the location from the edge of the stream, for four rates of

horizontal flow. Numerical results of Simulation 2 and 3, and two

additional simulations in which horizontal flow rates were 1x10-4 and

5x10 -4 cm/s, were used for construction of the curves in Figure 5-25.

The amplitude of temperature fluctuation was determined using the same

method that was used to construct Figure 5-12. The depth of 187.6 cm

was selected because, at that depth (assuming a solid-fluid matrix

thermal diffusivity of 0.0073 cm 2/s), the amplitude of temperature

fluctuation should be 0.5 of that of the stream, if only vertical

conduction of heat occurs, and if the thermal conditions near the stream

do not differ from thermal conditions in and beneath the stream.

Results shown in Figure 5-25 suggest several conclusions regarding

the effects of the hydraulic and thermal conditions of Simulations 2 and

3. Although these conclusions apply specifically to hydraulic and

thermalconditions of Simulations 2 and 3, the results also are probably

applicable to stream-aquifer systems in which the thickness of the

unsaturated zone near the stream is such that the temperature

fluctuation at the water table near the stream during a year is reduced

to about 0.5 of that in the stream. Figure 5-25 indicates that: (1) for

no horizontal ground-water flow, thermal conditions adjacent to the

stream affect temperatures in sediments beneath the stream only within

about 300 cm of the edge of the stream. Beyond 300 cm, temperatures
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essentially are unaffected. (2) As the rate of horizontal flow toward

the stream increases, temperatures in sediments further beneath the

stream are affected by the thermal regime near the stream. For example,

for a horizontal flow rate of lx10-4 cm/s, temperatures are affected as

much as 1000 cm from the stream bank, and for flow rates exceeding 5x10-

4 cm/s, temperatures are affected at least 1500 cm from the stream bank.

(3) the amplitude of temperature fluctuation in sediments beneath the

stream at a depth of 187.6 cm, and at a distance of 500 cm from the edge

of the stream, for a horizontal flow rate of 1x10-4 cm/s, is reduced to

about 0.95 of that under conditions of no ground-water flow; about 0.89

for a flow rate of 5x10-4 cm/s; and about 0.85 for a flow rate of lx10 -3

cm/s; and (4) the amplitude of temperature fluctuation in sediments

beneath the stream at a depth of 187.6 cm, and at a distance of 1500 cm

from the edge of the stream, remains at 1.0 of that under conditions of

no ground-water flow for a horizontal flow rate of lx10-4 cm/s.

However, as the horizontal flow rate increases, the amplitude of

temperature fluctuation decreases: to about 0.94 for a flow rate of

5x10 -4 cm/s; and to about 0.89 for a flow rate of 1x10 -3 cm/s.

In Simulations 4 through 6, the unsaturated zone is 623.3 cm thick

(Table 5-2). As discussed previously, and as indicated in Table 5-2, an

unsaturated zone of 623.3 cm reduces the amplitude of temperature

fluctuation along the water table far from the stream to 0.1 of the

amplitude of temperature fluctuation at land surface, assuming there is

no vertical flow in the unsaturated zone. Also, a lagtime of 133.7 days
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Figure 5-25. Relation between amplitude of dimensionless temperature

fluctuation at a depth of 187.6 cm beneath the stream bottom and the

location from the edge of the stream for several horizontal flow rates.
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occurs between the time when the temperature at land surface is a

maximum and the time when the temperature at the water table is a

maximum. The only difference between Simulations 4 through 6 is the

rate of horizontal ground-water flow simulated. The rate of horizontal

flow is 0.0 cm/s in Simulation 4, 1x10 -4 cm/s in Simulation 5, and lx10-

3 cm/s in Simulation 6.

The maximum temperature fluctuation along the water table in the

vicinity of the edge of the stream is shown in Figure 5-26 for

Simulations 4 and 6. The curves in Figure 5-26 were determined using

the same method used for Figure 5-12: by estimating the approximate

amplitude of temperature fluctuation at a depth of 0 cm beneath the

stream simulated at each of the 22 nodes in the finite-element grid

(Figure 5-5) located at a depth of 0 cm beneath stream bottom for the

two simulations. The amplitude of temperature fluctuation at each node

was estimated by plotting the simulated temperature for each time step

at the node during 365-day periodic cycle, and determining the amplitude

from the time versus temperature plots. As shown in the Figure 5-26,

the amplitude of temperature fluctuation at all locations in the stream

for both simulations is 2.0 (-1.0 to +1.0: Table 5-2). Far from the

edge of the stream, the simulated amplitude of temperature fluctuation

along the water table is 0.2 (-0.1 to +0.1: Table 5-2). Along the water

table near the edge of the stream, the amplitude of temperature

fluctuation is dependent on the temperature fluctuation of the stream,

the temperature fluctuation along the water table far from the stream,

the thermal and physical properties of the sediments, and the rate of
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horizontal flow simulated. Immediately at the edge of the stream the

amplitude of temperature fluctuation at the water table is 2.0 (Figure

5-26). As the distance along the water table away from the edge of the

stream increases, the amplitude of temperature fluctuation decreases.

Beyond a distance beyond of about 600 cm from the edge of the stream for

a flow rate of lx10 -3 cm/s, the amplitude is somewhat less than 0.2.

One reason that the amplitude decreases to a value somewhat less than

0.2 is because the sinusoidal temperature fluctuation along the water

table is not in phase with the sinusoidal temperature fluctuation of the

stream, because of the presence of an unsaturated zone 623.3 cm thick

(Table 5-2). The presence of the unsaturated zone causes maximum and

minimum temperatures along the water table far from the stream to lag

maximum and minimum temperatures 'of the stream by 133.7 days.

Results of Simulation 4 are shown in Figures 5-27 to 5-32. The

difference between the simulated amplitude of temperature fluctuation of

the stream and simulated amplitude of temperature fluctuation along the

water table is evident in Figure 5-27. At the location 1500 cm toward

the center of the stream, stream temperature (at the depth of z = 0)

ranges from a minimum value of -1 to a maximum value of +1. At the

location 1500 cm away from the stream, the temperature at the water

table (at the depth z = 0) ranges from a minimum value of about -0.1 to

a maximum value of about +0.1.
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Figure 5-26. Relation between the amplitude of dimensionless
temperature fluctuation at a depth of 0 cm beneath the stream bottom and
the location from the edge of the stream for horizontal flow rates of
0.0 and 1x10 -3 cm/s.
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FRACTION OF STREAM-TEMPERATURE FLUCTUATION

Figure 5-32. Comparison of the relation between fraction of stream-

temperature fluctuation and depth beneath the stream bottom for

Simulations 1 and 4.
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The extent to which the thermal conditions adjacent to the stream

for Simulation 4 affect temperatures in sediments beneath the stream can

be observed by overlaying Figure 5-27 on 5-6. Similiar to the

conclusions reached when comparing Figures 5-13 and 5-6 from Simulations

1 and 2, comparison of Figures 5-27 and 5-6, and Figures 5-28 to 5-31

and 5-7 to 5-10, indicates that the profiles in sediments beneath the

stream are virtually identical for both simulations at all distances

beyond about 900 cm from the edge of the stream. The fact that the

profiles are identical beyond this distance indicates that thermal

conditions near the stream for Simulation 4 do not affect the thermal

regime in sediments beneath the stream beyond a distance of about 900 cm

from the stream bank.

Results of Simulations 5 and 6 are shown in Figures 5-33 to 5-38,

and Figures 5-39 to 5-44, respectively. In Simulation 5, the rate of

horizontal ground-water flow is 1x10 -4 cm/s, in Simulation 6, the rate

of horizontal ground-water f2low is 1x10 -3 cm/s (Table 5-2).

Comparison of Figures 5-27, 5-33, and 5-39 shows the effect of

different rates of horizontal flow on the thermal regime of sediments

beneath a stream if the unsaturated zone is 623.3 cm thick. Comparison

indicates, for example, that temperature profiles at the location 1500

cm toward the center of the stream in Figure 5-39 appear compressed
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Simulation 5.
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FRACTION OF STREAM—TEMPERATURE FLUCTUATION

Figure 5-38. Comparison of the relation between fraction of stream-

temperature fluctuation and depth beneath the stream bottom for
Simulations 1 and 5.
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FRACTION OF STREAM—TEMPERATURE FLUCTUATION

Figure 5-44. Comparison of the relation between fraction of stream-
temperature fluctuation and depth beneath the stream bottom for
Simulations 1 and 6.
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upward toward the stream bottom relative to the profiles at that same

location in Figure 5-27. Therefore, horizontal ground-water flow has

the effect of reducing the slope of the curve relating the log of the

fraction of stream-temperature fluctuation and depth beneath the stream

similiar to that noted for Simulations 2 and 3.

Figure 5-45 summarizes the results of hydraulic and thermal

conditions for Simulations 4 through 6 in terms of the relation between

the amplitude of temperature fluctuation (the width of the temperature

envelope) at a depth of 187.6 cm beneath the stream and the location

from the edge of the stream, for four rates of horizontal flow.

Numerical results of Simulations 4 through 6, and one additional

simulation in which the horizontal flow rate was 5x10-4 cm/s, were used

for construction of the curves in Figure 5-45. The amplitude of

temperature fluctuation was determined using the same method that was

used to construct Figure 5-12. The depth of 187.6 cm was selected

because, at that depth (assuming a solid-fluid matrix thermal

diffusivity of 0.0073 cm 2/s), the amplitude of temperature fluctuation

in sediments beneath the stream should be 0.5 of that at the surface, if

only vertical conduction of heat occurs, and if thermal conditions near

the stream do not affect thermal conditions in and beneath the stream.

Results shown in Figure 5-45 suggest several conclusions regarding

the effects of the hydraulic and thermal conditions of Simulations 4

through 6. Although these conclusions apply specifically to hydraulic

and thermal conditions of Simulations 4 through 6, the results probably

apply to stream-aquifer systems in which the thickness of the
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unsaturated zone near the stream is such that temperature fluctuation at

the water table near the stream during a year is reduced to about 0.1 of

that in the stream. Figure 5-45 indicates that: (1) for no horizontal

ground-water flow, thermal conditions adjacent to the stream affect

temperatures in sediments beneath the stream as far as about 900 cm from

the edge of the stream. Beyond 900 cm, temperatures essentially are

unaffected. (2) as the rate of horizontal flow toward the stream

increases, temperatures in sediments further beneath the stream are

affected by the thermal regime near the stream. For flow rates greater

than about lx10-4 cm/s, temperatures are affected throughout the entire

distance of 1500 cm distance from the stream bank that is simulated. (3)

the amplitude of temperature fluctuation in sediments beneath the stream

at a depth of 187.5 cm, and at a distance of 1000 cm from the edge of

the stream, is not reduced significantly from that under conditions of

no ground-water flow, if the horizontal flow rate is less than 1 x10-4

cm/s. However, the amplitude of temperature fluctuation in these

sediments is reduced to about 0.80 of the amplitude of temperature

flucuation, under conditions of no ground-water flow, for a flow rate of

5x10-4 cm/s; and about 0.72 for a flow rate of 1 x10-3 cm/s; and (4) the

amplitude of temperature fluctuation in sediments beneath the stream at

a depth of 187.5 cm, and at a distance of 1500 cm from the edge of the

stream, is the same as the amplitude of temperature fluctuation under

conditions of no ground-water flow for horizontal flow rates less than

1x10-4 cm/s; about 0.83 for a flow rate of 5x10-4 cm/s; and about 0.76

for a flow rate of 1 x10-3 cm/s.
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Figure 5-45. Relation between amplitude of dimensionless temperature
fluctuation at a depth of 187.5 cm beneath the stream bottom and the
location from the edge of the stream for several horizontal flow rates.
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Comparison of results of Simulations 1-6 reveal that both an

increase in the rate of horizontal ground-water flow and an increase in

the thickness of the unsaturated zone near a stream can influence the

relation between the amplitude of temperature fluctuation and depth

beneath the stream. The manner in which this relation is affected by

the rate of horizontal flow and the thickness of the unsaturated zone

can be observed by comparing the approximate depths below which the

amplitude of temperature fluctuation is nearly a constant value of 0.0

at the location 300 cm toward the center of the stream in Figures 5-13,

19, 27, 33, and 39. These approximate depths for the two simulations in

which a thickness of the unsaturated zone is 187.6 cm are 1100 cm for a

rate of horizontal flow of 0.0 cm/s (Figure 5-13) and 1050 cm for a rate

of horizontal flow of lx10 -3 cm/s (Figure 5-19). These approximate

depths for the three simulations in which a thickness of the unsaturated

zone is 623.3 cm are 1100 cm for a rate of horizontal flow of 0.0 cm/s

(Figure 5-27), 700 cm for a rate of horizontal flow of 1x10-4 cm/s

(Figure 5-33), and 500 cm for a rate of horizontal flow of 1x10-3 cm/s

(Figure 5-45). Thus, high rates of ground-water flow and thick

unsaturated zones near a stream can affect the thermal regime in

sediments beneath the stream in a manner similiar to the effect of

upward vertical flow. Consequently, use of temperature data collected

near the edge of a stream without consideration of the possible effects

of horizontal flow and the thickness of the unsaturated zone near the

stream can lead to an incorrect estimate of the vertical flow rate.

Measurement of temperatures in sediments at several locations in the
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vicinity of the stream at a field site , coupled with the results

presented in this chapter, should enable the magnitude of possible error

to be evaluated.



CHAPTER 6

FIELD INVESTIGATIONS

Methods of Investigation

Conductive and convective heat transfer processes in sediments

near and beneath streams at three field sites in Massachusetts were

investigated. This field investigation consisted of the following

analysis at each site: collecting hydraulic and temperature data and

defining the hydraulic and thermal regimes using these data; applying

the results of the investigation of heat-transfer processes discussed in

Chapters 3-5 to understand the thermal processes occurring at each site;

and calculating the vertical rate of flow and hydraulic connection

between the sediments and the overlying stream.

The three sites are on the Ware River, in the towns of Ware,

Hardwick, and New Braintree, central Massachusetts (Figure 6-1).

Hydraulic and thermal regimes at the three sites differ from each other

because of differences in the physical, hydraulic, and thermal

properties of the sediments; differences in the velocity of ground-water

flow; differences in the temporal variation of river temperature; and

differences in temporal variation of the water table near the river.

The Hardwick site is along a reach of the Ware River that is underlain

by silt and clay of low hydraulic conductivity and thermal diffusivity.

198
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Ground -water flow at this site probably is nearly zero because of

the presence of the low-conductivity clay. The Ware and New Braintree

sites are located along reaches of the Ware River that are underlain by

sand and gravel aquifers of high hydraulic conductivity and high thermal

diffusivity. Ground water at these sites discharges from the underlying

aquifers to the Ware River.

At each site, the physical and thermal properties of the sediments

Underlying the site were measured or estimated. In addition,

temperature and hydraulic data were collected at each site for

determination of the hydraulic and thermal regimes. Physical and

thermal properties were determined by test drilling and collecting

sediment samples for laboratory analysis. The thermal regime at each

site was determined by measuring instantaneous vertical temperature

profiles once a month for a period of one year in one or more

piezometers or closed pipes installed in the sediments. Temperatures

were measured by lowering a thermistor on a 30-m lead down through the

water column in each piezometer. The temperature of the water column at

15 cm intervals in the piezometer was measured and recorded. The

temperature profile in each piezometer then was drawn using these

temperature-depth data. Concurrent measurements of ground-water levels,

river stage, and river temperature were made when the temperature

profiles were measured.

A critical aspect of the field investigation was accurate

measurement of the thermal regime at each site. A temperature profile

measured in a piezometer (or closed pipe filled with a fluid) may differ
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from the actual profile in the sediment adjacent to it depending on the

material from which the piezometer is constructed and, if a fluid-filled

closed pipe is used, the type of fluid used to fill the pipe. For

example, temperature profiles measured in piezometers that have casings

constructed of steel and PVC may differ from each other, and from that

of the actual profile in the sediment surrounding these piezometers,

because of differences in thermal conductivities and heat capacities of

the steel, PVC, and sediment. Density-driven convective circulation of

the fluid in the piezometer can occur if the vertical temperature

gradient along the fluid column exceeds a critical gradient (Samuel,

1968). The critical gradient is a function of fluid viscoity and the

inside diameter of the piezometer. When this critical gradient is

exceeded, convective circulation mixes the fluid in the piezometer.

Consequently, the temperature profile measured in the piezometer may

differ significantly from that in the sediments surrounding the

piezometer.

The effects of casing material and the type of fluid filling the

casing were investigated at one site by installing five types of

instrumentation in sediments beneath the river, making concurrent

monthly measurements of temperature profiles in these installations from

October, 1985 to October, 1986, and comparing the results. In addition,

several thermistors were permanently attached to the outside of one of

the casings during installation for point measurement of temperatures in

the sediments outside the casing. The five installations were: (1) a 32

mm-diameter PVC pipe filled with water; (2) a 32 mm-diameter steel pipe
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filled with water; (3) a 32 mm-diameter PVC pipe filled with mineral

oil; (4) a 32 mm-diameter steel pipe filled with mineral oil; and (5) a

32 mm-diameter PVC piezometer. The four pipes were installed to a depth

of 15 m beneath river bottom and were closed at the bottom. The

piezometer was installed to a depth of 18 m and had a 0.6 m-long slotted

PVC screen at the bottom. Mineral oil was used for the fluid column in

two of the installations because of its high viscosity compared to the

viscosity of water. The high viscosity of the mineral oil minimizes the

probability of occurrence of density-driven convective circulation that

might occur in the lower-viscosity water column.

Instantaneous temperature profiles measured in the five

installations differed somewhat from each other. Also, point

measurements of temperatures measured in the sediment outside the casing

differed somewhat from temperatures measured at the same depth in the

casings. Almost all differences in temperatures occurred within the top

two meters beneath the river bottom, where temperature gradients are the

largest. On several occasions, the differences in temperatures measured

at the same depth in the installations were as much as 1 °C. However,
usually the differences were only several tenths of a degree celsius,

and most often were within the precision of the temperature probe of

+0.1°C._

Although differences were measured, they were small when compared

to the annual amplitude of temperature fluctuation of about 23 °C. Also,
the annual maximum and minimum temperature envelopes formed by the

profiles measured in all five installations, and the maximum and minimum
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temperatures measured in the sediments outside the casing were

essentially identical. These results indicate that all the instruments

tested provided temperature data that were in close agreement with

temperatures that existed in sediments outside the casings. On the

basis of these results, it is concluded that, in installations 32 mm

diameter and smaller, neither a steel nor a PVC casing significantly

affects profiles measured in the casing, and that density-driven

convective circulation of a water column is insignificant.

Ware, Massachusetts Field Site

The Ware site is in the Ware River, southwest of the Town of Ware,

Massachusetts (Figure 6-2). Stratified-drift deposits composed of sand

and gravel about 15 m thick fill the Ware River valley along this reach

of the Ware River. Head differences between the river and the

underlying aquifer at this site indicate that ground-water discharge is

up from the underlying aquifer into the river.

The river bottom for several kilometers in the vicinity of the

site consists of sand and gravel with numerous cobbles. Mostly coarse-

grained sediments ranging from fine sand to sand and gravel were

encountered in test boring PVC50 at the Ware site (Figures 6-2 and 6-3).

Test drilling and seismic refraction surveys in the area indicate that

bedrock occurs at about 14.5 m beneath the river bottom.

Five piezometers were installed at the site for measurement of the

hydraulic and thermal regimes in sediments near and beneath the river.

Piezometer PVC50 (Figure 6-2 and 6-3), which consists of 14.5 m of 32 mm
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diameter PVC pipe with a 60 cm-long slotted screen at the bottom, was

installed beneath the river by a drilling rig in October, 1984. Two 32

mm diameter steel pipes having 32 mm diameter, 45 cm long slotted drive

points at the bottom were hand-driven to depths of 3.4 and 3.5 m into

sediments beneath the river at two locations (piezometers Steell and 2,

respectively) during June, 1985. A fourth piezometer (Stee13) was

driven to a depth of about 4 m below river bottom on the bank of the

Ware River at the same time that Steell and Steel2 were installed.

These four piezometers lie in a line perpendicular to the river at

different locations from the river bank: Steell is in the center of the

river about 12 m from the river bank; Steel2 is in the river about 3 m

from the river bank; PVC50 is located in the river about 1.5 m from the

river bank; and Steel3 is about 1 m from the edge of the river on the

river bank. During drilling of PVC50, an additional piezometer was

installed beside PVC50 for measurement of vertical hydraulic gradients

in sediments beneath the river. This piezometer, PVC20, was screened at

a depth of 650 cm beneath the river bottom.

The stage of the Ware River and water levels in the piezometers at

the Ware site were measured monthly at the same time that temperature

profiles were measured. The range in river stage during the period

October, 1985 to October, 1986 was 32.9 cm. Maximum water-level

fluctuation in the three piezometers located in the river (Steell and 2,

and PVC50) was 33 cm, and maximum water-level fluctuation in Steel 3,

located on the river bank, was 32 cm. Vertical head gradients between

the 14.5 m deep piezometer (PVC50) and the river ranged from about 0.005
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(7.30 cm/14.5 m) to 0.15 (21.6 cm/14.5 m) upward. The average gradient

was 0.01. The heads in all three piezometers installed beneath the

river were higher than the head in the river, indicating that ground-

water flow is up to the river at all three locations.

Physical and Thermal Properties of Sediments

at the Ware Site

During drilling for installation of piezometer PVC50, the drill

hole was carefully logged. The log indicates that sediments from 0 to

345 cm beneath the river bottom are interbedded fine sand and silt with

some clay; from 345 to 650 cm the sediments are fine to coarse sand with

some gravel and clay; and from 650 to 1450 cm the sediments are medium

to coarse sand.

No cores of the sediments beneath the river were collected during

installation of PVC50 for determination of sediment wet- and dry-bulk

densities and thermal properties. However, comparison of drill cuttings

recovered during drilling to those recovered during drilling at the New

Braintree site (discussed later in this chapter) indicate that the

sediments at both sites are similiar, consisting mostly of coarse-

grained sediments ranging from sand to gravel. The wet-bulk density of

sediment at the New Braintree site was estimated to equal 1.9 gm/cm 3 and

the dry-bulk density was estimated to equal 1.6 gm/cm 3 . Using these

data, Lapham (1988) estimated that the thermal conductivity of the

sediments at the New Braintree site was equal to 0.0046 cal/s-cm-°C,

volumetric heat capacity was equal to 0.63 cal/cm 3 -0C, and thermal
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Figure 6-4.-- Temperature of the Ware River at the Ware site.



209

diffusivity was equal to 0.0073 cm 2/s. Using the relation Cv = Cm(D),

the mass specific heat of these coarse-grained sediments was 0.33

cal/gm-°C. Because the sediments at the Ware site are similiar to those

at the New Braintree site, the physical and thermal properties of

sediments at the Ware site were also assumed to be the same as those at

the New Braintree site.

Temporal Variation in Temperature of the Ware River

at the Ware site

The temperature of the Ware River at the Ware site was measured

weekly from October, 1985 to October, 1986. River temperatures were

measured at 9 A.M., or as close to that time as possible. These

temperature measurements were used to estimate the temporal variation in

temperature of the Ware River at the site for use in Equation (4-39).

The river-temperature measurements are shown in Figure 6-4.

During the period between October, 1985 to October, 1986, river

temperature varied in a nearly sinusoidal manner for part of the period,

and remained at 0°C for the remainder of the time. Maximum river

temperature was approximately 25 °C (Figure 6-4), and, therefore, the

semi-amplitude of temperature fluctuation (Tamp ), and the average river

temperature during the time when temperature varied sinusoidally (T ay )

were 12.5°C. Ground-water temperature at depths greater than about 1000

cm beneath the Ware River at the site remained at 10.8 °C within +0.1 C

throughout the period. Using the relation between Tay , Tays , and xx

shown in Figure 4-1, and given that Tay = 12.50C and Tays = 10.8 °C, the

value of xx is calculated to equal 0.0157. Using this value of xx,
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Equation (4-4) indicates that the period of the sinusoidal variation in

river temperature is 315 days, and, therefore, that on the average, the

river temperature at the Ware site remains at 0°C for a period of 50
days during the winter.

Thermal Regime in Sediments at the Ware Site

Temperature profiles in piezometers PVC50 and Steell, 2, and 3

were measured monthly from October, 1985, to October, 1986. Temperature

profiles in these piezometers are shown in Figures 6-5 to 6-8,

respectively.

The general effect of the geothermal gradient on subsurface

temperatures was discussed in Chapter 4. The geothermal gradient causes

an increase in the mean surface temperature at depth beneath the

surface. The mean temperature measured in Ware PVC50 is equal to 10.8 °C
(Figure 6-5), and does not increase with depth beneath the river bottom.

Therefore, there is no evidence of the geothermal gradient affecting

temperatures within the top 1500 cm of sediment beneath the river at the

Ware site.

Comparison of the instantaneous temperature profiles and

temperature envelopes at the three locations beneath the river (at PVC50

and Steell and 2) indicates that the thermal regimes at the three

locations are nearly identical. Instantaneous temperature profiles and

the temperature envelope at Steel3 on the bank about 1 m from the edge

of the river also are similiar to those measured at the three locations

in sediments beneath the river. However, the temperature at the water
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Figure 6-7.--Temperature profiles measured approximately monthly in
piezometer Stee12, at the Ware site, Ware, Massachusetts, and the yearly
temperature envelope described by the temperature profiles.
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table at Steel3 varies from about 1 °C to 23°C, whereas the temperature

of the river varies from 0 °C to 25 °C. Therefore, the amplitude of

temperature fluctuation at the water table 1 m from the river bank is

about 0.88 of that of the river itself. In Chapter 5, thermal

conditions for Simulation 1 (Table 5-2) were that the temperature

variation along the water table near the stream was identical to that in

the stream. Thermal and hydraulic conditions for Simulation 2 were that

the temperature variation along the water table was 0.5 of that of the

stream and horizontal ground-water flow was 0.0 cm/s. Thermal and

hydraulic conditions for Simulation 3 were that the temperature

variation along the water table was 0.5 of that of the stream and

horizontal ground-water flow was toward the stream at a rate of 1x10 -3

cm/s. Comparison of these simulated conditions to those that exist at

the Ware site indicate that thermal conditions at the Ware site fall

somewhere within the range of conditions of Simulations 1 to 3.

One important conclusion of Simulation I was that if the

temperature along the water table varies in exactly the same manner as

that of the stream, then the magnitude of horizontal flow does not

affect thermal conditions in sediments beneath the stream. Results of

Simulation 2 showed that, at a site where the horizontal flow rate is 0

cm/s and amplitude of temperature fluctuation at the water table is 0.5

of that of the stream, temperature profiles beyond a distance of about

100 cm from the edge of the stream are unaffected by the differences in

temperature variation of the water table and the stream. Results of

Simulation 3 showed that, at a site where the horizontal flow rate is
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lx10 -3 cm/s and amplitude of temperature fluctuation at the water table

is 0.5 of that of the stream, temperature profiles beyond a distance of

about 900 cm from the edge of the stream are nearly unaffected by the

differences in temperature variation of the water table and the stream.

These results indicate, therefore, that even if the rate of horizontal

flow at the Ware site is as much as 1x10-3 cm/s, temperature profiles

measured in sediments beneath the river at Steell, which is located

about 1200 cm from the river bank, should be unaffected by thermal

conditions near the river even if the thermal conditions differed by as

much as that for Simulations 2 and 3. Because the profiles in sediments

beneath the river at PVC50 and Steel2 are nearly identical to those of

Steell, it is concluded that neither horizontal flow at the Ware site

nor the slight difference between the temperature variation at the water

table near the stream and that of the stream significantly affect the

thermal regime in sediments beneath the river at PVC50, and Steell and

2.

From each of the four plots of the temperature profiles (Figs. 6-5

to 6-8), the amplitude of temperature fluctuation (the width of the

temperature envelope) at selected depths beneath the river bottom was

determined. These amplitude data, divided by the measured amplitude of

annual river-temperature fluctuation of 25 °C, results in the fraction of

the river-temperature fluctuation that occurred at each selected depth.

The resulting curves of the relation between the log of the fraction of

river-temperature fluctuation and depth beneath the river bottom at the

4 piezometers are shown in Figure 6-9.
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As discussed in Chapter 4, for the simple hydraulic and thermal

conditions assumed in that Chapter, curves of the relation between the

log of the fraction of surface-temperature fluctuation and depth beneath

the surface are essentially linear (Figure 4-17 and 4-18), if the time

during which the surface temperature remains at 0°C is less than about
one-quarter of the total periodic cycle (if xx is less than or equal to

about 0.5). The temperatures of most rivers in New England remain at

00C for no longer than about 4 months during a year. Therefore, the

curve of the relation between the log of the fraction of annual river-

temperature fluctuation and depth beneath the river bottom at nearly

every site in New England should be essentially linear, regardless of

the time that the river temperature at the site remains at 00C, if the

simple thermal conditions assumed in Chapter 4 occur at the site.

Inspection of Figure 6-9 reveals that the temperature-depth

relations at all three locations in the river (at PVC50, and Steell and

2) are essentially coincident and linear. The coincidence of the curves

further affirms the conclusion that thermal conditions at all three

locations are identical, and that neither horizontal flow at the Ware

site nor the slight difference between the temperature variation at the

water table near the stream and that of the stream significantly affect

the thermal regime in sediments beneath the river at PVC50, and Steell

and 2.
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Determination of Vertical Ground-Water Velocity and

Effective Vertical Hydraulic Conductivity

of Sediments at the Ware Site

As discussed in Chapter 4, the slope of the curve of the relation

between the log of the fraction of surface-temperature fluctuation and

depth is directly related to the velocity of vertical ground-water flow.

The slope of this relation at all three locations in sediments beneath

the river at the Ware site are identical. Also, previously it was shown

that this relation is probably unaffected by horizontal flow at the site

or the thermal boundary conditions near the river. Therefore, vertical

ground-water velocity at all three locations at the Ware site is the

same. This velocity can be estimated by determining the best match

between the field-measured curves in Figure 6-9 and one of the family of

curves shown on either Figure 4-17 or 4-18.

Figures 4-17 and 4-18 strictly apply only if the thermal

conductivity and diffusivity of the sediments beneath the site equal

0.0046 cal/s-cm- °C and 0.0073 cm 2/s, respectively. If the thermal

properties differ significantly from those values, a set of curves

similiar to those shown in Figures 4-17 to 4-19 should be constructed

using the equations presented in Chapter 4. Figure 4-20, which shows

the sensitivity of the curves to variation in sediment thermal

properties for three different ground-water velocities, can be used to

assess how different the curves would be from those shown in Figure 4-17

to 19. The thermal conductivity and diffusivity of sediment at the Ware

site were estimated to equal 0.0046 cal/s- cm- °C and 0.0073 cm2/s,
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respectively (See section "Physical and Thermal Properties of Sediments

at the Ware Site"). Therefore, Figure 4-17 or 4-18 can be used directly

to estimate the velocity. The resulting rate of vertical ground-water

flow near piezometers PVC50, and Steell and 2, using the matching

technique described above, is estimated to equal about 7.5x10-6 cm/s.

An alternative method of determining the velocity is to input the

physical and thermal properties of the sediments beneath the river into

Equation (4-39) and to change the velocity in the Equation until the

best match between measured profiles and envelopes and theoretical

temperature profiles and envelopes is achieved. This procedure was

followed using velocities of 0.0, 5x10 -6 , 7.5x10 -6 , and lx10 -5 cm/s

upward. The best match occurred for a velocity of 7.5x10-6 cm/s.

Theoretical profiles and envelopes calculated for this upward velocity

of 7.5x10-6 cm/s are shown in Figure 6-10 for comparison to the field-

measured profiles and envelopes at the four piezometers (Figures 6-5 to

6-8). Values of variables input into Equation (4-39) for Figure 6-10

are those described in the sections "Physical and Thermal Properties of

Sediments at the Ware Site" and "Temporal Variation in Temperature of

the Ware River at the Ware Site".

The effective vertical hydraulic conductivity of sediments beneath

the river at the Ware site can be calculated using the Darcy equation,

given the measured vertical head gradients at the site, and the Darcian

upward flow rate in sediments beneath the river of 7.5x10 -6 cm/s

determined from the temperature data. The average vertical head
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difference across the top 650 cm of sediment composed of interbedded

fine to coarse sand and silt with some gravel and clay was 12.8 cm

(Table 6-1). Therefore, the average gradient across these sediments was

0.020. Using the Darcy equation with an upward vertical velocity of

7.5x10 -6 cm/s and the gradient of 0.020, the effective vertical

hydraulic conductivity of the interbedded fine to coarse sand and silt

is calculated to equal 3.7x10-4 cm/s or 1.1 ft/d (Table 6-1). Using the

same technique, the effective vertical hydraulic conductivity of the

medium to coarse sand is equal to 3.1x10 -3 cm/s (8.8 ft/d), and the

effective vertical hydraulic conductivity of the entire thickness of

aquifer, composed of interbedded fine to coarse sand and silt, with some

gravel and clay, is 7.5x10 -4 cm/s (2.1 ft/d).

Hardwick, Massachusetts Field Site 

The Hardwick site is located in the Ware River about one-half mile

north of the Village of Wheelwright at test boring PVC145 (Figure 6-11).

At this site, lacustrine clay, silt, and fine sand overlie glacial

outwash composed of fine to coarse sand. These glacial sediments partly

fill the bedrock valley that underlies the Ware River along this reach

of the river (Figure 6-12). As indicated in Figure 6-11, the fine-

grained lacustrine deposits extend along the eastern half of the Ware

River valley for about 1 mile north and south of the Village of

Wheelwright and extend south about 1 mile into the Winimusset Brook

valley.
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The river bottom at the Hardwick site consists of a loose mixture

of clay, silt, and organic material about 15 cm thick. Test boring

PVC145 (Figure 6-11 and 6-12) indicates that the sediments in the top 3

m beneath the bottom of the Ware River are composed of clayey, sandy

silt. From 3 to 18.3 m beneath the river bottom, the sediments are

composed of uniform grey lacustrine clay. Beneath this lacustrine cap

of silt and clay is a buried sand aquifer approximately 26 m thick. The

sand aquifer is composed of silty sand from a depth of 18.3 m beneath

the river bottom to 30.5 m, where it grades into medium to coarse sand.

The medium to coarse sand is 13.7 m thick. The bedrock surface occurs

at a depth of 44.2 m beneath river bottom.

Piezometers constructed of 32 mm-diameter PVC pipe with 32 mm-

diameter slotted PVC screens 0.6 m long at their bottoms were installed

at 7.6, 18.3, 22.9, 26.5, 30.5, and 44.2 m beneath the Ware River at the

site. Heads in these piezometers indicate that there is an upper,

shallow flow system and a deep flow system, separated by a stagnation

zone. Ground water above the stagnation zone flows upward and

discharges to the Ware River. Ground water below the stagnation zone

flows down into the buried sand aquifer and then south. The location of

the stagnation zone migrates vertically during the year. During spring,

when recharge is high, the zone migrates downward to depths of from 18.3

to 22.9 m beneath the river bottom. During the remainder of the year,

the stagnation zone is located within the top 7.6 m beneath the river

bottom.
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The stage of the Ware River and water levels in the piezometers at

the Hardwick site were measured monthly at the same time that

temperatures were measured. The range of the river-stage measurements

during the period October, 1985, to October, 1986, was only 24.4 cm.

This small difference in stage is attributed both to the presence of a

check dam downstream at Wheelwright (Figure 6-11) and the large area of

wetland near the site, both of which mitigate extreme fluctuations in

river stage. Maximum water-level fluctuation at the site occurred in

the deepest piezometer, PVC145. The fluctuation was 101.8 cm.

Head gradients between the 7.6 m deep piezometer and the river

varied seasonally from about 0.12 (92.6 cm/7.6 m) to 0.18 (136.6 cm/7.6

m) upward during the period from October, 1985, to October, 1986, and

the average gradient in this piezometer was 0.16 cm/cm. The head in the

7.6 m piezometer always was higher than the head in the river,

indicating that ground-water flow is upward in the top 7.6 m of sediment

beneath the river bottom. Although the vertical gradients within the

top 7.6 m beneath the river at this site are high, vertical ground-water

velocity is probably close to zero because of the low vertical hydraulic

conductivity of the lacustrine silt and clay composing the sediments in

the top 18.3 m beneath the river bottom (Figure 6-12).

Physical and Thermal Properties of Sediments

at the Hardwick Site

Six cores of the sediments within the top 2.1 m beneath the

riverbed of the Ware River at the Hardwick site were collected for

determination of sediment wet- and dry-bulk densities and thermal
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properties. Some of these cores were collected using an open-ended hand

auger and some by hand-driving a 1/2-inch pipe into the sediment and

extracting the cored sediment. These methods of collection undoubtly

disturbed the sediments and affect the in-situ wet- and dry-bulk

densities of the sediments to some extent. Average wet-bulk density of

these six cores was 1.5 gm/cm 3 and average dry-bulk density was 1.0

gm/cm 3 (Table 6-2). Using the average dry-bulk density of 1.0 gm/cm 3 ,

Lapham (1988) estimated that the thermal conductivity of the top 2.1 m

of the saturated sediments (clay, silt, fine sand, and organics, Table

6-2) at the Hardwick site was equal to 0.0022 cal/s-cm-°C, the

volumetric heat capacity was equal to 0.85 cal/cm 3 -°C, and the thermal

diffusivity was equal to 0.0026 cm 2/s. Using the relation Cv = Cm(p),

the mass specific heat of the saturated silts and clays is 0.57 cal/gm-

°C. It was assumed that these thermal properties represent the thermal
properties of the entire top 18.3 m of lacustrine sediments underlying

the site.

Temporal Variation in Temperature of the Ware River

at the Hardwick site

The temperature of the Ware River at the Hardwick site was

measured monthly from October, 1985 to October, 1986. In addition, the

temperature of the Ware River at Hardwick Road about 2.4 kilometers

south of the Hardwick site (Figure 6-11) was measured weekly beginning

in July, 1985. River temperatures were measured at 9 A.M., or as close



Table 6-2.--Physical properties of fine-grained

sediments at the Hardwick site.
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Depth below	 Lithologic	 Hulk density, in

river bottom,	 description	 gm/cm3

in cm Dry Wet

51.8 Silty, sandy clay, some
organics

0.8 1.2

64.0 Clayey silt, some fine

sand

.9 1.2

100.6 Silt and clay, some fine
sand

1.0 1.4

128.0 Silty clay 1.1 1.4

164.6 Fine to very fine sand
and silt

1.2 1.8

216.4 Fine sand with silt 1.0 1.8

Average 1.0 1.5
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to that time as possible. These two sets of temperature measurements

were used to estimate the temporal variation in temperature of the Ware

River at the Hardwick site for use in Equation (4-39).

The river-temperature measurements are shown in Figure 6-13.

During the period between October, 1985 to October, 1986, river

temperature varied in a nearly sinusoidal manner from about October to

December, 1985 and from about March to October, 1986, and remained at

0°C for the remainder of the time. Maximum river temperature was
approximately 23 °C (Figure 6-13), and, therefore, the semi-amplitude of
temperature fluctuation (Tamp ) and the average river temperature (T ay )

during the time when river temperature varied sinusoidally was 11.5 °C.
Ground-water temperature at depths greater than about 1500 cm beneath

the Ware River at the Hardwick site remained at 9.8°C within +0.1 °C
throughout the period. Using the relation between Tay , Tays , and xx

shown in Figure 4-1, and given that Tay = 11.5.°C and 'rays = 9.8°C, the
value of xx is calculated to equal 0.173. Using this value of xx,

Equation (4-4) indicates that the period of the sinusoidal variation in

river temperature is 310 days, and, therefore, that on the average the

temperature of the Ware River at the site remains at 0 °C for a period of
55 days during the winter.
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Thermal Regime in Sediments

at the Hardwick Site

Temperature profiles in Hardwick Stee150 to a depth of about 15.3

m (Figure 6-14) and in piezometer PVC145 to a depth of 4420 cm (not

shown) were measured monthly from October, 1985, to October, 1986.

Stee150 is located beside piezometer PVC145 (Figure 6-11 and 12), and is

a 32 mm diameter steel pipe, closed at the bottom, and filled with

mineral oil. Temperature profiles measured in both piezometers were

virtually identical to each other.

The general effect of the geothermal gradient on subsurface

temperatures was discussed in Chapter 4. The geothermal gradient causes

an increase in the mean surface temperature at depth beneath the

surface. Mean temperatures measured in both Hardwick Stee150 and PVC145

were equal to 9.8 °C (Figure 6-14) and did not increase with depth
beneath the river bottom. Therefore, there is no evidence that the

geothermal gradient significantly affects temperatures within the top

4400 cm of sediment beneath the river at the Hardwick site.

The six piezometers and Stee150 at the Hardwick site all were

installed in the Ware River within about 100 cm of the river bank. The

river bank at the site rises about 100 cm from the river bottom. Depth

to the water table within 4 m of the river bank is less than about 100

cm. As discussed in Chapter 5, temperature profiles measured in

sediments near the edge of a stream may be affected by the thermal

regime in sediments adjacent to the stream. Therefore, profiles
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measured in Stee150 may be affected not only by the manner in which the

temperature of the Ware River varies over time, but also by the thermal

regime in sediments near the River.

The effects of horizontal flow and thermal conditions near a

stream on temperatures in sediments beneath the river are shown in

Figure 5-25. Figure 5-25 describes the amplitude of dimensionless

temperature fluctuation in sediments at a depth beneath the river bottom

of 187.6 cm. For Figure 5-25, it is also assumed that the thermal

diffusivity of the saturated sediments is 0.0073 cm2/s. At the Hardwick

site, the thermal diffusivity is estimated to equal 0.0026 cm 2 /s, and

the depth to the water table near the river is about 100 cm.

Consequently, thermal and hydraulic conditions assumed in Figure 5-25

differ from those that occur at the Hardwick site. However, the results

shown in Figure 5-25 still can be applied at the Hardwick site.

Equation (3-27) indicates that for saturated sediments with a thermal

diffusivity of 0.0026 cm 2/s, temperature fluctuation at the water table

near the river is reduced to 0.5 of that at the surface at a depth of

112 cm. Consequently, damping of the surface-temperature wave to about

0.5 of that at the surface occurs at a depth of 187.5 cm in sediments

with a thermal diffusivity of 0.0073 cm 2/s, and at a depth of about 100

cm in sediments with a thermal diffusivity of 0.0026 cm2/s. Therefore,

Figure 5-25 probably can be used to estimate the effects of thermal

conditions near the Ware River at the Hardwick site on profiles in

sediments beneath the river at that site.
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Figure 5-25 indicates that the amplitude of temperature

fluctuation in sediments beneath a river at a depth of 187.6 cm and at a

location 100 cm from the river bank will be reduced to about 0.90 of

that in sediments beneath the river bottom at that same depth but at a

distance far from the river bank toward the center of the stream. This

reduction to 0.90 applies if horizontal ground-water flow is 0.0 cm/s.

The horizontal flow rate at the Hardwick site probably is very close to

0.0 cm/s because of the presence of the low-conductivity lacustrine clay

comprising the top 18 m of sediment at the site. On the basis of Figure

5-25, therefore, it is concluded that profiles measured in sediments

beneath the Ware River at the Hardwick site 100 cm from the river bank

(at Stee150) would be essentially unaffected by thermal conditions in

sediments near the River.

Determination of Vertical Ground-Water Velocity and

Effective Vertical Hydraulic Conductivity

of Sediments at the Hardwick Site

Additional information regarding the hydrology at the Hardwick

site is obtained by studying the relation between the log of the

fraction of river-temperature fluctuation and depth beneath the river

bottom. From the plot of the temperature profiles at Stee150 (Figure 6-

14), the amplitude of temperature fluctuation (the width of the

temperature envelope) at selected depths beneath the river bottom was

determined. These amplitude data, divided by the measured amplitude of

annual river-temperature fluctuation of 23°C, results in the fraction of
the river-temperature fluctuation that occurred at each selected depth.
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The resulting curve of the relation between the log of the fraction of

river-temperature fluctuation and depth beneath the river bottom at

Hardwick Stee150 is shown in Figure 6-15. As discussed in Chapter 4 and

the section of this chapter regarding thermal conditions at the Ware

site, for the simple hydraulic and thermal conditions assumed in Chapter

4, the slope of the curve of the log of the fraction of surface-

temperature fluctuation and depth is related to the velocity of vertical

ground-water flow. Therefore, the vertical rate of ground-water flow at

the Hardwick site could be estimated by determining the best match

between the field-measured curve in Figure 6-15 and one of the family of

curves similiar to that shown in either Figure 4-17 or 4-18.

Figures 4-17 and 4-18 strictly apply only if the thermal

conductivity and diffusivity of the sediments beneath the site equal

0.0046 cal/s-cm-0C and 0.0073 cm 2/s, respectively. Because the thermal

properties at the Hardwick site differ from these values, Figure 4-20,

which shows the sensitivity of the curves to variation in sediment

thermal properties for three different ground-water velocities, first

must be used to determine if Figure 4-17 is applicable for estimating

velocity at the Hardwick site.

The thermal conductivity at the Hardwick site is estimated to

equal 0.0022 cal/s-cm- °C and the thermal diffusivity is estimated to

equal 0.0026 cm2 /s, as discussed previously. These thermal properties

are closest to the values of these properties used for simulations A, E,
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and I in Table 4-1 and Figure 4-20. Simulation A in that table is for a

vertical flow rate of 5x10 -5 cm/s upward from the underlying sediments

toward the surface, simulation E is for a flow rate of 0.0 cm/s, and

simulation I is for a flow rate of 5x10 -5 cm/s downward from the surface

into the underlying sediments. The thermal conductivity of 0.0046

cal/s-cm-0C and thermal diffusivity of 0.0073 cm 2/s assumed for Figure

4-17 are the same as the properties assumed in simulations C, G, and K

in Table 4-1 and Figure 4-20. Therefore, the effect of the difference

in thermal properties at the Hardwick site from those that apply to

Figure 4-17 can be estimated by comparing curves A and C, E and G, and I

and K in Figure 4-20. Hydraulic gradients in sediments within the top

15 m beneath the river at the Hardwick site indicate that flow is

upward. Therefore, simulation I does not apply. Comparison of

simulations A and C, and simulations E and G in Figure 4-20 indicate

that the differences in thermal properties result in significant

differences in the slope of the curve relating fraction of surface-

temperature and depth. Consequently, matching Figure 6-15 to one of the

family of curves in Figure 4-17 for determination of vertical velocity

at the Hardwick site may result in significant error in the estimate of

velocity. However, comparison of Figure 6-15 to curves G and C in

Figure 4-20 does indicate that the ground-water velocity at the site is

upward at a rate somewhere between 0.0 cm/s and 5x10 -5 cm/s.

Determination of the actual velocity at the site could be made by

constructing a family of curves similiar to that shown in Figure 4-17

•using the thermal properties measured at the site. An alternative
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approach is to use Equation (4-14) to simulate theoretical monthly

temperature profiles and the yearly temperature envelope at the Hardwick

site. Ground-water velocity is varied in Equation (4-14) until the best

match between model-simulated temperatures and measured temperatures is

achieved. Values of the physical and thermal properties used in

Equation 4-14 were: Wet-bulk density = 1.5 gm/cm 3 ; thermal conductivity

= 0.0022 cal/s -cm-°C; and volumetric heat capacity = 0.85 cal/cm 3 - °C

(thermal diffusivity = 0.0026 cm 2/s). As described previously in this

chapter, the semi-amplitude (T amp ) and average temperature (Tay ) during

the 305 days that river temperature varied sinusoidally was 11.5 °C,

average river temperature during the entire year (Tays ) was 9.8 °C, and,

therefore, from Figure 4-1, the value of xx is 0.177.

The model-simulated temperatures that best fit the field-measured

temperatures resulted from simulating a ground-water velocity of between

0.0 and 5x10 -7 cm/s (Figure 6-16). Simulated temperatures within this

range of velocities are almost identical. Comparison of the match

between measured (Figure 6-14) and simulated (Figure 6-16) profiles

indicates that the thermal conductivity and/or the thermal diffusivity

of the sediments at the site may be somewhat greater than the values

estimated using sediment cores collected at the site because measured

temperature fluctuation at the site at depth is somewhat larger than

that simulated.

The maximum measured vertical head difference across the top 7.6 m

of sediment beneath the river bottom between October, 1985, and October,

1986, was 136.6 cm (Table 6-2), and the minimum head difference was 92.6
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cm. The maximum gradient across the top 7.6 m of sediment, therefore,

was 0.18 upward, and the minimum gradient was 0.12. Given the maximum

upward velocity of 5x10-7 cm/s determined from the temperature data and

the maximum gradient of 0.18 cm/cm, the maximum vertical effective

hydraulic conductivity using Darcy's Equation is equal to 2.8x10 -5 cm/s

for the top 7.6 m of lacustrine silts and clays underlying the site.

New Braintree, Massachusetts Field Site 

The New Braintree site is located about 2.4 kilometers southwest

of the Hardwick site in the Ware River (Figure 6-11). This site was

selected because it is underlain by coarse-grained sediments along a

river reach where ground-water discharges to the river. Ground-water

discharge at this site was anticipated to be high because the site is

located just southwest of the western edge of the lacustrine clay cap

that overlies the buried sand aquifer at the Hardwick site (Figure 6-

11). As discussed previously, ground-water _appears to flow south-

southwest in the buried sand aquifer in the vicinity of the Hardwick

site, partly because it is unable to discharge upward to the Ware River

through the low-conductivity lacustrine clay cap. Flow probably

continues south-southwest in the buried aquifer until it reaches the

western edge of this clay cap, beyond which it discharges upward to the

river.

The river bottom for several kilometers in the vicinity of the New

Braintree site consists of sand and gravel with numerous cobbles. Only
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coarse-grained sediments ranging from fine sand to sand and gravel were

encountered in test boring PVC27 at the New Braintree site (Figure 6-11

and 6-17). Refusal occurred at 8.2 m beneath the river bottom. Data

The river bottom for several kilometers in the vicinity of the New

Braintree site consists of sand and gravel with numerous cobbles. Only

coarse-grained sediments ranging from fine sand to sand and gravel were

encountered in test boring PVC27 at the New Braintree site (Figure 6-11

and 6-17). Refusal occurred at 8.2 m beneath the river bottom. Data

from seismic refraction lines in the area and cuttings from the bottom

of the test hole at PVC27 indicate that refusal was on bedrock.

Two stream discharge measurements were made on 08/12/86 to provide

an independent estimate of ground-water discharge near the New Braintree

site. Stream discharge at the upstream end of the reach, just north of

PVC27, was 2.011 m 3/s (71.01 ft 3/s); and discharge at the downstream end

of the reach, 2.6 km to the south, was 2.083 m 3/s (73.56 ft 3/s). The

gain in discharge, 0.072 m 3/s (2.55 ft 3/s), divided by the area of

streambed along the reach, approximately 40,000 m 2 , results in an

average upward velocity along the reach of 1.8x10 -4 cm/s. Field

measurements of stream discharge that are classified as good are only

within +5 percent of actual discharge (U.S. Geological Survey, 1971).

The two discharge measurements made on 08/12/86 were classified as good.

Therefore, by assuming a +5 percent error in each measurement of

discharge, the change in discharge along the reach could range from a

loss in discharge of 0.133 m 3/s (4.68 ft 3/s) to a gain of 0.277 m3/s
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(9.78 ft 3/s). This range of estimates results in a possible range of

ground -water velocities along the reach of from 3.3x10 -4 cm/s (0.95

ft/d) downward to 6.9x10 -4 cm/s (1.97 ft/d) upward. The large range in

average velocity and the fact that the direction of flow can be eitner

up from the underlying sediments to the river or down from the river

into the underlying sediments demonstrate the necessity of having a high

ratio of change in discharge along a reach to actual stream discharge

for accurate determination of ground-water velocity using stream-

discharge measurements.

Five piezometers were installed at different locations in the Ware

River in the vicinity of the New Braintree site for measurement of the

thermal regime in sediments beneath the river, water levels, and

hydraulic gradients. Four 32 mm diameter steel pipes having 32 mm

diameter, 45 cm long slotted drive points at the bottom were hand-driven

to depths of 3.8, 5.1, 5.0 and 5.2 m in the sediments beneath the river

at four locations (Steel piezometers 1-4, respectively) during June,

1985. A fifth piezometer, PVC27 (Figure 6-11 and 6-17), which consists

of 7.6 m of 32 mm diameter PVC pipe with a 60 cm-long slotted screen at

the bottom, was installed beneath the river by a drilling rig in

October, 1985 near Steell. Steell is about 2.5 m from the eastern bank

of the Ware River about 1.8 m downstream from PVC. Steel2 is in the

center of the river about 11.2 m from Steell. Steel3 and 4 are about 82

m upstream from Steel piezometers 1 and 2. Steel3 is within about 2.5 m

of the eastern bank of the river and Steel4 is in the center of the

river about 7.0 m from Stee13.
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Physical and Thermal Properties of Sediments

at the New Braintree Site

During the drilling of test hole PVC7, two split-spoon cores of

the sediments underlying the river were taken to determine wet- and dry-

bulk densities (Table 6-4) and sediment thermal properties. The first

sample was collected with a split-spoon sampler from 0 to 0.3 m beneath

the river bottom and consisted of mixed fine sand to gravel. The second

sample was collected with a split-spoon sampler at a depth of 2.1 to 2.7

m beneath the river bottom, and consisted of fine sand. Although the

split-spoon samples consisted predominately of fine sand, the wash

samples from the drive-and-wash drilling indicated that fine to coarse

sand and gravel is present throughout the top 8.2 m of sediment beneath
•

the river bottom. The wet-bulk density of both samples was 1.9 gm/cm 3

and the dry-bulk density of both samples was 1.6 gm/cm 3 . Using these

data, Lapham (1988) estimated that the thermal conductivity of the

sediments at the New Braintree site was equal to 0.0046 cal/s-cm- 0C,

volumetric heat capacity was equal to 0.63 cal/cm 3 -°C, and thermal

diffusivity was equal to 0.0073 cm 2/s. Using the relation Cv = Cm(p),

the mass specific heat of these sediments is 0.33 cal/gm-°C.

Temporal Variation in Temperature of the Ware River

at the New Braintree Site

Measurements of the temperature of the Ware River at the Hardwick

and New Braintree sites are shown in Figure 6-13. Monthly concurrent



Table 6-4.--Physical properties of coarse-grained
sediments at the New Braintree site.
gm/cm3 , grams per cubic centimeter

Depth below	 Lithologic	 Bulk density, in
river bottom,	 description	 gm/cm3

in meters	 Dry	 Wet

0.0 - 0.3 fine sand with
some gravel

1.6 1.9

2.1 - 2.7 fine sand	 - 1.6 1.9

Average	 1.6	 1.9
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measurements indicate that the yearly variation in temperature of the

river at both sites was nearly identical during the period October,

1985, to October, 1986. However, the difference in ambient ground-water

temperature between the Hardwick and New Braintree sites suggests that

there is a small difference in the average annual temperatures of the

Ware River at the two sites. As described previously, ground-water

temperatures at the Hardwick site at depths greater than about 850 cm

all were within +0.1 °C of 9.8°C during the entire period October, 1985
to October, 1986 (Figure 6-14). Ground-water temperatures in sediments

beneath the center of the Ware River at the New Braintree site at depths

greater than 500 cm all were within +0.1 0C of 9.2°C during the same
period.

As discussed previously and as shown in Figure 6-13, the

temperature of the Ware River from October, 1985 to October, 1986 varied

in a nearly sinusoidal manner for part of the time, and remained at 0 °C
for the remainder of the time. Maximum river temperature was

approximately 23 °C, and, therefore, the semi-amplitude of temperature
fluctuation (Tamp ), and the average river temperature during the time

when temperature varied sinusoidally (T ay ) were 11.5 °C. Ground-water
temperatures at depths greater than about 500 cm in sediments beneath

the center of the Ware River at the New Braintree site were 9.2 °C. From
Figure 4-1, given that T av = 11.5 °C and 'rays = 9.2 °C, the value of xx is
calculated to equal 0.25. Using this value of xx, Equation (4-4)

indicates that the period of the sinusoidal variation in river
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temperature is 292 days, and, therefore, that on the average the Ware

River at the New Braintree site remains at 0 °C for a period of about 73

days during the winter.

Thermal Regime in Sediments at the

New Braintree Site

Temperature profiles in piezometers PVC27 and Steell-Steel4 were

measured monthly from October, 1985, to October, 1986. The temperature

profiles measured in these piezometers are shown in Figures 6-18 to 6-

22. The temperature profiles and envelopes at Stee12, 3, and 4 look

similiar to the theoretical profiles and envelopes shown in Chapters 3-

5, whereas, the profiles and envelopes at PVC27 and Steell look

significantly different. The differences suggest that .thermal

processes near PVC27 and Steell may be more complex than the processes

discussed in Chapters 3-5.

Two conclusions can be made regarding the characteristics of the

profiles and envelopes measured in piezometers Stee12, 3, and 4. These

conclusions are that: (1) ambient ground-water temperature is about

9.2 0C; and (2) the depth below which ground-water temperatures fluctuate

less than about +0.1 °C range from about 300 cm in Steel3 to about 500 cm

in Stee14. These depths are relatively shallow when compared to the

depth of about 1000 cm in Ware PVC50 (Figure 6-5), a site also underlain

by a sand and gravel aquifer and from which ground-water flow is

estimated to discharge to the river at a rate of 7.5x10-6 cm/s (Table 6-

1). The relatively shallow depths suggest that upward ground-water

velocity at the New Braintree site may be considerably higher than at
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the Ware site. The differences in the depths below which temperature

fluctuation is less than about +0.1°C in Stee12, 3, and 4 at the New
Braintree site also suggest that the rate of ground-water discharge to

the river varies somewhat from point to point along this reach of the

Ware River. The differences in the rate of discharge probably are

attributed to point-to-point variability in geology and streambed

lithology along the reach.

As mentioned above, the profiles and envelopes measured in Stee12,

3, and 4 look similiar to several of the theoretical profiles and

envelopes shown in Chapters 3-5, particularily those for upward flow

rates (Figures 4-7 and 4-10), whereas the profiles and envelopes in

PVC27 and Steell do not. During measurement of temperature profiles in

both PVC27 and Steell during the summer of 1986, river temperature was

greater than 20 °C but immediately beneath the top of the river bed,
temperatures at PVC27 and Steell dropped to about 10 °C (Figures 6-18 and
6-19). A 10 °C increase in temperature in sediments immediately beneath
the river bottom at these two piezometers occurred during the winter.

The steep temperature gradient in sediments immediately beneath the

river bottom suggests that a high rate of upward ground-water flow

occurs near PVC27 and Steell (See Figures 4-7 and 4-10). However,

unlike the theoretical profiles shown in Figures 4-7 and 4-10, in which

temperature fluctuation at a depth of about 600 cm is less than 0.ul of
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Figure 6-19.--Temperature profiles measured approximately monthly in
piezometer Steell, at the New Braintree site, New Braintree,
Massachusetts, and the yearly temperature envelope described by
thetemperature profiles.
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thetemperature profiles.



255

-150               

150    

LI
1--

300

LA.1

.450

0 600

o
03

1.4.1	 750

FIE

900
LI

La.1
03
X 1050

Lii
o

1200

1350

1500                   
—5	 0	 5	 10	 IS	 20

	
23

GROUND-WATER TEMPERATURE, IN DEGREES CELSIUS

Figure 6-22.--Temperature profiles measured approximately monthly in

piezometer Stee14, at the New Braintree site, New Braintree,

Massachusetts, and the yearly temperature envelope described by the

temperature profiles.



256

the surface-temperature fluctuation, temperature fluctuation at this

depth in PVC27 and Steell are more than 0.05 of the river-temperature

fluctuation. This comparison of theoretical to measured profiles

suggests that the hydraulic and thermal regime in sediments near PVC27

and Steell is more complex than the regimes considered in Chapters 4 and

5, than those determined for the Ware and Hardwick sites, and than those

that occur at piezometers Stee12, 3, and 4 nearby.

Further understanding of thermal processes at the New Braintree

site is achieved by comparing curves of the relation of the fraction of

river-temperature fluctuation and depth at the 5 piezometers. Using

each of the five plots of the temperature profiles (Figs 6-18 to 6-22),

the amplitude of temperature fluctuation (the width of the temperature

envelope) at selected depths beneath the river bottom was determined.

Using these amplitude data and the measured amplitude of annual river-

temperature fluctuation of 23°C, the fraction of the river-temperature
fluctuation that occurred at each selected depth was calculated, and

then plotted as a function of the depth beneath the river bottom. The

resulting curves of the relation of the log of the fraction of river-

temperature fluctuation and depth beneath the river bottom at the 5

piezometers are shown in Figure 6-23.

As shown in Chapter 4 (Figures 4-17 and 4-18), and as discussed

for the Ware and Hardwick sites, for the simple hydraulic and thermal

conditions assumed in Chapter 4, curves of the relation of the log of

the fraction of river-temperature fluctuation and depth are essentially

linear , regardless of fluid velocity, if hydraulic and thermal
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conditions assumed in Chapter 4 are valid. Furthermore, for several of

the hydraulic and thermal regimes simulated in Chapter 5 at distances

far into the stream from the stream's edge, this relation is unaffected

by both horizontal flow and the thermal regime near the stream (Figure

5-11; and Figure 5-18, Simulation 2 for X = 1500 cm). However, for the

more complex hydraulic and thermal conditions simulated in Chapter 5,

both the linearity of the curve relating temperature fluctuation and

depth and the slope of this curve may be affected by horizontal flow and

the thermal regime near the stream (Figures 5-24, 5-32, 5-38, and 5-44).

The river bank along the Ware River at the New Braintree site

rises steeply and is as much as 2 m high. The depth to the water table

near the river at the site, therefore, may be as deep as 200 cm.

Therefore, thermal processes occu;ring at the New Braintree site

probably are similiar to those of Simulations 2 and 3 in Chapter 5. For

these two simulations, the depth to the water table near the stream is

187.6 cm. Piezometers Steel2 and 4 both are located near the center of

the Ware River. Steel2 is located about 1370 cm from the river bank,

and Steel4 is located about 950 cm from the river bank. Assuming

hydraulic and thermal conditions exist at the New Braintree site which

are similiar to those assumed for Simulations 2 and 3 (Table 5-2 in

Chapter 5), even with the high horizontal flow rate of 1x10 -3 cm/s of

Simulation 3, the thermal regime beyond about 900 cm from the river bank

are essentially unaffected by either the thermal regime near the stream

or horizontal flow. Therefore, the slopes of the curves for Steel2 and
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4 in Figure 6-23 are dependent only on the rate of vertical ground-water

flow to the river.

Piezometer Steel3 is located between Steel4 and the bank of the

Ware River, about 250 cm from the river bank. Comparison of Figures 5-

13 and 5-6 at the location X = 300 cm toward the center of the stream

indicates that, for thermal boundary conditions near the stream for

Simulation 2 (Table 5-2), a horizontal flow rate of 0.0 cm/s has

virutally no effect on profiles at that location. However, comparison

of Figures 5-19 and 5-6 at that same location indicates that, for the

same thermal boundary conditions near the stream, a horizontal flow rate

of 1x10-3 cm/s (Simulation 3) has the effect of compressing profiles

upward slightly toward the bottom of the stream. Therefore, if

horizontal flow near Steel3 is high, the upward vertical flow rate

determined using temperature measurements at that site might be somewhat

higher than the actual rate of vertical flow.

As discussed previously, comparison of the temperature profiles

and envelopes measured in piezometers PVC27 (Figure 6-18) and Steel].

(Figure 6-19) to the theoretical ones presented in Chapters 4 and 5

suggest that the thermal regime in sediments near those two piezometers

may be more complex than the regimes studied in Chapters 4 and 5. The

curves showing the relation between the fraction of river-temperature

fluctuation and depth at these 2 piezometers (Figure 6-23) support this

conclusion. The curve for PVC27 has a significant increase in slope at

a depth of about 30 cm. Also, within the top 30 cm beneath the river

bottom, temperature fluctutations are reduced to about 0.2 of the
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temperature fluctuation in the river. The curve for Steell has an

increase in slope that occurs at about a depth of 100 cm. At a depth of

about 200 cm the slope decreases again to the same slope that occurs

within the top 100 cm beneath the river. Furthermore, even though PVC27

and Steell are located within about 1.8 meters of each other and both

are located about 2.5 m from the river bank, the curves for these two

piezometers in Figure 6-23 differ from each other. Consequently,

thermal processes at these two locations apparently differ. No

temperature-depth relations similiar to those measured in PVC7 and

Steell occur for any of the combinations of hydraulic and thermal

regimes investigated in Chapters 4 or 5. Therefore, the hydraulic

and/or thermal processes near PVC7 and Steell apparently are more

complex than those considered in hose Chapters. Several possible

explanations that could account for the complexity of the thermal regime

near these two piezometers are that: (1) significant variation in the

thermal properties of the sediments both laterally and/or with depth

occurs in the vicinity of the piezometers; (2) the vertical rate of flow

in sediments within the top several hundred centimeters beneath the

river bottom changes significantly; and (3) locally ground-water flow is

extremely complex. Thermal properties could vary significantly and the

flow regime could be extremely complex in the vicinity of the

piezometers because of variations in sediment grain size and lithology.

For example, a large boulder or a discontinous clay lense might be

present at the site. No evidence of either a boulder or clay was found

during the drilling and split-spoon sampling. However, large local
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vertical and lateral variability in sediment grain size and lithology

is commonly encountered in glacial deposits in New England.

Determination of Vertical Ground-Water Velocity

and Effective Vertical Hydraulic Conductivity

of Sediments at the New Braintree Site

As discussed in the previous section, Piezometers Steel2 and 4

both are located near the center of the Ware River. These two

piezometers are located far enough from the edge of the Ware River that

neither the thermal conditions near the river nor horizontal flow

significantly affect the thermal regime measured at those two

piezometers within the top 250 cm beneath the river bottom. Therefore,

the slopes of the curves for Steel2 and 4 in Figure 6-23 are dependent

only on the rate of vertical ground-water flow to the river. Thermal

properties determined from field measurements at the New Braintree site

were those also assumed in Figure 4-17. Therefore, vertical flow rates

at Steel2 and 4 can be determined directly by comparing the curves at

the two piezometers to the family of curves in Figure 4-17. Comparison

indicates that vertical flow at Steel2 is upward at a rate of 4x10 -5

cm/s and that vertical flow at Steel4 is upward at a rate of 3x10 -5

cm/s. Similiar comparison of the curve at piezometer Steel3 to the

family of curves in Figure 4-17 indicates that the vertical flow at

Steel3 is upward at a rate of about 7x10 5 	As noted previously,

analysis of probable thermal conditions near Piezometer Stee13, which is

located between Steel4 and the bank of the Ware River, indicated that,
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if horizontal flow near the piezometer is high, the upward vertical flow

rate determined from temperature measurements might be somewhat higher

than the actual flow rate at that location. No estimates of the

vertical flow rates at piezometers PVC27 and Steell were possible

because thermal processes near the piezometers appear to be more complex

than the thermal processes considered in this investigation. Therefore,

the thermal processes occurring at these two locations remains poorly

understood.

An alternative method of determining flow rates at piezometers

Stee12, 3, and 4 is to input the physical and thermal properties of the

sediments beneath the river into Equation (4-39) and to change the

velocity in the Equation until the best match between measured profiles

and envelopes and theoretical temperature profiles and envelopes is

achieved. Theoretical profiles and envelopes calculated for a velocity

of 0.0 cm/s and for an upward velocity of 5x10-4 cm/s are shown in

Figures 6-24 and 6-25 for comparison to the field-measured profiles and

envelopes at Steel 2, 3, and 4 (Figures 6-20 to 6-22). Values of

variables input into Equation (4-39) are described in the sections

"Physical and Thermal Properties of Sediments at the New Braintree Site"

and "Temporal Variation in Temperature of the Ware River at the New

Braintree Site". The physical and thermal properties of the sediments

beneath the river used in Equation (4-39) were: Wet-bulk density = 1.9

gm/cm 3 ; thermal conductivity = 0.0046 cal/s-cm-°C; and volumetric heat

capacity = 0.63 cal/cm3-°C.
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The effective vertical hydraulic conductivities of sediments

beneath the river at the New Braintree site can be calculated using the

Darcy equation, given the measured vertical head gradients, and the

upward flow rates in sediments beneath the river determined at each of

the piezometers using the temperature data. The effective vertical

hydraulic conductivity of the mixed sand and gravel at the site (Table

6-5) ranges from 1 x10-3 to 4.4x10-3 cm/s.
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CHAPTER 7

SUGGESTIONS FOR FUTURE RESEARCH

Use of temperatures measured in sediments beneath streams provides

an alternative method of determining flow rates in, and hydraulic

conductivities of, stream-aquifer systems. Application of the method at

the three field sites demonstrates the feasibility of the method to

distinguish differences in ground-water velocities and in hydraulic

conductivities between sites. The estimates of velocities and

conductivities determined at the three field sites generally fall within

the ranges of expected rates of flow in, and conductivities of,

lacustrine silt and clay, and outwash sand and gravel. The method can

be used both where ground water discharges to streams, as demonstrated

in this dissertation, and where stream water infiltrates into the

underlying sediments (Lapham, 1988).

The thermal regime at two adjacent piezometers at the New

Braintree field site was markedly different from all regimes simulated

in Chapters 4 and 5. The lack of agreement between the regime near

these piezometers and those simulated suggests that hydraulic and/or

thermal processes in the vicinity of these piezometers are extremely

complex. It was hypothesized that the complexity of the hydraulic and

thermal regime might be attributable to either a very complicated

localized flow field, or significant variation in the thermal properties

of the sediments in the vicinity of the piezometers, or both. The

possibility that a complicated localized flow field and/or variation in
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thermal properties of sediments could have significant effects on

thermal regimes suggests that the validity of three assumptions made for

this investigation may warrant future study. These three assumptions

are that vertical ground-water velocity does not vary over time, that

vertical ground-water velocity does not vary with depth beneath the

stream, and that the thermal properties of the sediments are constant

over time and with depth.

The first assumption that ground-water velocity does not vary over

time may not be valid along stream reaches where ground water discharges

to streams. The variation in rate of ground-water discharge commonly is

observed as a gradual decrease in stream discharge over time during

prolonged baseflow conditions. Although the magnitude of this variation

may not be significant over a diurnal cycle, it may be significant over

an annual cycle. Another factor that may cause variation in ground-

water velocity is the dependence of the flow rate on fluid viscosity.

The hydraulic conductivity of the saturated sediments is indirectly

related to fluid viscosity, and fluid viscosity is indirectly related to

fluid temperature. Therefore, as ground-water temperatures change over

a diurnal or annual cycle, the rate of ground-water flow also may

change.

The second assumption that vertical ground-water velocity does not

vary with depth beneath the stream may not be valid along reaches where

ground water discharges to the stream and where stream water infiltrates

into the underlying sediments. In the immediate vicinity of the stream,

ground -water velocity increases as ground water flows toward the stream,
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and decreases as ground water flows away from the stream. The changes

in velocity occur because flow converges as it approaches a stream, and

flow diverges as it leaves a stream. The magnitude of this change

largely depends on the geometry of the stream-aquifer system. In

addition to convergence and divergence of flow causing variation in

velocity, the presence of heterogeneities in the porous media also could

cause local variation in velocity.

In this and most other studies, it is assumed that there is no

areal variation in the thermal properties of the sediments. However,

sediment lithology, grain size, bulk density, and packing can be highly

variable in glacial and fluvial deposits. This variability may result

in significant variation in thermal properties of the sediments.

One aspect of the data analysis described in this study that

warrants refinement is the method used to indirectly determine the

vertical velocity. The method used in this study was to simulate

theoretical temperature profiles at several times during the year for

several different velocities. Measured temperature profiles were then

compared to the theoretical profiles, and the best visual match of the

profiles determined. The velocity that resulted in the best match of

theoretical and measured profiles was the velocity determined at the

site. This visual curve matching may introduce subjective bias into the

estimate of velocity. A parameter estimation technique, which contains

an optimization procedure for parameter correction based on minimizing

temperature residuals, is a more objective technique for determining
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velocity. The technique also would enable statistical description of

the uncertainity of the estimate of velocity.

The vertical velocity determined using the method described in

this study is a mean Darcy velocity. This mean Darcy velocity divided

by the porosity of the sediments equals the mean pore velocity. Actual

pore velocities vary from point to point, however, because of velocity

variations within and between pore channels. Thus the transport of heat

through the medium is controlled not only by conduction and convection

of heat, but also by hydrodynamic dispersion of heat as a consequence of

velocity variations within and between pore channels. The effect of

hydrodynamic dispersion of heat on thermal regimes in sediments near

streams warrants investigation.

The method presented in this investigation has been applied to

stream-aquifer systems. However, the method also might have application

for determination of flow rates and conductivities in other hydrologic

settings as well. Two such settings are lakes and along ground-water

divides.

Knowledge of the hydrology of lakes is important because lakes are

a valuable water resource. Lakes are valued for their aesthetic and

recreational uses, for water supply, and for flood control. These

multiple uses often conflict. Knowledge of the locations and rates of

flow to and from lakes is an important first step in proper management

of this resource. Flow rates might be determined using the method

presented in this investigation.
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Knowledge of the rate of recharge to an aquifer is important

information in many ground-water studies. For example, the recharge

rate is required for input into numerical models that simulate ground-

water flow in aquifers. Recharge rates along ground-water divides,

where flow is essentially vertical, might be determined using the method

presented in this investigation.
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APPENDIX A

LIST OF SYMBOLS

Special Notation

a	 Partial derivative.

d	 Total derivative.

S Integral.

Greek Lowercase

Thermal diffusivity of the porous media (solid-
fluid matrix, where a = (Cvp/k), in cm 2 s -1 .

Thermal diffusivity of the solid grains, in
2 -cm s 1 .

Thermal diffusivity of the fluid, in cm2 s-1 .

Parameter defined by Bredehoeft and Papadopulos
(1965), where B = (CmwpwvzL)/k, dimensionless.

Porosity of the matrix, dimensionless.

Vertical compressibility of the matrix, in
(cm s 2 gm )-1 .

Vertical compressibility of the fluid in
(cm s 2 gm )-1 .

A constant.

2a/T, in s -1 .

Viscosity of the fluid, in gm cm-l s-1 .

Phase angle of the harmonic function, in
radians.

Density of the solid-fluid matrix, in gm cm-3 .

Density of the solid grains, in gm cm-3 .

Density of the fluid, in gm cm-3 .

Ctw

Ys

Yw

X

llw

ph

PS

Pw



273

Period of the sinusoidal function, in seconds.

Roman Lowercase

a	 Variable of Stallman (1965), see Equation
(3-32b), in cm-1 .

axx	 Variable defined by Equation (4-39b), in cm-1 .

ao, an 	Fourier coefficients defined by Equations (4-34)
and (4-35), in °C.

Variable of Stallman (1965), see Equation
(3-32c) in cm-1 .

bxx	 Variable defined by Equation (4-39c), in cm-1 .

Fourier coefficient defined by Equation (4-36),
in °C .

Mass specific heat of the solid-fluid matrix,
in cal gm-1 oC -1 .

Mass specific heat of the solid grains, in cal
gm-1 oC-1 .

Mass specific heat of the fluid,
in cal gm-1 oc-1 .

Volumetric heat caRacity of the solid-fluid
matrix, in cal cm-3 °C -I .

Volumetric heat capacity of the solid grains, in
cal cm-3 oC-1 .

Volumetric heat capacity of the fluid, in
cal cm-3 oC-1 .

fr	 Fraction of the amplitude of temperature
fluctuation at depth 0 that occurs at depth z,
dimensionless.

G
	

Geothermal gradient (approx. 3 °C/10000 cm), in
°C

bn

Cm

Cm s

Cmw

Cv

Cv s

Cv w

Thermal conductivity of the solid-fluid matrix,
in cal s-1 cm-1 oC 4 .
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k s	Thermal conductivity of the solid grains, in
cal s-1 cm-1 oC-1 .

kw

K

Kh

K XX

ph

P

Pi

s

t

tau

1/tau

=	 Thermal conductivity of the fluid, in
cal s-1 cm-1 oC-1 .

=	 Variable of Stallman (1965), see Equation 3-32d,
in cm-2 .

=	 Hydraulic conductivity of the solid-fluid
matrix, in cm s-1 .

=	 Variable defined by Equation (4-39d), in cm-2 .

=	 Vertical distance between To and T z , see Figure
3-1, in cm.

=	 Integers 1, 2, 3, .

=	 Phase angle of a harmonic function, in radians.

=	 Intrinsic Permeability of the matrix, in cm2 .

=	 PI (in Appendix B) = w.

=	 The probability integral of z.

=	 Degree of saturation, in percent.

=	 Time, in seconds.

=	 = T = Period of the sinusoidal function, in
seconds.

=	 w/211 = frequency of the harmonic function, in
s-1 .

tlag
	 =	 time lag between temperature at depth z and

temperature at the surface, see Equation (3-21),
in seconds.

tmaxz	 =	 Time when the temperature is a maximum at any
depth z, in seconds.

tmax0	 =	 Time when the temperature is a maximum at depth
0, in seconds.

ttotal	 =	 Total time of the periodic function, in seconds.
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Tamp

Tampmin

Tampmax

Tav

Ta vs

TavsG

Semi-amplitude of temperature fluctuation during
sinusoidal variation in surface temperature, in
oc.

Difference between the average surface
temperature that occurs during the total period

(ttotal) and minimum surface temperature, in °C.
Difference between maximum surface temperature
and the average surface temperature that occurs
during the total period (t total) , in 0C-
Average surface temperature during sinusoidal
variation in surface temperature, in °C.

Average surface temperature during the periodic

(ttotal) variation in surface temperature, in
C.

Mean temperature at depth during the periodic
variation in surface temperature given a
geothermal gradient, in °C.

Taz
	 Ambient temperature at point z,t due to thermal

boundary conditions other than sinusoidal
temperature fluctuation at the land surface
(Stallman, 1965), in °C.

Tmax	 Maximum temperature at depth z = 0, in °C.
Minimum temperature at depth z = 0, in °C.

Tmaxz	 Maximum temperature at depth z, in °C.

Tminz	 Minimum temperature at depth z, in °C.

To	 Uppermost temperature measurement, in °C.

TL	 Lowermost temperature measurement, in °C.

Tx,y,z,t	 Temperature at point x,y,z at time t, in °C.
Tz 	Temperature at depth z, in °C.

z,t	 Temperature at depth z at time t, in °C.
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XX
	

Fraction of the harmonic period (T) during
which the surface temperature remains at 0
degrees, dimensionless.

x,y,z	 Cartesian coordinates.

V	 Variable of Stallman (1965), see Equation
(3-32e), in cm-1 .

vx ,vy ,v	 Components of the Darcian fluid velocity in the
x, y, and z directions, respectively (positive
downward in the z direction), in cm s -1 .

21	 represents a relatively shallow depth beneath
the surface of a semi-infinite porous media,
in cm.

z2	 represents a relatively deep depth beneath the
surface of a semi-infinite porous media, in cm.
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APPENDIX B

FORTRAN PROGRAM FOR SOLUTION OF EQUATION (4-39A)

PROGRAM OF 04/07/87 - WORKING VERSION FOR PROFILES AND ENVELOPES

**NOTE** IF YOU GET A "ZERO-DIVIDE" WHEN YOU RUN THIS PROGRAM,
CHANGE THE TIME OF HARMONIC VARIATION IN STREAM TEMP-
ERATURE SLIGHTLY AND TRY AGAIN.

ANALYTICAL SOLUTION FOR TEMP PROFILES USING FOURIER SERIES FOR
UPPER THERMAL BOUNDARY CONDITION

FOURIER SERIES IS FOR STREAM TEMPERATURE VARYING HARMONICALLY
PART OF THE TIME AND STREAM TEMPERATURE HELD CONSTANT AT
0 DEGREES CELSIUS THE REST OF THE TIME, WHERE:

TEMP OF STREAM = TAv + TAmp(SIN(Wt+ph)) FROM 0 TO 21T/w AND 0
FROM 27/W TO (1+x)*(2n/w)
WITH SIMPLIFIED VERSION OF FOURIER SERIES FOR PH = 1.57089,
(RESULTING IN COS PH = 0 AND SIN PH = I).

GEOTHERMAL GRADIENT NOT INCLUDED - USE A GEOTHERMAL GRADIENT OF
0.0.

DIMENSION TITLE(20), DEPTH(500), WIDTH( 500), TEMPZT(500),
1 HARMTEMP(500), GRADTEMP(500), SEC(500),
1 DAYS(500), SIGMA(500), EXPON(500), SUM( 500),
1 FSK(500), ENVELMIN(500), ENVELMAX(500), EWIDTH(500),
1 EXPCN(500), EXPCNN(500),
1 TLAGTIME(500), TIMEMAXTEMP(500),
1 TEMPMIN(500), TEMPMAX(500), TIMEMIN(500 ), TIMEMAX(500)

NN IS THE NUMBER OF N'S OVER WHICH THE FOURIER SERIES IS SUMMED.
NN = 50

DO 2 1=1,500
DEPTH(I) = 0.0
TEMPZT(I) = 0.0
GRADTEMP(I) = 0.0



HARMTEMP(I) = 0.0
DAYS(I) = 0.0
SEC(I) = 0.0
TSIGMA = 0.0
SIGMA(I) = 0.0
FSK(I) = 0.0
ENVELMIN(I) = 0.0
ENVELMAX(I) = 0.0

2	 CONTINUE

READ ONE LINE OF GENERAL INFORMATION

C
READ (5,5) TITLE
WRITE (6,6) TITLE

5	 FORMAT (20A4)
6	 FORMAT (/,1X,20A4,/)

READ IN THE NUMBER OF INSTANTANEOUS PROFILES BEING CALCULATED
(NPROF) AND THE OPTIONS FOR CALCULATING AND PRINTING PROFILES
(IPROFILE) AND/OR ENVELOPES (IENVELOPE).

IF IPROFILE = 1, CALCULATE AND PRINT INSTANTANEOUS PROFILES,
IF IPROFILE = 0, DO NOT

IF IENVELOPE = 1, CALCULATE AND PRINT ENVELOPES,
ID IENVELOPE = 0, DO NOT

READ(5,8) NPROF, 'PROFILE, IENVELOPE
8	 FORMAT(3I5)

WRITE(6,9) NPROF, IPROFILE, IENVELOPE
9	 FORMAT(/,'NPROF = ',3X,I5,2X,/,'IPROFILE = ',2X,I5,2X,/,

1 'IENVELOPE = ',2X,I5,2X,/)

READ TK,DEN,CP,DENW,CPW, AND DELZ WHERE:

TK IS THE THERMAL CONDUCTIVITY OF THE ROCK-FLUID MATRIX, IN
CAL/SEC -CM-DEG C.

DEN IS THE DENSITY OF THE ROCK-FLUID MATRIX, IN GM/CC.
CP IS THE SPECIFIC HEAT OF THE ROCK-FLUID MATRIX, IN

CAL/GM -DEG C.
DENW IS THE DENSITY OF WATER, IN GM/CC.
CPW IS THE SPECIFIC HEAT OF WATER, IN

CAL/GM -DEG C.
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DELZ IS THE VERTICAL SPACING BETWEEN NODES, IN CM.

READ (5,10) TK,DEN,CP,DENW,CPW,DELZ
10	 FORMAT (6E10.7)

TK1 = TK * 241.9
DEN1 = DEN * 62.43
CP1 = CP
DENW1 = DENW * 62.43
CPW1 = CPW
DELZ1 = DELZ / 30.48

WRITE(6,11) TK,TK1,DEN,DEN1,CP,CP1,DENW,DENW1,CPW,CPW1,
1 DELZ,DELZ1

11	FORMAT(/, THE THERMAL CONDUCTIVITY OF THE ROCK-FLUID MATRIX IS'
1 ,2X,F8.4,2X,'CAL/SEC-CM-DEG C OR',2X,F8.4,
1 2X, 'BTU/HR-FT-DEC F.'
1 /'THE DENSITY OF THE ROCK FLUID MATRIX IS',2X,F8.4,
1 2X,'GM/CC OR',2X,F10.4,2X,'LB/CUBIC FT.'/
1 'THE SPECIFIC HEAT OF THE ROCK-FLUID MATRIX IS'2X,F8.4,
1 2X,'CAL/GM-DEG C OR'2X,F8.4,2X,'BTU/LB-DEG F.'/
1 'THE DENSITY OF THE WATER IS',2X,F8.4,2X,'GM/CC OR',2X,F10.7,
1 2X,'LB/CUBIC FT.'/
1 'THE SPECIFIC HEAT OF THE WATER IS',2X,F8.4,2X,'CAL/GM-DEG C'
1' OR',2X,F8.4,2X,'BTU/LB-DEG F.'/
1 'THE VERTICAL NODE SPACING IS',2X,F7.3,2X,'CM OR',2X,F7.3,
1 2X,'FT. 1 )

READ IN THE DAYS WHEN WANT INSTANTANEOUS PROFILES PRINTED OUT

DO 13 I=1,NPROF
READ (5,14) DAYS(I)

14	 FORMAT(12F10.1)
WRITE (6,15) DAYS(I)

15	 FORMAT('AN INSTANTANEOUS PROFILE IS PRINTED OUT ON DAY',2X,
1 (12F8.2,1X),2X)

SEC(I) = DAYS(I) * 86400.
13	 CONTINUE

READ TTOTAL AND TAU WHERE:

TTOTAL IS THE TOTAL TIME OF THE SIMULATION, IN SECONDS.
TAU IS THE TIME DURING WHICH STREAM TEMPERATURE VARIES

HARMONICALLY.
TCONST IS THE TIME DURING WHICH STREAM TEMP REMAINS CONSTANT.
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READ (5,17) TTOTAL, TAU
17	 FORMAT(2F20.3)

TCONST = TTOTAL - TAU
TAU1 = TAU/86400.
TCONST1 = TCONST/86400.
TTOTAL1 = TTOTAL/86400.
X = (TTOTAL/TAU) - 1.

WRITE(6,19) TTOTAL,TTOTAL1,TAU,TAU1,TCONST,TCONST1,X
19	 FORMAT(/,'THE TOTAL SIMULATION TIME IS',2X,F15.2,2X,'SECONDS OR'

1 ,2X,F10.2,2X,'DAYS.'/
1 'THE TIME DURING WHICH STREAM TEMPERATURE VARIES HARMONICALLY IS
1 ',2X,F15.2,2X,'SECONDS OR',2X,F10.2,2X,'DAYS.'/
1 'THE TIME DURING WHICH STREAM TEMP REMAINS CONSTANT IS' ,2X,
1 F15.3,2X,'SECONDS OR',2X,F10.2,2X,'DAYS.'/
1 'THE MULTIPLE OF THE HARMONIC PERIOD DURING WHICH THE STREAM
1 REMAINS AT 0 DEGREES CELSIUS IS X = ',2X,F6.2)

READ VZ, THK, TEMP GW, AV STREAM TEMP, AMPLITUDE OF STREAM TEMP,
AND GEOTHERMAL GRADIENT (G) WHERE:

VZ IS THE VERTICAL GROUND-WATER VELOCITY, IN CM/SEC - NEGATIVE IF
FLOW IS UPWARD, POSITIVE IF FLOW IS DOWNWARD.

TEK IS THE AQUIFER THICKNESS, IN CM.
TEMPGW IS THE AMBIENT TEMPERATURE OF THE GROUND WATER, IN DEG C.
STEMPAV IS THE AVERAGE ANNUAL STREAM TEMPERATURE, IN DEG C.
STEMPAMP IS THE SEMI-AMPLITUDE OF ANNUAL STREAM TEMPERATURE

FLUCTUATION, IN DEG C.
G IS THE GEOTHERMAL GRADIENT, IN DEG C/CM.

READ (5,21) VZ,THK,TEMPGW,STEMPAV,STEMPAMP
21	 FORMAT(F10.8,4F10.4)

READ (5,23) G
23	 FORMAT(F10.6)

TAMPMIN = STEMPAMP/(1.+X)
TAMPMAX = (2.*STEMPAMP) - TAMPMIN
VZ1 = VZ * 2834.6457
THK1 = TEK * .0328

WRITE (6,25) VZ,VZ1,THK,THK1,TEMPGW,STEMPAV,STEMPAMP,
1 TAMPMIN,TAMPMAX,G

25	 FORMAT(/'THE VERTICAL GROUND-WATER VELOCITY IS' ,2X,
1 F10.8,2X,'CM/SEC OR',2X,F8.2,2X,'FT/DAY.7
1 '	 (DOWNWARD FLOW IS POSITIVE, UPWARD FLOW IS NEGATIVE)'/
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1 'THE AQUIFER THICKNESS IS',2X,F8.2,
1 2X 1 'CM OR',2X,F8.2,2X,'FT.'/
1 'AMBIENT GROUND-WATER TEMPERATURE IS',2X,F8.3,2X,'DEG G.'/
1 'AVERAGE STREAM TEMPERATURE IS',2X,F8.3,2X,'DEG C.'/
1 'AMPLITUDE OF STREAM TEMP FLUCTUATION IS',2X,F8.3,2X,'DEG C.'/
1 'TAMPMIN IS',2X,F8.3,2X,'DEG C.'/
1 'TAMPMAX IS',2X,F8.3,2X,'DEG C.'/
1 'THE GEOTHERMAL GRADIENT IS',2X,F15.10,2X,'DEG C/CM.')

CALCULATE THERMAL COEFFICIENTS WHERE:

DIF IS THE THERMAL DIFFUSIVITY, IN CM SQ/SEC.
FO IS THE FOURIER NUMBER.
PECLT IS THE PECLET NUMBER (BETA IN BREDEHOEFT AND PAPADOPULOS,

1965).

DIF = (TK/(DEN*CP))
DIF1 = DIF * 3.875
FO = (DIF*TTOTAL)/(THK**2.)
PECLT = (VZ*THK*DENW*CPW)/TK
BETA = PECLT

WRITE (6,27) DIF,DIF1,FO,PECLT
27	 FORMAT (/'THE THERMAL DIFFUSIVITY IS',2X,F10.4,

1 2X,'CM SQ/SEC OR',2X,F10.4,2X,'FT SQ/HR.1
1 'THE FOURIER NUMBER IS',2X,F10.4,2X,'.'/'THE PECLET NUMBER
1 'OR BETA (IN BREDEHOEFT AND PAPADOPULOS, 1965) IS',
1 2X,F10.4,2X,'.'/)

INITIALIZE VARIABLES

TIMEHRS = 0.
NODES = THK/DELZ + 1
NODESM1 = NODES - 1

DEPTH(1) = 0.
DO 41 I=2,NODES
DEPTH(I) = DEPTH(I-1) + DELZ

41	 CONTINUE

CALCULATE EFFECT OF GEOTHERMAL GRADIENT

THIS FORMULATION IS BY BREDEHOEFT AND PAPADOPULOS (1965)



282

IF(G.EQ.0.0) GO TO 53
IF(VZ.LE.0.000000001.AND.VZ.GE.-0.000000001) GO TO 53

DO 57 I= 1,NODES
57	 GRADTEMP(I) = G*THK*(((EXP(BETA*DEPTH(I)/THK))-1.)/((EXP(BETA))

1 -1.))
GO TO 55

53	 DO 54 I=1,NODES
GRADTEMP(I) = G*DEPTH(I)

54	 CONTINUE
55	 CONTINUE

CALCULATE EFFECT OF HARMONIC VARIATION IN STREAM TEMPERATURE

TOTALK = 0.0
PI = 3.1415927
OMEGA = (2.*PI)/TAU

STLMNK = (PI*CP*DEN)/(TK * TAU)
STLMNV = (VZ*CPW*DENW)/(2.*TK)
STLMNA = (((((STLMNK**2) + ((STLMNV**4)/4.))**.5)

1	 + ((STLMNV**2)/2.))**.5) - STLMNV
STLMNB = (MSTLMNK**2) + ((STLMNV**4)/4.))**.5)

1	 - ((STLMNV**2)/2.))**.5

LOOP OVER INCREMENTS OF TIME AND CALCUATE INSTANTANEOUS
TEMPERATURE PROFILES

IF (IPROFILE.EQ.0) GO TO 100

DO 91 K = 1, NPROF

LOOP OVER DEPTH AND CALCULATE TEMPERATURE PROFILE FOR ONE
INSTANT IN TIME

DO 60 L=1,NODES

TSUM = 0.0
DO 62 KK=1,NN
EXPON(KK) = 0.0
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SUM(KK) = 0.0
62	 SIGMA(KK) = 0.0

DO 65 N=1,NN

CC = N/(1.+X)
ANA = (STEMPAV/(N*PI))*SIN(CC*2.*PI)
ANB = -STEMPAMP*(SIN((1.+CC)*2.*PI))/(2.*PI*(1.+X+N))
ANC = -STEMPAMP*(SIN((1.-CC)*2.*PI))/(2.*PI*(1.+X-N))
AN = ANA + ANB + ANC

BNA = (STEMPAV/(N*PI))*(1.-COS(CC*2.*PI))
BNB = -STEMPAMP*(1.-COS((CC+1.)*2.*PI))/(2.*PI*(1.+X+N))
BNC = -STEMPAMP*(1.-COS((CC-1.)*2.*PI))/(2.*PI*(N-1.-X))
BN = BNA + BNB + BNC

FSK(N) = (N/(1.+X)) * STLMNK
FSA = (((((FSK(N)**2) + ((STLMNV**4)/4.))**.5)

1	 + ((STLMNV**2)/2.))**.5) - STLMNV
FSB = ((((FSK(N)**2) + ((STLMNV**4)/4.))**.5)

1	 - ((STLMNV**2)/2.))**.5

EXPON(N) = EXP(-(FSA * DEPTH(L)))

HARMCOEF = (OMEGA*CC*SEC(K)) - (FSB * DEPTH(L))
SIGMA(N) = (AN*COS(HARMCOEF)) + (BN*SIN(HARMCOEF))

SUM(N) = EXPON(N)*SIGMA(N)
TSUM = TSUM + SUM(N)

65	 CONTINUE

HARMTEMP(L) = (STEMPAV/(1.+X)) + TSUM

FOR TEMPERATURES IN TERMS OF DIMENSIONLESS TEMPERATURES REMOVE
THE COMMENT "C" BEFORE THE DEFINITION OF HARMTEMP(L) ON THE
NEXT LINE.

HARMTEMP(L) = (HARMTEMP(L) - STEMPAV)/STEMPAMP

TEMPZT(L) = GRADTEMP(L) + HARMTEMP(L)

60	 CONTINUE

-----------------------------------------------------------------
WRITE OUT TEMPERATURES WITH DEPTH FOR INSTANTANEOUS PROFILES
-----------------------------------------------------------------
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93	 WRITE (6,77) DAYS(K),TEMPZT(1)
77	 FORMAT (/,'THE TEMPERATURE OF THE STREAM AFTER'2X,F8.3, DAYS

1 IS'2X,F8.3,2X,' DEG C.')
WRITE (6,78) DAYS(K)

78	 FORMAT (/,'"',F7.1, ' 	 DAYS"')
WRITE(6,82)

82	 FORMAT(' GRADTEMP HARMTEMP TOTALTEMP 	 DEPTH'/)
DO 85 I=1,NODES
WRITE (6,80) GRADTEMP(I), HARMTEMP(I), TEMPZT(I),

1 DEPTH(I)
80	 FORMAT (3(F9.4,1X), F10.3)
85	 CONTINUE
89	 CONTINUE
91	 CONTINUE

CALCULATE AND PRINT OUT TEMPERATURE ENVELOPE

100	 IF(IENVELOPE.EQ.0) GO TO 1000

************************************************************************

ITERATIVE METHOD FOR DETERMINING ENVELOPING CURVES AND WIDTH OF
TEMPERATURE ENVELOPE BY CALCULATING TEMP OVER TIME AND
SEARCHING FOR THE MINIMUM AND MAXIMUM AT EACH DEPTH

************************************************************************

LOOP OVER SPECIFIED DEPTHS AND CALCULATE TEMPERATURES OVER TIME -
C	 DETERMINE MINIMUM AND MAXIMUM TEMP AT EACH DEPTH

WRITE(6,377)
377	 FORMAT('	 TEMPMIN	 TEMPMAX	 WIDTH	 DEPTH

1	 TIMEMIN	 TIMEMAX'/)
DO 391 L=1,NODES
TEMPMIN(L) = STEMPAV/(1.+X)
TEMPMAX(L) = STEMPAV/(1.+X)
WIDTH(L)	 = 0.0
TIMEMIN(L) = 0.0
TIMEMAX(L) = 0.0
SEC(1) = 0.0
NN = 50
DELTA = TTOTAL/365.



LOOP OVER TIME AND CALCULATE TEMPERATURE AT ONE DEPTH - SEARCH
FOR MINIMUM AND MAXIMUM TEMPERATURES

DO 360 K=1,365

TSUM = 0.0
DO 362 KK=1,NN
EXPON(KK) = 0.0
SUM(KK) = 0.0

362	 SIGMA(KK) = 0.0

DO 365 N=1,NN

CC = N/(1.+X)
ANA = (STEMPAV/(N*PI))*SIN(CC*2.*PI)
ANB = -STEMPAMP*(SIN((1.+CC)*2.*PI))/(2.*PI*(1.+X+N))
ANC = -STEMPAMP*(SIN((1.-CC)*2.*PI))/(2.*PI*(1.+X-N))
AN = ANA + ANB + ANC

ENA = (STEMPAV/(N*PI))*(1.-COS(CC*2.*PI))
BNB = -STEMPAMP*(1.-COS((CC+1.)*2.*PI))/(2.*PI*(1.+X+N))
BNC = -STEMPAMP*(1. -COS((CC-1.)*2.*PI))/(2.*PI*(N-1.-X))
BN = BNA + BNB + BNC

FSK(N) = (N/(1.+X)) * STLMNK
FSA = (((((FSK(N)**2) + ((STLMNV**4)/4.))**.5)

1	 + ((STLMNV**2)/2.))**.5) - STLMNV
FSB = ((((FSK(N)**2) + ((STLMNV**4)/4.))**.5)

1	 - ((STLMNV**2)/2.))**.5

EXPON(N) = EXP(-(FSA * DEPTH(L)))

HARMCOEF = (OMEGA*CC*SEC(K)) - (FSB * DEPTH(L))
SIGMA(N) = (AN*COS(HARMCOEF)) + (BN*SIN(HARMCOEF))

SUM(N) = EXPON(N)*SIGMA(N)
TSUM = TSUM + SUM(N)

365	 CONTINUE

HARMTEMP(K) = (STEMPAV/(1.+X)) + TSUM
TEMPZT(K) = GRADTEMP(K) + HARMTEMP(K)

IF(TEMPZT(K).LT.TEMPMIN(L)) GO TO 9996
GO TO 9998

9996	 TEMPMIN(L) = TEMPZT(K)
TIMEMIN(L) = SEC(K)/86400.

9998	 IF(TEMPZT(K).GT.TEMPMAX(L)) GO TO 9999

285
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GO TO 9995
9999
	

TEMPMAX(L) = TEMPZT(K)
TIMEMAX(L) = SEC(K)/86400.

9995
	

SEC(K+1) = SEC(K) + DELTA
DAYS(K) = SEC(K)/86400.

360
	

CONTINUE

FOR ENVELOPES IN TERMS OF
COMMENT "C" BEFORE THE
ON THE NEXT TWO LINES.

TEMPMIN(L) = (TEMPMIN(L)
TEMPMAX(L) = (TEMPMAX(L)

DIMENSIONLESS TEMPERATURES REMOVE THE
DEFINITION OF TEMPMIN(L) AND TEMPMAX(L)

- STEMPAV)/STEMPAMP
- STEMPAV)/STEMPAMP

WRITE OUT MINIMUM AND MAXIMUM TEMPERATURES DETERMINED FOR THIS
DEPTH

WIDTH(L) = TEMPMAX(L) - TEMPMIN(L)
WRITE(6,378) TEMPMIN(L), TEMPMAX(L), WIDTH(L), DEPTH(L),

1 TIMEMIN(L), TIMEMAX(L)
378	 FORMAT(3(F10.6,5X),F10.3,5X,2(F10.3,5X))
391	 CONTINUE

1000	 _STOP
END



APPENDIX C

MAPS SHOWING LOCATIONS OF PIEZOMETERS AT THE WARE,

HARDWICK AND NEW BRAINTREE FIELD SITES, AND

TEMPERATURE VERSUS DEPTH-BENEATH-RIVER-

BOTTOM DATA AT THESE THREE SITES
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Map showing locations of piezometers at the Ware Site
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TEMPhRATURE VERSUS DEPTH-BENEATH-RIVER-BOTTOM DATA AT THE
WARE SITE

-Temperatures in degrees celsius
-Depth in centimeters beneath river bottom

-Data in form:

PIEZOMETER

"Date of Measurement (Julian Date)"
Temperature,Depth Temperature,Depth Temperature,Depth
Temperature,Depth Temperature,Depth 	

"Date of Measurement (Julian Date)"
Temperature,Depth Temperature,Depth Temperature,Depth
Temperature, Depth Temperature ,Depth 	

WARE PVC50

	

"10-26-84	 (299)"
13.4,0 13.6,.1 13.7,.5 13.7,1. 13.8,1.5 13.9,2 13.9,2.5 13.9,3
13.9,3.5 13.9,4 13.9,4.5 13.8,5 13.8,5.5 13.8,6 13.8,6.5
13.7,7 13.6,7.5 13.6,8 13.5,8.5 13.4,9 13.3,9.5 13.2,10
13.1,10.5 13,11 12.9,11.5 12.8,12 12.6,12.5 12.5,13 12.4,13.5
12.3,14 12.2,14.5 12.1,15 12.0,15.5 11.9,16 11.8,16.5
11.7,17 11.6,17.5 11.5,18 11.4,18.5 11.3,19.5 11.2,20.5
11.2,21.5 11,23.5 11,25.5 10.9,27.5 10.9,29.5 10.9,30.5
10.9,33.5 10.9,35.5 10.9,37.5 10.9,40.5 10.9,42.5 10.9,45.5
10.8,48

	

"11-15-84	 (319)"
5.5,0 7.9,.1	 8.2,.5	 8.8,1	 9,1.5 9.3,2 9.8,2.5 10.4,3 10.7,3.5
11.2,4 11.3,4.5 11.6,5 11.7,5.5 12,6 12.1,6.5 12.3,7 12.4,7.5
12.4,8 12.5,8.5 12.5,9 12.5,9.5 12.6,10	 12.6,10.5	 12.6,11
12.6,11.5 12.6,12 12.5,12.5 12.5,13 12.4,13.5 12.4,14 12.3,14.5
12.2,15 12.1,15.5 12,16 12,16.5 11.9,17 11.8,17.5 11.7,18
11.6,18.5 11.6,19 11.5,19.5 11.5,20 11.4,20.5 11.4,21.5
11.3,22.5 11.2,23.5 11.2,24.5 11.1,25.5 11,27.5 11,29.5 11,31.5
11,33.5 10.9,35.5 10.9,37.5 10.9,39.5 10.9,41.5 10.9,43.5
10.9,45.5 10.8,48
"12-13-84	 (347)"
2.4,0 3.8,.1 4.6,.5 5.4,1 6.0,1.5 6.2,2 6.4,2.5 6.8,3 7.0,3.5
7.5,4 7.8,4.5 8.1,5 8.4,5.5 8.7,6 9.0,6.5 9.4,7 9.8,7.5
10.0,8 10.2,8.5 10.6,9 10.7,9.5 11.0,10 11.2,10.5 11.4,11
11.4,11.5 11.5,12 11.6,12.5 11.6,13 11.6,13.5 11.6,14 11.7,14.5
11.8,15 11.8,15.5 11.8,16 11.8,16.5 11.8,17 11.8,17.5 11.8,18.5
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11.7,19.5 11.6,20.5 11.6,21.5 11.5,22.5 11.4,23.5 11.4,24.5
11.3,25.5 11.2,27.5 11.1,29.5 11.1,31.5 11.0,33.5 11.0,35.5
11.0,37.5 11.0,39.5 10.9,41.5 10.9,43.5 10.9,45.5 10.9,47.5
"01-07-85 (7)"
.6,0 1.5,.1 2.8,.5 4.2,1 5.2,1.5 5.8,2 6.2,2.5 6.5,3. 6.7,3.5
6.9,4 7.1,4.5 7.3,5 7.6,5.5 8.0,6 8.2,6.5 8.4,7 8.6,7.5 8.8,8
9.0,8.5 9.4,9 9.6,9.5 9.9,10 10.1,10.5 10.3,11 10.6,11.5
10.7,12 10.8,12.5 10.8,13 10.9,13.5 11,14 11,14.5 11.2,15
11.2,15.5 11.2,16 11.3,16.5 11.4,17.5 11.4,18.5 11.4,19.5
11.5,20.5 11.5,21.5 11.5,22.5 11.4,23.5 11.4,24.5 11.3,25.5
11.3,26.5 11.2,28.5 11.1,31.5 11.0,34.5 11.0,36.5 11.0,38.5
10.9,41.5 10.9,44.5 10.9,46.5 10.9,48.5

	

"02-06-85	 (37)"
.2,0 .2,.1 .4,.5 .9,1 1.3,1.5 2.8,2 4.4,2.5 5.5,3 5.8,3.5
6.2,4 6.4,4.5 6.6,5 6.9,5.5 7,6 7,6.5 7.1,7 7.3,7.5 7.8,8
8,8.5 8.1,9 8.7,9.5 8.8,10 9,10.5 9.1,11 9.4,11.5 9.7,12
9.9,12.5 10,13 10.1,13.5 10.2,14 10.3,14.5 10.4,15 10.5,15.5
10.6,16 10.6,16.5 10.7,17.5 10.8,18.5 10.9,19.5 11,20.5
11.1,21.5 11.1,22.5 11.2,23.5 11.2,24.5 11.3,25.5 11.2,26.5
11.2,28.5 11.2,30.5 11.1,32.5 11,34.5 11,36.5 11,38.5 10.9,40.5
10.9,42.5 10.9,44.5 10.9,46.5 10.8,48.5

	

"03-08-85	 (67)"
1.7,0 1.7,.1 2,.5 2.5,1 3,1.5 4.2,2 4.8,2.5 5.2,3 5.4,3.5
5.6,4 5.9,4.5 6.1,5 6.4,5.5 6.5,6 6.6,6.5 6.7,7 7,7.5 7.2,8
7.4,8.5 7.6,9 7.9,9.5 8.1,10 8.4,10.5 8.6,11 8.8,11.5 8.9,12
9,12.5 9.3,13 9.4,13.5 9.6,14 9.7,14.5 9.8,15 10,15.5 10,16
10.1,16.5 10.3,17.5 10.5,18.5 10.7,19.5 10.7,20.5 10.7,21.5
10.8,22.5 10.9,23.5 11,24.5 11.1,25.5 11.1,26.5 11.1,28.5
11.1,30.5 11.1,32.5 11,34.5 11,36.5 11,38.5 10.9,40.5 10.9,42.5
10.9,44.5 10.9,46.5 10.8,47

	

"04-04-85	 (94)"
5.1,0 5.9,.1 6,.3 6.3,.5 6.4,1 6.4,1.5 6.5,2 6.6,2.5 6.7,3
6.8,3.5 6.9,4 7,4.5 7,5 7.1,5.5 7.2,6 7.3,6.5 7.3,7 7.3,7.5
7.41,8 7.5,8.5 7.6,9 7.7,9.5 7.9,10 8.1,10.5 8.2,11 8.4,11.5
8.5,12 8.7,12.5 8.8,13 9.0,13.5 9.1,14 9.2,14.5 9.4,15 9.6,15.5
9.7,16 9.8,16.5 9.9,17.5 10.1,18.5 10.2,19.5 10.3,20.5 10.4,21.5
10.5,22.5 10.5,23.5 10.6,24.5 10.8,25.5 10.9,26.5 11,28.5 11,30.5
11,32.5 11,34.5 11,36.5 10.9,38.5 10.9,40.5 10.9,42.5 10.8,44.5
10.8,46.5 10.8,48.5

	

"05-01-85	 (121)"
17.4,0 16.1,.1 15,.2 14.3,.5 13.5,1 12.8,1.5 12,2 11.4,2.5 10.8,3
10.1,3.5 9.6,4 9.3,4.5 8.8,5 8.6,5.5 8.4,6 8.3,6.5 8.3,7 8.4,7.5
8.5,8 8.6,8.5 8.6,9 8.6,9.5 8.7,10 8.8,10.5 8.8,11 8.8,11.5 9,12.5
9,13.5 9.1,14.5 9.3,15.5 9.6,16.5 9.8,17.5 9.9,18.5 10,19.5 10.1,20.5
10.2,21.5 10.2,22.5 10.3,23.5 10.5,24.5 10.6,25.5 10.7,26.5 10.8,28.5
10.9,30.5 11,32.5 10.9,34.5 10.9,36.5 10.9,38.5 10.9,40.5 10.8,42.5
10.8,46.5 10.8,49.5

	

"05-29-85	 (149)"
19.3,0 19.1,.1 18.6,.3 18.2,.5 17.4,1 16.8,1.5 16.1,2 15.4,2.5 14.4,3
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13.8,3.5 13,4 12.5,4.5 11.9,5 11.4,5.5 11,6 10.7,6.5 10.4,7 10.2,7.5

10,8 9.8,8.5 9.7,9 9.5,9.5 9.4,10 9.4,10.5 9.4,11 9.4,11.5 9.5,12

9.5,12.5 9.5,13 9.6,13.5 9.6,14 9.7,14.5 9.7,15 9.8,15.5 9.8,16

9.8,16.5 9.9,17.5 9.9,18.5 10,19.5 10.1,20.5 10.2,21.5 10.2,22.5

10.3,23.5 10.5,24.5 10.6,25.5 10.7,26.5 10.9,31.5 10.9,36.5 10.9,41.5

10.8,46.5 10.8,49.5

	

"07-02-85	 (183)"

21.8,0 21.6,.1 20.1,.3 19.6,.5 18.4,1 17.7,1.5 17.1,2 16.3,2.5 15.8,3

15.4,3.5 14.9,4 14.4,4.5 14.1,5 13.5,5.5 13.2,6 12.8,6.5 12.5,7

12.2,7.5 11.9,8 11.7,8.5 11.4,9 11.2,9.5 11,10 10.8,10.5 10.7,11

10.5,11.5 10.4,12 10.4,12.5 10.3,13 10.3,13.5 10.2,14 10.2,14.5

10.1,15 10.1,15.5 10.1,16 10.1,17 10.1,18 10.2,19 10.2,20 10.2,21

10.3,22 10.4,24 10.6,26 10.7,29 10.8,32 10.9,37 10.8,42 10.8,47

10.7,50

	

"08-05-85	 (217)"

22.1,0 21.7,.1 21.3,.3 21.2,.5 20.9,1 20.3,1.5 19.8,2 19.3,2.5 18.8,3

18.3,3.5 17.7,4 17.2,4.5 16.5,5 16,5.5 15.5,6 15,6.5 14.6,7 14.2,7.5

13.8,8 13.5,8.5 13.2,9 12.8,9.5 12.5,10 12.3,10.5 12,11 11.8,11.5

11.6,12

11.4,12.5 11.4,13 11.2,13.5 11.1,14 11,14.5 10.9,15 10.9,15.5 10.8,16

10.8,16.5 10.7,17.5 10.6,18.5 10.6,19.5 10.6,20.5 10.6,21.5 10.6,22.5

10.6,23.5 10.6,24.5 10.7,25.5 10.7,26.5 10.8,28.5 10.8,30.5 10.9,32.5

10.9,34.5 10.9,36.5 10.9,38.5 10.9,40.5 10.9,42.5 10.8,44.5 10.8,46.5

10.8,48.5

	

"09-05-85	 (248)"

18.1,0 18.1,.1 17.9,.4 17.8,.6 17.8,1.1 17.8,1.6 17.8,2.1 17.7,2.6

17.7,3.1 17.6,3.6 17.4,4.1 17.1,4.6 16.6,5.1 16.3,5.6 16,6.1 15.7,6.6

15.4,7.1 15.1,7.6 14.7,8.1 14.4,8.6 14.1,9.1 13.8,9.6 13.5,10.1

13.2,10.6 13,11.1 12.7,11.6 12.5,12.1 12.3,12.6 12.2,13.1 12,13.6

11.9,14.1 11.8,14.6 11.7,15.1 11.5,15.6 11.4,16.1 11.3,16.6 11.2,17.6

11,18.6 10.9,19.6 10.9,20.6 10.8,21.6 10.8,22.6 10.7,23.6 10.7,24.6

10.7,25.6 10.7,26.6 10.7,28.6 10.8,30.6 10.8,32.6 10.8,34.6 10.8,36.6

10.8,38.6 10.8,40.6 10.8 42.6,10.8 44.6,10.8 46.6,10.8 10.7,50.6

WARE STEEL1

	

"10-01-86	 (274)"

16.3,0 16.3,.1 16.2,.3 16.2,.5 16.1,1 16.0,1.5 15.8,2 15.7,2.5

15.6,3 15.4,3.5 15.3,4 15.1,4.5 15,5 14.9,5.5 14.6,6 14.3,6.5

14.1,7 13.9,7.5 13.7,8 13.4,8.5 13.2,9 13.1,9.5 12.9,10 12.8,10.5

12.6,11 12.4,11.5

	

"11-01-85	 (305)"

7.7,0 9.5,.1 9.7,.4 9.8,.9 9.9,1.4 10,1.9 10.1,2.4 10.3,2.9 10.5,3.4

10.7,3.9 10.8,4.4 10.9,4.9 11,5.4 11,5.9 11.2,6.4 11.2,6.9 11.3,7.4

11.3,7.9 11.4,8.4 11.4,8.9 11.5,9.4 11.6,9.9 11.7,10.4 11.7,10.9

11.8,11.2

	

"12-06-85	 (340)"

.8,0 3.3,.1 3.7,.6 4.8,1.1 5.4,1.6 5.9,2.1 6.4,2.6 7,3.1 7.1,3.6
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7.3,4.1 7.4,4.6 7.6,5.1 8,5.6 8.1,6.1 8.7,6.6 8.9,7.1 9.2,7.6
9.4,8.1 9.6,8.6 10,9.1 10.2,9.6 10.5,10.1 10.6,10.6 11,11.1
11.2,11.6

	

"12-31-85	 (365)"
.6,0 .6,.1 .9,.4 1.6,.9 3.3,1.4 4,1.9 4.6,2.4 5.3,2.9 6,3.4 6.1,3.9
6.4,4.4 6.8,4.9 7,5.4 7.2,5.9 7.4,6.4 7.6,6.9 7.7,7.4 7.9,7.9 8.0,8.4
8.1,8.9 8.4,9.4 9.5,9.9 10,10.4 10.3,10.9 10.4,11.4 10.4,11.7

	

"02-10-86	 (41)"
0.4,0 .4,.1 .5 1 .3 1.1,.8 1.9,1.3 2.7,1.8 3.4,2.3 4.1,2.8 5.1,3.3
5.5,3.8 5.5,4.3 5.7,4.8 6.1,5.3 6.7,5.8 6.7,6.3 6.9,6.8 7,7.3 7.1,7.8
7.4,8.3 7.5,8.8 7.7,9.3 8.1,9.8 8.3,10.3 9.1,10.8 9.3,11.3
9.4,11.6

	

"03-05-86	 (64)"
1.7,0 1.6,.1 1.7 1 .3 2,.8 2.4,1.3 3,1.8 3.7,2.3 4.4,2.8 5,3.3
5.4,3.8 5.6,4.3 5.8,4.8 6.1,5.3 6.2,5.8 6.4,6.3 6.7,6.8 7,7.3
7.2,7.8 7.3,8.3 7.5,8.8 7.7,9.3 7.8,9.8 8.3,10.3 8.9,10.8 9.2,11.3
9.2,11.5

	

"04-18-86	 (103)"
12.8,0 12.7,.1 11.6,.5 10.7,1 10,1.5 9.5,2 9.2,2.5 9,3 8.8,3.5
8.8,4 8.7,4.5 8.6,5 8.6,5.5 8.6,6 8.6,6.5 8.7,7 8.7,7.5 8.8,8
8.8,8.5 8.9,9 9,9.5 9.1,10 9.2,10.3
"05-08-86	 (128)"
13.0,0	 12.8,.1	 12.8,.4	 12.9,.9	 12.7,1.4	 12.5,1.9	 12.3,2.4	 12,2.9
11.8,3.4	 11.4,3.9	 11.3,4.4	 11,4.9	 10.7,5.4	 10.6,5.9	 10.4,6.4
10.3,6.9	 10.1,7.4	 10,7.9	 9.9,8.4	 9.9,8.9	 9.9,9.4	 9.8,9.9	 9.8,10.2
"06-10-86	 (161)"
26.8,0	 26,.1	 25,.3	 21.6,.8	 19.7,1.3	 18.3,1.8	 17.4,2.3	 16.5,2.8	 15.9,3.3
15.3,3.8	 14.9,4.3	 14.6,4.8	 14.2,5.3	 13.9,5.8	 13.6,6.3	 13.3,6.8
13.0,7.3	 12.7,7.8	 12.4,8.3	 12.2,8.8	 12,9.3	 11.9,9.8	 11.9,10
"07-08-86	 (189)"
17,0 16.8,.05 16.8,.1 16.7,.6 16.5,1.1 16.2,1.6 15.8,2.1 15.5,2.6
15.2,3.1 14.9,3.6 14.7,4.1 14.5,4.6 14.2,5.1 13.9,5.6 13.6,6.1
13.3,6.6 13.0,7.1 12.6,7.6 12.3,8.1 12.1,8.6 11.9,9.1 11.6,9.6
11.4,10.1 11.4,10.4

	

"08-12-86	 (224)"
24.2,0 24.2,.1 23.2,.5 22.1,1 21.4,1.5 20.7,2 20.1,2.5 19.4,3 18.8,3.5
18.1,4 17.7,4.5 17.1,5 16.6,5.5 16.1,6 15.6,6.5 15.2,7 14.7,7.5 14.3,8
13.8,8.5 13.5,9 13.3,9.5 13,10

	

"09-16-86	 (259)"
17,0 17,.1 17,.5 16.9,1 17,1.5 17,2 17,2.5 16.9,3 16.8,3.5 16.6,4
16.4,4.5 16.2,5 15.9,5.5 15.7,6 15.5,6.5 15.2,7 15,7.5 14.7,8
14.4,8.5 14.2,9 14,9.5 13.7,10

WARE STEEL2

	

"10-01-85	 (274)"
16.3,0 16.4,.1 16.4,.2 16.4,.4 16.4,.9 16.5,1.4 16.5,1.9 16.5,2.4
16.6,2.9 16.5,3.4 16.4,3.9 16.3,4.4 16.1,4.9 15.9,5.4 15.7,5.9
15.5,6.4 15.3,6.9 15.11,7.4 14.9,7.9 14.6,8.4 14.4,8.9 14.2,9.4



14,9.9 13.8,10.4 13.6,10.9 13.4,11.4

	

"11-01 -85	 (305)"

7.8,0 9.0,.1 9.1,.2 9.2,.4 9.5,.9 10.1,1.4 10.5,1.9 11.4,2.4 11.8,2.9

12.1,3.4 12.4,3.9 12.5,4.4 12.6,4.9 12.7,5.4 12.9,5.9 13.1,6.4

13.3,6.9 13.3,7.4 13.4,7.9 13.4,8.4 13.4,8.9 13.4,9.4 13.5,9.9

13.5,10.4 13.4,10.9 13.4,11.4 13.3,11.9

	

"12-06-85	 (340)"

.9,0 1.2,.1 4.3 1 .4 4.4,.9 5.2,1.4 6.2,1.9 6.4,2.4 7,2.9 7.7,3.4

8,3.9 8.5,4.4 8.8,4.9 9.2,5.4 9.5,5.9 10,6.4 10.3,6.9 10.6,7.4

10.8,7.9 10.9,8.4 11.1,8.9 11.2,9.4 11.4,9.9 11.5,10.4 11.8,10.9

12,11.4 12,11.9

	

"12-31-85	 (365)"

0.7,0 0.6,.1 0.8,.2 1.4,.7 2.7,1.2 4.8,1.7 5.2,2.2 6.2,2. 7'

6.6,3.2 6.6,3.7 6.8,4.2 7.2,4.7 7.6,5.2 7.9,5.7 8.1,6.2

8.6,6.7 8.7,7.2 9.1,7.7 9.5,8.2 9.7,8.7 9.7,9.2 9.9,9.7

10.1,10.2 10.2,10.7 10.5,11.2 10.9,11.4

	

"02-10-86	 (41)"

0.4,0 .03,.1 .5 1 .3 .8,.8 1.3,1.3 2,1.8 2.6,2.3 3.5,2.8 4.4,3.3

5,3.8 5.6,4.3 5.6,4.8 6.2,5.3 6.5,5.8 6.6,6.3 7,6.8 7.3,7.3

7.4,7.8 7.8,8.3 8.1,8.8 8.2,9.3 8.4,9.8 8.4,10

	

"03-05-86	 (64)"

2.2,0 2,.1 1.9,.3 1.8,.8 1.9,1.3 2.3,1.8 2.7,2.3 3.2,2.8 3.8,3.3

4.7,3.8 5.3,4.3 5.7,4.8 5.9,5.3 6.1,5.8 6.4,6.3 6.4,6.8 6.7,7.3

7,7.8 7.3,8.3 7.6,8.8 7.6,9.3 7.9,9.8 8,10.3 8.2,10.8 8.6,11.3

8.9,11.6

	

"04-18-86	 (108)"

12.5,0 12.4,.1 11.8,.4 10.4,.9 9.6,1.4 9.1,1.9 8.5,2.4 8.2,2.9

7.9,3.4 7.7,3.9 7.6,4.4 7.5,4.9 7.4,5.4 7.4,5.9 7.4,6.4 7.5,6.9

7.6,7.4 7.7,7.9 7.8,8.4 7.8,8.9 7.9,9.4 8.1,9.9 8.1,10.4

8.3,10.9 8.4,11.4 8.6,11.6

	

"05-08-86	 (128)"

13,0 12.9,.1 13.1,.4 13.1,.9 12.9,1.4 12.5,1.9 12,2.4 11.6,2.9

11.1,3.4 10.6,3.9 10.2,4.4 9.9,4.9 9.6,5.4 9.4,5.9 9.2,6.4 8.8,6.9

8.8,7.4 8.7,7.9 8.7,8.4 8.6,8.9 8.6,9.4 8.6,9.9 8.7,10.4 8.8,10.9'

8.8,11.4 8.9,11.9

	

"06-10-86	 (161)"

17,0 17,.1 17,.3 16.9,.816.6,l.3 16.2,1.8 15.7,2.3 15.4,2.8 15,3.3

14.5,3.8 14,4.3 13.7,4.8 13.2,5.3 12.7,5.8 12.3,6.3 11.9,6.8

11.6,7.3 11.2,7.8 10.9,8.3 10.7,8.8 10.5,9.3 10.3,9.8 10.2,10.3

10.1,10.8 10,11.3 10,11.6

	

"07-08-86	 (189)"

27.0,0 26.2,.1 24.9,.3 22.3,.8 20.7,1.3 19.3,1.8 18.2,2.3 17.2,2.8

16.5,3.3 15.9,3.8 15.4,4.3 14.9,4.8 14.4,5.3 13.9,5.8 13.6,6.3

13.1,6.8 12.7,7.3 12.4,7.8 12.2,8.3 12,8.8 11.6,9.3 11.4,9.8

11.2,10.3 11.1,10.8 11,11.1

	

"08-12-86	 (224)"

24.3,0 23.6,.1 23.1,.4 22.5,.9 21.9,1.4 21.3,1.9 20.6,2.4 19.9,2.9

19.1,3.4 18.4,3.9 18,4.4 17.3,4.9 16.8,5.4 16.2,5.9 15.7,6.4

15.2,6.9 14.7,7.4 14.3,7.9 13.9,8.4 13.7,8.9 13.3,9.4 13.1,9.9

293
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12.8,10.4 12.5,10.9 12.3,11.4

	

"09-16 -86	 (259)"
16.8,0 16.9,.1 16.9,.4 17,.9 17.1,1.4 17.2,1.9 17.3,2.4 17.3,2.9
17.2,3.4 17.1,3.9 16.9,4.4 16.7,4.9 16.5,5.4 16.2,5.9 16,6.4
15.7,6.9 15.4,7.4 15.2,7.9 15,8.4 14.7,8.9 14.4,9.4 14.2,9.9
14,10.4 13.6,10.9 13.4,11.4 13.3,11.7

WARE STEEL3

	

"10-01-86	 (274)"
16.3,0 16.4,.1 16.2,.4 16.1,.7 16.2,.9 16.1,1.4 16.1,1.9 16.1,2.4
16,2.9 15.9,3.4 15.8,3.9 15.6,4.4 15.4,4.9 15.2,5.4 15,5.9 14.8,6.4
14.5,6.9 14.4,7.4 14.2,7.9 14.0,8.4 13.8,8.9 13.7,9.4 13.5,9.9
13.3,10.4 13.2,10.9 13,11.4 12.9,11.9 12.8,12.4 12.6,12.9

	

"11-01-85	 (305)"
12.6,.1 11.8,.25 12„75 12,1.25 12.3,1.75 12.5,2.25 12.7,2.75
12.8,3.25 12.9,3.75 13,4.25 13,4.75 13,5.25 13.1,5.75 13.1,6.25
13.2,6.75 13.2,7.25 13.2,7.75 13.2,8.25 13.3,8.752 13.3,9.25
13.3,9.75 13.2,10.25 13.2,10.75 13.1,11.25 13,11.75 13,12.25
12.9,12.75 12.8,13.05

	

"12-06-85	 (340)"
4.7,0 6.5,.5 7.1,1 7.3,1.5 7.7,2 7.9,2.5 8.2,3 8.5,3.5 8.9,4 9.4,4.5
9.7,5 10,5.5 10.2,6 10.6,6.5 10.7,7 10.9,7.5 11,8 11.2,8.5 11.3,9
11.4,9.5 11.4,10 11.5,10.5 11.5,11 11.6,11.5 11.7,12 11.8,12.5
11.8,13 11.9,13.5 12.1,14

	

"12-31-85	 (365)"
3.3,0 4.9,.2 5 1 .7 5.2,1.2 6.1,1.7 6.5,2.2 6.8,2.7 6.9,3.2 7,3.7
7.3,4.2 7.6,4.7 7.8,5.2 8.1,5.7 8.6,6.2 9,6.7 9.1,7.2 9.2,7.7
9.7,8.2 9.9,8.7 10.1,9.2 10.1,9.7 10.2,10.2 10.3,10.7 10.5,11.2
10.6,11.7 10.7,12.2 10.7,12.7 11.3,13.2

	

"02-10-86	 (41)"
0,0

	

"03-05-86	 (64)"
2.3,0 2.8,.1 2.7,.2 2.7,.6 3.5,1.1 4.4,1.6 4.6,2.1 4.8,2.6 5.2,3.1
5.6,3.6 5.9,4.1 6,4.6 6.1,5.1 6.4,5.6 6.6,6.1 6.8,6.6 7,7.1 7.3,7.6
7.6,8.1 7.8,8.6 7.8,9.1 8,9.6 8.1,10.1 8.4,10.6 8.5,11.1 8.6,11.6
8.7,12.1 9.5,12.6 9.5,12.9

	

"04-18-86	 (103)"
12.5,0 13.1,.1 12.4,.2 9.9,.7 9,1.2 8.6,1.7 8.3,2.2 8.1,2.7 7.9,3.2
7.7,3.7 7.5,4.2 7.4,4.7 7.4,5.2 7.4,5.7 7.4,6.2 7.5,6.7 7.6,7.2 7.7,7.7
7.8,8.2 7.9,8.7 8.1,9.2 8.2,9.7 8.2,10.2 8.3,10.7 8.4,11.2 8.5,11.7
8.6,12.2 8.6,12.7 9,13.2 9.1,13.4

	

"05-08-86	 (128)"
12.3,.4 12.1,.9 12,1.4 11.7,1.9 11.5,2.4 11.2,2.9 10.7,3.4 10.4,3.9
9.7,4.4 9.5,4.9 9.3,5.4 9.1,5.9 9,6.4 8.8,6.9 8.7,7.4 8.6,7.9
8.6,8.4 8.6,8.9 8.6,9.4 8.6,9.9 8.7,10.4 8.7,10.9 8.8,11.4 8.9,11.9
9,12.4 9,12.9 9.2,13.4 9.2,13.7

	

"06-10-86	 (161)"
17.0,0 15.8,.3 15.3,.8 15.2,1.3 15,1.8 14.7,2.3 14.4,2.8 14,3.3



13.6,3.8 13.2,4.3 12.8,4.8 12.4,5.3 12,5.8 11.7,6.3 11.4,6.8
11,7.3 10.9,7.8

	

"07-08-86	 (189)"
22.1,0 19.7,3 18.6,.8 17.7,1.3 17.1,1.8 16.3,2.3 15.6,2.8 14.8,3.3
14.3,3.8 13.9,4.3 13.5,4.8 13.1,5.3 12.8,5.8 12.5,6.3 12.2,6.8
12,7.3 11.7,7.8 11.5,8.3 11.4,8.8 11.1,9.3 11,9.8 10.9,10.3
10.8,10.8 10.7,11.3 10.7,11.8 10.6,12.3 10.6,12.7

	

"08-12-86	 (224)"
19.9,0 19.6,.5 19.4,1 19,1.5 18.5,2 17.8,2.5 17.1,3 16.5,3.5 16,4
15.6,4.5 15.1,5	 14.6,5.5 14.2,6 13.7,6.5 13.4,7 13,7.5	 12.8,8
12.6,8.5 12.4,9	 12.2,9.5 12.1,10 12,10.5 11.8,11 11.7,11.5	 11.6,12
"09-16-86 (259)"
15.1,.1 15.6,.5 15.6,1 15.8,1.5	 15.8,2	 15.8,2.5	 15.8,3	 15.7,3.5
15.6,4 15.4,4.5 15.2,5 15,5.5	 14.6,6	 14.4,6.5	 14.2,7	 14,7.5
13.8,8 13.6,8.5 13.4,9 13.3,9.5	 13.1,10	 12.9,10.5	 12.8,11
12.7,11.5 12.6,12 12.5,12.5 12.4,12.7
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HARDWICK SITE

WARE RIVER

PVC145 • STEEL50
w filled with oil

West Bank of Ware River

Map showing locations of piezometers at the Hardwick site.

296



297

TEMPERATURE VERSUS DEPTH-BENEATH-RIVER-BOTTOM

DATA AT THE HARDWICK SITE

-Temperatures in degrees celsius
-Depth in centimeters beneath river bottom

-Data in form:

PIEZOMETER

"Date of Measurement (Julian Date)"
Temperature,Depth Temperature,Depth Temperature,Depth
Temperature,Depth Temperature,Depth 	

"Date of Measurement (Julian Date)"
Temperature, Depth Temperature,Depth Temperature,Depth
Temperature,Depth Temperature ,Depth 	

HARDWICK STEEL50 FILLED WITH OIL

	

"10-03-85	 (276)"
15,0 14.8,.1 14.8,.2 14.9,.7 14.8,1.2 14.8,1.7 14.7,2.2 14.5,2.7
14.3,3.2 14.1,3.7 13.9,4.2 13.7,4.7 13.5,5.2 13.3,5.7 13.1,6.2
12.9,6.7 12.7,7.2 12.6,7.7 12.4,8.2 12.2,8.7 12,9.2 11.9,9.7
11.7,10.2 11.5,10.7 11.4,11.2 11.3,11.7 11.2,12.2 11,12.7 10.9,13.2
10.8,13.7 10.6,14.2 10.5,14.7 10.4,15.2 10.3,15.7 10.2,16.7 10,17.7
9.9,18.7 9.8,19.7 9.7,20.7 9.7,21.7 9.6,22.7 9.6,23.7 9.6,24.7
9.6,25.7 9.6,27.7 9.6,29.7 9.6,31.7 9.6,33.7 9.7,35.7 9.7,40.7
9.7,45.7 9.7,51.7

	

"10-31-85	 (304)"
7.9,0 8.6,.1 9.1,.2 9.8,.7 10.6,1.2 10.9,1.7 11.2,2.2 11.4,2.7
11.6,3.2 11.8,3.7 11.9,4.2 12,4.7 12.1,5.2 12.1,5.7 12.1,6.2 12.1,6.7
12.1,7.2 12.1,7.7 12.0,8.2 12.,8.7 11.9,9.2 11.9,9.7 11.8,10.2
11.7,10.7 11.5,11.2 11.4,11.7 11.3,12.2 11.2,12.7 11,13.2
10.9,13.7 10.8,14.2 10.7,14.7 10.6,15.2 10.5,15.7 10.3,16.7
10.2,17.7 10,18.7 9.9,19.7 9.9,20.7 9.8,21.7 9.7,22.7 9.7,23.7
9.6,24.7 9.6,25.7 9.6,27.7 9.6,29.7 9.6,31.7 9.6,33.7 9.6,35.7
9.7,40.7 9.7,45.7

	

"12-05-85	 (337)"
1.6,0 1.9,.1 3.7,.2 5.2,.7 6.4,1.2 7,1.7 7.6,2.2 8.1,2.7 8.4,3.2
8.8,3.7 9.1,4.2 9.4,4.7 9.9,5.2 10.1,5.7 10.3,6.2 10.5,6.7
10.6,7.2 10.7,7.7 10.8,8.2 10.9,8.7 10.9,9.2 10.9,9.7 11,10.2 11,10.7
11,11.2 11,11.7 11,12.2 11,12.7 10.9,13.2 10.9,13.7 10.8,14.2
10.8,14.7 10.8,15.2 10.7,15. 10.6,16.7 10.5,17.7 10.3,18.7
10.2,19.7 10.1,20.7 10,21.7 9.9,22.7 9.9,23.7 9.8,24.7 9.8,25.7
9.7,27.7 9.7,29.7 9.6,31.7 9.6,33.7 9.6,35.7 9.7,37.7 9.7,39.7
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9.7,41.7 9.7,43.7 9.7,45.7 9.7,47.7 9.7,51.7

	

"01-02-86	 (2)"
0.6,0 4.3,.05 4.1,.1 4.2,.6 4.7,1.1 5.1,1.6 5.4,2.1 5.9,2.6 6.2,3.1
6.6,3.6 7.2,4.1 7.6,4.6 8,5.1 8.2,5.6 8.5,6.1 8.8,6.6 9,7.1 9.2,7.6
9.4,8.1 9.5,8.6 9.7,9.1 9.9,9.6 10,10.1 10,10.6 10.1,11.1 10.2,11.6
10.3,12.1 10.3,12.6 10.4,13.1 10.4,13.6 10.4,14.1 10.4,14.6 10.4,15.1
10.4,15.6 10.4,16.6 10.3,17.6 10.2,18.6 10.2,19.6 10.1,20.6 10,21.6
10,22.6 9.9,23.6 9.9,24.6 9.8,25.6 9.8,27.6 9.7,29.6 9.7,31.6
9.7,33.6 9.7,35.6 9.7,37.6 9.7,39.6 9.7,41.6 9.7,43.6 9.7,45.6
9.7,53.1

	

"02-11-86	 (42)"
0.3,0 1.5,.1 1.6,.2 2.5,.7 3.2,1.2 3.6,1.7 4.1,2.2 4.6,2.7 5.1,3.2
5.6,3.7 6.0,4.2 6.4,4.7 6.7,5.2 7.0,5.7 7.3,6.2 7.5,6.7 7.7,7.2
7.9,7.7 8.1,8.2 8.3,8.7 8.5,9.2 8.8,10.2 8.9,10.7 9.0,11.2 9.2,11.7
9.3,12.2 9.4,12.7 9.5,13.2 9.6,13.7 9.7,14.2 9.7,14.7 9.8,15.2
9.8,15.7 9.9,16.7 9.9,17.7 10,18.7 10,19.7 10,20.7 10,21.7
10,22.7 10,23.7 9.9,24.7 9.9,25.7 9.8,27.7 9.8,29.7 9.7,31.7
9.7,33.7 9.7,35.7 9.7,37.7 9.6,39.7 9.7,41.7 9.7,43.7 9.7,45.7
9.7,50.7 9.7,52.7

	

"03-04-86	 (63)"
0.5,0 2.0,.4 3.3,.8 3.3,1.3 3.5,1.8 4,2.3 4.3,2.8 4.8,3.3 5.3,3.8
5.7,4.3 6.0,4.8 6.3,5.3 6.5,5.8 6.8,6.3 7.0,6.8 7.2,7.3 7.4,7.8
7.6,8.3 7.8,8.8 7.9,9.3 8.1,9.8 8.3,10.3 8.4,10.8 8.6,11.3
8.7,11.8 8.8,12.3 8.9,12.8 9.0,13.3 9.2,13.8 9.2,14.3 9.3,14.8
9.4,15.3 9.4,15.85 9.5,16.8 9.7,17.8 9.7,18.8 9.8,19.8 9.8,20.8
9.9,21.8 9.9,22.8 9.9,23.8 9.9,24.8 9.9,25.8 9.8,27.8 9.8,29.8
9.7,31.8 9.7,33.8 9.7,35.8 9.7,37.8 9.7,39.8 9.7,41.8 9.7,43.8
9.7,45.8 9.7,50.8 9.7,52.8

	

"04-09-86	 (109)"
10,0 8.4,.5 7.0,.9 6.8,1.4 6.7,1.9 6.6,2.4 6.5,2.9 6.5,3.4 6.5,3.9
6.5,4.4 6.5,4.9 6.6,5.4 6.6,5.9 6.7,6.4 6.8,6.9 7.0,7.4 7.1,7.9
7.2,8.4 7.3,8.9 7.5,9.4 7.6,9.9 7.7,10.4 7.9,10.9 8.1,11.4 8.2,11.9
8.3,12.4 8.4,12.9 8.5,13.4 8.6,13.9 8.8,14.4 8.8,14.9 8.9,15.4
9.0,15.9 9.1,16.9 9.2,17.9 9.3,18.9 9.4,19.9 9.5,20.9 9.6,21.9
9.7,22.9 9.7,23.9 9.7,24.9 9.8,25.9 9.8,27.9 9.8,29.9 9.8,31.9
9.7,33.9 9.7,35.9 9.7,37.9 9.7,39.9 9.7,41.9 9.7,43.9 9.7,45.9
9.7,50.9 9.7,53.4

	

"05-06-86	 (126)"
14.0,0 13.8,.1 12.9,.4 12.0,.9 11.2,1.4 10.5,1.9 10.0,2.4 9.4,2.9
9.0,3.4 8.7,3.9 8.2,4.4 8.1,4.9 7.9,5.4 7.8,5.9 7.7,6.4 7.7,6.9
7.6,7.4 7.6,7.9 7.7,8.4 7.7,8.9 7.74,9.4 7.8,9.9 7.8,10.4 7.9,10.9
8.0,11.4 8.1,11.9 8.1,12.4 8.2,12.9 8.3,13.4 8.6,13.9 8.6,14.4
8.7,14.9 8.7,15.4 8.8,15.9 8.9,16.9 9.1,17.9 9.2,18.9 9.3,19.9
9.4,20.9 9.5,21.9 9.5,22.9 9.7,23.9 9.7,24.9 9.9,25.9 9.8,27.9
9.9,29.9 9.8,31.9 9.8,33.9 9.8,35.9 9.8,37.9 9.8,39.9 9.8,41.9
9.8,43.9 9.8,45.9 9.8,50.9 9.8,52.9

	

"06-09-86	 (160)"
15.7,0 15.6,.1 15.2,.4 14.6,.9 13.9,1.4 13.5,1.9 13.1,2.4 12.8,2.9
12.1,3.4 11.8,3.9 11.3,4.4 10.8,4.9 10.2,5.4 9.8,5.9 9.6,6.4
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9.3,6.9	 9.0,7.4	 8.9,7.9	 8.8,8.4	 8.7,8.9	 8.6,9.4	 8.5,9.9	 8.4,10.4
8.4,10.9 8.4,11.4 8.4,11.9 8.4,12.4 8.5,12.9 8.5,13.4 8.6,13.9
8.6,14.4 8.6,14.9 8.6,15.4 8.7,15.9 8.8,16.9 8.9,17.9 9.0,18.9
9.1,19.9 9.2,20.9 9.3,21.9 9.4,22.9 9.4,23.9 9.5,24.9 9.6,25.9
9.6,27.9 9.7,29.9 9.7,31.9 9.7,33.9 9.7,35.9 9.7,37.9 9.7,39.9
9.7,41.9 9.7,43.9 9.7,45.9 9.7,47.9 9.7,50.9 9.7,51.9
"07-09-86 (190)"
21.8,0 21.7,.1 20.6,.3 19.3,.8 17.3,1.3 16.6,1.8 15.8,2.3 14.6,2.6
14.2,2.8 13.7,3.3 13.1,3.8 12.7,4.3 12,4.5 11.8,4.8 11.5,5.3
11.1,5.6 11,5.8 10.8,6.3 10.5,6.6 10.4,6.8 10.3,7.3 10.2,7.8
10,8.3 9.9,8.8 9.7,9.3 9.5,9.8 9.4,10.3 9.3,10.8 9.2,11.3
9.2,11.8 9.2,12.3 9.1,12.8 9.1,13.3 9,13.8 9,14.3 9,14.8 9,15.3
9,15.8 9,16.8 9,17.8 9,18.8 9.1,19.8 9.2,20.8 9.2,21.8 9.2,22.8
9.3,23.8	 9.4,24.8	 9.4,25.8	 9.4,27.8	 9.5,29.8	 9.6,31.8	 9.6,33.8
9.6,35.8	 9.6,37.8	 9.6,39.8	 9.6,41.8	 9.6,43.8	 9.7,45.8	 9.7,47.8
9.7,50.8
"08-15-86	 (227)"
22.4,0	 22.1,.1	 21.1,.4	 20.1,.9	 19.5,1.4	 18.6,1.9	 17.8,2.4	 17.2,2.6
16.8,2.9	 16,3.4	 15.4,3.9	 14.8,4.4	 14.5,4.5	 14,4.9	 13.6,5.4	 13.2,5.6
13.1,5.9 12.6,6.4 12.4,6.6 12.2,6.9	 12,7.4	 11.7,7.9	 11.5,8.4	 11.3,8.9
10.9,9.4 10.8,9.9 10.6,10.4 10.4,10.9	 10.3,11.4	 10.2,11.9	 9.9,12.4
9.9,12.9 9.8,13.4 9.7,13.9 9.6,14.4 9.5,14.9 9.4,15.4 9.4,15.9
9.4,16.9 9.3,17.9 9.3,18.9 9.3,19.9 9.3,20.9 9.3,21.9 9.3,22.9
9.3,23.9 9.4,24.9 9.5,25.9 9.6,27.9 9.6,29.9 9.6,31.9 9.6,33.9
9.6,35.9 9.6,37.9 9.74,39.9 9.7,41.9 9.7,43.9 9.7,45.9 9.7,50.9
"09-17-86 (260)"
14.1,0 14.5,.1 14.7,.4 15.2,.9 15.3,1.4 15.4,1.9 15.3,2.4 15.2,2.6
15.2,2.9 14.9,3.4 14.7,3.9 14.2,4.4 14,4.5 13.9,4.9 13.7,5.4 13.5,5.6
13.4,5.9 13.2,6.4 13,6.6 12.9,6.9 12.7,7.4 12.5,7.9 12.3,8.4 12.2,8.9
11.9,9.4 11.7,9.9 11.6,10.4 11.3,10.9 11.1,11.4 10.9,11.9 10.8,12.4
10.7,12.9 10.5,13.4 10.4,13.9 10.2,14.4 10.1,14.9 10,15.4 9.9,15.9
9.8,16.9 9.7,17.9 9.6,18.9 9.5,19.9 9.4,20.9 9.4,21.9 9.4,22.9
9.4,23.9 9.4,24.9 9.4,25.9 9.5,27.9 9.5,29.9 9.5,31.9 9.6,33.9
9.6,35.9 9.6,40.9 9.7,45.9 9.7,50.9 9.7,52.9



NEW BRAINTREE SITE
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East Bank of Ware River -

Map showing locations of piezometers at the New Braintree site.
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TEMPERATURE VERSUS DEPTH-BENEATH-RIVER-BOTTOM

DATA AT THE NEW BRAINTREE SITE

-Temperatures in degrees celsius
-Depth in centimeters beneath river bottom

-Data in form:

PIEZOMETER

"Date of Measurement (Julian Date)"
Temperature,Depth Temperature,Depth Temperature,Depth
Temperature,Depth Temperature,Depth 	

"Date of Measurement (Julian Date)"
Temperature,Depth Temperature,Depth Temperature,Depth
Temperature,Depth Temperature,Depth 	

NEW BRAINTREE PVC27

	

"11-12-85	 (316)"
6.8,0 8.7,.1 9.1,.2 9.4 1 .7 9.7,1.2 9.8,1.7 9.8,2.2 9.9,2.7 10,3.2
10,3.7 10,4.2 10.1,4.7 10,5.2 10,5.7 9.9,6.2 9.8,6.7 9.7,7.2
9.6,7.7 9.4,8.2 9.4,8.7 9.3,9.2 9.2,9.7 9.2,10.2 9.1,10.7 9.1,11.2
9.0,11.7 9.0,12.2 9.0,12.7 9.0,13.2 8.9,13.7 8.9,14.2 8.9,14.7
8.9,15.2 8.9,15.7 8.9,16.2 8.9,17.2 8.9,18.2 8.9,19.2 8.9,20.2
8.9,21.2 8.9,22.2 8.9,23.2 8.9,24.2 8.9,25.2 8.9,26.2

	

"12-05-85	 (339)"
0.7,0 6.2,.1 8.1,.5 8.8,1 9.1,1.5 9.3,2 9.4,2.5 9.2,3 9.2,3.5
9.4,4 9.4,4.5 9.4,5 9.5,5.5 9.6,6 9.6,6.5 9.6,7 9.5,7.5 9.5,8
9.4,8.5 9.4,9 9.3,9.5 9.3,10 9.2,10.5 9.2,11 9.2,11.5 9.2,12
9.2,12.5 9.1,13 9.1,13.5 9.1,14 9.1,14.5 9.0,15 9.0,15.5 9.0,16
9.0,16.5 9.0,17 9.0,18 9.0,19 9.0,20 9.0,21 9.0,22 9.0,23
9.0,24 9.0,25

	

"01-03-86	 (3)"
0.4,0 6.4,.1 7,.3 7.9 1 .8 8.2,1.3 8.4,1.8 8.5,2.3 8.6,2.8 8.6,3.3
8.6,3.8 8.7,4.3 8.8,4.8 8.9,5.3 9.0,5.8 9.0,6.3 9.0,6.8 9.0,7.3
9.1,7.8 9.1,8.3 9.2,8.8 9.3,9.3 9.4,9.8 9.4,10.3 9.4,10.8 9.4,11.3
9.4,11.8 9.3,12.3 9.3,12.8 9.3,13.3 9.3,13.8 9.2,14.3 9.2,14.8
9.2,15.3 9.2,15.8 9.2,16.3 9.2,16.8 9.2,17.8 9.2,18.8 9.1,19.8 9.1,20.8
9.1,21.8 9.1,22.8 9.1,23.8 9.1,24.8 9.1,25.8 9.1,26.8

	

"02-10-86	 (41)"
0.5,0 5.5,.1 7.2,.4 6.9,.9 7,1.4 7.2,1.9 7.4,2.4 7.5,2.9 7.6,3.4
8,3.9 8.1,4.4 8.3,4.9 8.3,5.4 8.5,5.9 8.6,6.4 8.6,6.9 8.7,7.4 8.6,7.9

8.8,8.4 8.8,8.9 8.9,9.4 8.9,9.9 8.9,10.4 8.9,10.9 9.0,11.4 9.1,11.9
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9.1,12.4 9.2,12.9 9.2,13.4 9.3,13.9 9.3,14.4 9.3,14.9 9.3,15.4
9.3,15.4 9.3,16.4 9.3,16.9 9.3,17.9 9.2,18.9 9.2,19.9 9.2,20.9
9.2,21.9 9.2,22.9 9.2,23.9 9.2,24.9 9.2,25.9 9.2,26.9 9.2,27.2
"03-05-86 (64)"
0.6,0 4.6,.1 6.2,.4 6.5,.9 6.8,1.4 7.1,1.9 7.1,2.4 7.3,2.9 7.5,3.4
7.8,3.9 7.8,4.4 7.8,4.9 8,5.4 8.3,5.9 8.4,6.4 8.5,6.9 8.6,7.4 8.7,7.9
8.6,8.4 8.6,8.9 8.7,9.4 8.7,9.9 8.8,10.4 8.8,10.9 8.8,11.4 8.9,11.9
8.9,12.4 9,12.9 9.1,13.4 9.1,13.9 9.2,14.4 9.2,14.9 9.2,15.4 9.3,15.9
9.3,16.4 9.3,16.9 9.3,17.9 9.3,18.9 9.2,19.9 9.2,20.9 9.2,21.9
9.2,22.9 9.2,23.9 9.2,24.9 9.2,25.9 9.2,26.9 9.2,27.3

	

"04-18-86	 (108)"
11.2,0 10.4,.1 6.8,.5 6.7,1.0 6.8,1.5 6.8,2 7,2.5 7,3 7.2,3.5 7.5,4
7.8,4.5 7.8,5 7.8,5.5 8,6 8.1,6.54 8.1,7 8,7.5 8.2,8 8.2,8.5
8.2,9 8.3,9.5 8.3,10 8.3,10.5 8.4,11 8.5,11.5 8.6,12 8.6,12.5
8.7,13 8.7,13.5 8.7,14 8.8,14.5 8.8,15 8.9,15.5 9,16 9,16.5 9.1,17
9.1,18 9.1,19 9.1,20 9.2,21 9.2,22 9.2,23 9.2,24 9.2,25 9.2,26
9.2,27 9.2,27.1

	

"05-08-86	 (128)"
12.3,0 10.6,.1 7,.4 6.8,.9 6.8,1.4 6.9,1.9 6.9,2.4 7,2.9 7,3.4
7.1,3.9 7.2,4.4 7.3,4.9 7.3,5.4 7.4,5.9 7.8,6.4 7.8,6.9 7.8,7.4
7.8,7.9 8,8.4 8.1,8.9 8.1,9.4 8.2,9.9 8.2,10.4 8.3,10.9 8.3,11.4
8.4,11.9 8.4,12.4 8.4,12.9 8.5,13.4 8.6,13.9 8.7,14.4 8.7,14.9
8.8,15.4 8.9,15.9 8.9,16.4 8.9,16.9 9,17.9 9,18.9 9,19.9 9,20.9
9.1,21.9 9.1,22.9 9.1,23.9 9.1,24.9 9.1,25.9 9.1,26.7

	

"06-10-86	 (161)"	 .
17.2,0 9.6,.1 7.5,.5 7.3,1 7.3,1.5 7.4,2 7.4,2.5 7.5,3 7.6,3.5 7.6,4
7.6,4.5 7.7,5 7.8,5.5 7.9,6 8,6.5 8,7 8.1,7.5 8.2,8 8.2,8.5 8.3,9
8.3,9.5 8.4,10 8.4,10.5 8.5,11 8.5,11.5 8.6,12 8.6,12.5 8.6,13
8.6,13.5 8.6,14 8.7,14.5 8.7,15 8.7,15.5 8.8,16 8.8,16.5 8.8,17
8.9,18 8.9,19 8.9,20 9,21 9,22 9,23 9,24 9,25 9,26 9.1,26.8

	

"07-08-86	 (189)"
22.5,0 20.2,.05 15.1,.1 9.7,.3 9.0,.6 8.6,.8 8.4,1.1 8.3,1.3 8.3,1.6
8.2,2.1 8.1,2.6 8,3.1 7.9,3.6 7.9,4.1 7.9,4.6 7.9,5.1 7.9,5.6 7.9,6.1
8,6.6 8,7.1 8,7.6 8,8.1 8.1,8.6 8.1,9.1 8.1,9.6 8.1,10.1 8.2,10.6
8.2,11.1 8.2,11.6 8.3,12.1 8.3,12.6 8.3,13.1 8.4,13.6 8.4,14.1
8.4,14.6 8.5,15.1 8.5,15.6 8.5,16.1 8.6,16.6 8.6,17.1 8.6,18.1
8.6,19.1 8.7,20.1 8.7,21.1 8.8,22.1 8.8,23.1 8.8,24.1 8.9,25.1
8.9,26.1 8.9,26.3

	

"08-12-86	 (224)"
21.1,0 20.7,.05 19.5,.1 12.3,.35 10.4,.6 9.9,.85 9.7,1.1 9.6,1.6
9.6,2.1 9.5,2.6 9.3,3.1 9.2,3.6 9,4.1 8.9,4.6 8.8,5.1 8.7,5.6 8.6,6.1
8.5,6.6 8.3,7.1 8.3,7.6 8.3,8.1 8.2,8.6 8.2,9.1 8.2,9.6 8.2,10.1
8.2,10.6 8.2,11.1 8.2,11.6 8.2,12.1 8.3,12.6 8.3,13.1 8.3,13.6
8.3,14.1 8.3,14.6 8.3,15.1 8.3,15.6 8.3,16.1 8.4,16.6 8.4,17.1
8.4,18.1 8.5,19.1 8.5,20.1 8.6,21.1 8.6,22.1 8.7,23.1 8.7,24.1
8.7,25.1 8.8,26.1

	

"09-16-86	 (259)"
14.4,0 13.8,.1 12.6,.2 11.3,.4 10.8,.7 10.6,.9 10.5,1.4 10.5,1.9
10.5,2.4 10.4,2.9 10.3,3.4 10.2,3.9 10,4.4 9.9,4.9 9.7,5.4
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9.5,5.9 9.4,6.4	 9.3,6.9	 9.2,7.4	 9,7.9	 8.9,8.4 8.8,8.9 8.8,9.4 8.7,9.9
8.6,10.4 8.5,10.9	 8.5,11.4	 8.5,11.9	 8.4,12.4 8.4,12.9 8.4,13.4 8.4,13.9
8.4,14.4 8.4,14.9	 8.4,15.4	 8.5,15.9	 8.5,16.4 8.5,16.9 8.5,17.4
8.5,17.9 8.5,18.4	 8.5,18.9	 8.6,19.9	 8.6,20.9 8.6,21.9 8.6,22.9
8.7,23.9 8.7,24.9	 8.8,25.9	 8.8,26.4

NEW BRAINTREE STEEL1

"10-02-85 (275)"
15.9,0 15.9,.1 15,.2 14.2,.4 13.2,.65 12.3,.9 11.8,1.15 11.4,1.4
10.9,1.9 10.8,2.4 10.7,2.9 10.7,3.4 10.7,3.9 10.6,4.4 10.5,4.9
10.4,5.4 10.3,5.9 10.1,6.4 9.9,6.9 9.8,7.4 9.6,7.9 9.4,8.4 9.3,8.9
9.2,9.4 9.1,9.9 9.0,10.4 9.0,10.9 8.9,11.4 8.9,11.9 8.8,12.4

	

."11 -01 -85	 (305)"
5.4,0 8.3,.1 8.6,.2 8.8,.4 9,.65 9.4,.9 9.4,1.4 9.4,1.9 9.5,2.4
9.7,2.9 9.8,3.4 9.9,3.9 10,4.4 9.9,4.9 10,5.4 10,5.9 9.9,6.4
9.9,6.9 9.9,7.4 9.7,7.9 9.6,8.4 9.5,8.9 9.4,9.4 9.3,9.9 9.2,10.4
9.2,10.9 9.1,11.4 9.1,11.9 9.0,12.4 9.0,12.9
"12-05-85 (339)"
0.7,0 4.3,.1 5.2,.3 6.5,.8 7.6,1.3 8.3,1.8 8.5,2.3 8.7,2.8 8.8,3.3
8.8,3.8 8.8,4.3 8.8,4.8 8.8,5.3 8.8,5.8 8.9,6.3 8.9,6.8 8.9,7.3
9.0,7.8 9.0,8.3 9.0,8.8 9.0,9.3 9.1,9.8 9.1,10.3 9.2,10.8 9.2,11.3
9.2,11.8 9.2,12.3 9.2,12.8
"01-03-86 (3)"
0.4,0 3.5,.1 5.2,.5 5.9,1 7.6,1.5 7.9,2 8.1,2.5 8.1,3 8.2,3.5 8.2,4
8.3,4.5 8.4,5 8.5,5.5 8.5,6 8.6,6.5 8.6,7 8.8,7.5 8.8,8 8.9,8.5
8.9,9 9,9.5 9,10 9.1,10.5 9.2,11 9.3,11.5 9.3,12 9.3,12.5
"02-10-86 (41)"
0.5,0 2.9,.1 3.6,.3 5.2,.8 6.5,1.3 7,1.8 7,2.3 7.3,3.3 7.4,3.8
7.4,4.3 7.7,4.8 7.8,5.3 7.8,5.8 8,6.3 8.1,6.8 8.2,7.3 8.4,7.8
8.4,8.3 8.5,8.8 8.6,9.3 8.6,9.8 8.7,10.3 8.8,10.8 8.9,11.3
9.0,11.8 9.2,12.3 9.2,12.8 9.2,12.9
"03-05-86 (64)"
0.6,0 2.9,.1 5,.3 5.6,.8 6.3,1.3 6.7,1.8 6.7,2.3 6.8,2.8 7,3.3
7.1,3.8 7.2,4.3 7.4,4.8 7.6,5.3 7.6,5.8 7.7,6.3 7.8,6.8 7.9,7.3
8,7.8 8.2,8.3 8.4,8.8 8.4,9.3 8.5,9.8 8.5,10.3 8.6,10.8 8.8,11.3
8.9,11.8 9.1,12.3 9.1,12.8 9.1,12.9
"04-18-86 (108)"
11.2,0 11.2,.1 10,.3 8.1,.8 6.8,1.3 6.5,1.8 6.4,2.3 6.4,2.8 6.5,3.3
6.6,3.8 6.8,4.3 6.9,4.8 7.1,5.3 7.2,5.8 7.5,6.3 7.6,6.8 7.7,7.3
7.8,7.8 8.0,8.3 8.0,8.8 8.1,9.3 8.3,9.8 8.3,10.3 8.4,10.8 8.6,11.3
8.7,11.8 8.8,12.3 8.8,12.8
"05-08-86 (128)"
12.4,0 12.2,.1 12.2,.2 9.7 1 .6 7.8,1.1 6.8,1.6 6.5,2.1 6.5,2.6 6.5,3.1
6.5,3.6 6.6,4.1 6.8,4.6 6.9,5.1 7.0,5.6 7.2,6.1 7.3,6.6 7.4,7.1 7.6,7.6
7.8,8.1 7.8,8.6 8.0,9.1 8.1,9.6 8.2,10.1 8.3,10.6 8.4,11.1 8.5,11.6
8.6,12.1 8.6,12.6 8.7,12.8

	

"06- 10-86	 (161)"
17.4,0 17.3,.1 17.2,.2 12,.7 8.9,1.2 7.8,1.7 7.4,2.2 7.3,2.7 7.3,3.2
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7.3,3.7 7.3,4.2 7.3,4.7 7.3,5.2 7.4,5.7 7.5,6.2 7.6,6.7 7.6,7.2
7.7,7.7 7.8,8.2 8,8.7 8.1,9.2 8.2,9.7 8.2,10.2 8.3,10.7 8.3,11.2
8.3,11.7 8.3,12.2 8.4,12.7

	

"07-08 -86	 (189)"
22.6,0 21.8,.1 18.3,.3 14.6,.5 12.4,.8 10.6,1 9.8,1.3 8.7,1.8 8.4,2.3
8.3,2.8 8.3,3.3 8.2,3.8 8.2,4.3 8.2,4.8 8.2,5.3 8.1,5.8 8.1,6.3
8.1,6.8 8.1,7.3 8.1,7.8 8.1,8.3 8.1,8.85 8.2,9.3 8.2,9.8 8.2,10.3
8.3,10.8 8.3,11.3 8.3,11.8 8.3,12.3

	

"08-12-86	 (224)"
21.1,0 21,.1 19.2,.3 17,.55 14.7,.8 13.2,1.05 11.9,1.3 10.6,1.8
10,2.3 9.7,2.8 9.5,3.3 9.4,3.8 9.3,4.3 9.2,4.8 9.2,5.3 9,5.8
8.9,6.3 8.8,6.8 8.7,7.3 8.6,7.8 8.5,8.3 8.5,8.8 8.4,9.3 8.3,9.8
8.3,10.3 8.3,10.5

	

"09-16-86	 (259)"
14.6,0 14.5,.05 14.4,.1 14.2,.4 13.7,.6 13.3,.9 12.7,1.1 11.7,1.6
11,2.1 10.7,2.6 10.5,3.1 10.4,3.6 10.3,4.1 10.2,4.6 10.2,5.1 10,5.6
9.9,6.1 9.8,6.6 9.6,7.1 9.5,7.6 9.2,8.1 9.0,8.6 8.9,9.1 8.8,9.6
8.8,10.2 8.8,10.6 8.7,11.1 8.7,11.6 8.7,12.1 8.6,12.6

NEW BRAINTREE STEEL2

	

"10-02-85	 (275)"
15.9,0 15.9,.1 15.6,.3 13.8,.5 12.8,1 12.3,1.5 12.0,2 11.8,2.5
11.6,3 11.4,3.5 11.1,4 10.9,4.5 10.6,5 10.4,5.5 10.3,6 10.2,6.5
10.1,7 9.9,7.5 9.8,8 9.8,8.5 9.7,9 9.7,9.5 9.6,10 9.6,10.5 9.5,11
9.5,11.5 9.5,12 9.5,12.5 9.4,13 9.4,13.5 9.4,14 9.4,14.5 9.4,15
9.4,15.5 9.4,16 9.4,16.5 9.4,17
"11-01-85 (305)"
5.2,0 7,.1 7.4,.2 7.6,.4 7.9,.9 8.1,1.4 8.2,1.9 8.3,2.4 8.4,2.9
8.6,3.4 8.8,3.9 8.9,4.4 8.9,4.9 9.,5.4 9,5.9 9.1,6.4 9.2,6.9
9.2,7.4 9.3,7.9 9.3,8.4 9.4,8.9 9.5,9.4 9.5,9.9 9.5,10.4 9.5,10.9
9.5,11.4 9.5,11.9 9.5,12.4 9.4,12.9 9.4,13.4 9.4,13.9 9.4,14.4
9.4,14.9 9.4,15.4 9.4,15.9 9.4,16.4 9.4,16.9
"12-05-85 (339)"
0.5,0 .6,.1 2.4,.3 4.6,.8 5.4,1.3 6.2,1.8 6.5,2.3 6.9,2.8 7.2,3.3
7.3,3.8 7.6,4.3 7.7,4.8 7.8,5.3 7.8,5.8 7.9,6.3 8.0,6.8 8.1,7.3
8.1,7.8 8.2,8.3 8.3,8.8 8.5,9.3 8.7,9.8 8.8,10.3 8.8,10.8 8.9,11.3
9.0,11.8 9.2,12.3 9.3,12.8 9.3,13.3 9.4,13.8 9.4,14.3 9.4,14.8
9.4,15.3 9.4,15.8 9.4,16.3 9.4,16.8 9.4,17.8
"01-03-86 (3)"
0.4,0 3.4 1 .1 4.6,.4 5.9,.9 6.2,1.4 6.5,1.9 6.6,2.4 6.9,2.9 7.1,3.4
7.3,3.9 7.4,4.4 7.6,4.9 7.8,5.4 7.9,5.9 8.1,6.4 8.1,6.9 8.2,7.4
8.2,7.9 8.3,8.4 8.4,8.9 8.6,9.4 8.7,9.9 8.8,10.4 8.9,10.9 8.9,11.4
9.0,11.9 9.1,12.4 9.2,12.9 9.3,13.4 9.3,13.9 9.3,14.4 9.3,14.9 9.4,15.4
9.4,15.9 9.4,16.4 9.4,16.9 9.4,17.4
"02-10-86 (41)"
0.4,0 4.6,.1 5,.4 5.7,.9 5.8,1.4 6.1,1.9 6.4,2.4 6.6,2.9 6.9,3.4
7.1,3.9 7.4,4.4 7.4,4.9 7.7,5.4 7.8,5.9 7.8,6.4 8.0,6.9 8.1,7.4
8.2,7.9 8.3,8.4 8.3,8.9 8.5,9.4 8.6,9.9 8.7,10.4 8.8,10.9 8.9,11.4
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9.1,11.9 9.2,12.4 9.2,12.9 9.3,13.4 9.3,13.9 9.3,14.4 9.3,14.9

9.3,15.4 9.3,15.8

"03-05-86 (64)"

0.6,0 2.6,.1 4.8,.5 6,1 6.1,1.5 6.5,2 6.8,2.5 7,3 7.1,3.5 7.1,4

7.4,4.5 7.5,5 7.7,5.5 7.9,6 8,6.5 8.1,7 8.2,7.5 8.2,8 8.3,8.5

8.4,9 8.6,9.5 8.6,10 8.7,10.5 8.9,11 9.1,11.5 9.1,12 9.2,12.5

9.2,13 9.2,13.5 9.2,14 9.2,14.5 9.3,15 9.3,15.5 9.3,15.9

	

"04-18-86	 (108)"

11.6,0 11.6,.1 10.1,.5 9.5,1 9.3,1.5 9.2,2 9.1,2.5 9.1,3 9.1,3.5

9.1,4 9.1,4.5 9.1,5 9.2,5.5 9.2,6 9.2,6.5 9.2,7 9.2,7.5 9.2,8

9.3,8.5 9.3,9 9.3,9.5 9.3,10 9.3,10.5 9.3,11 9.3,11.5 9.3,12

9.3,12.5 9.3,13 9.3,13.5 9.3,14 9.3,14.5 9.3,15 9.4,15.5 9.4,16

9.4,16.5 9.4,17.5 9.4,17.7

"05-08-86 (128)"

12.3,0 12.3,.1 11.3,.4 10.8,.9 10.5,1.4 10.3,1.9 10.2,2.4 10.1,2.9

10,3.4 9.9,3.9 9.7,4.4 9.7,4.9 9.6,5.4 9.5,5.9 9.5,6.4 9.4,6.9

9.4,7.4 9.4,7.9 9.4,8.4 9.4,8.9 9.3,9.4 9.3,9.9 9.3,10.4 9.3,10.9

9.3,11.4 9.3,11.9 9.3,12.4 9.3,12.9 9.3,13.4 9.3,13.9 9.3,14.4

9.3,14.9 9.3,15.4 9.4,15.9 9.4,16.4 9.4,17.2

	

"06-10-86	 (161)"

17.6,0 17.2,.1 13.9,.4 12.9,.9 12.2,1.4 11.8,1.9 11.6,2.4 11.3,2.9

11.1,3.4 10.8,3.9 10.6,4.4 10.4,4.9 10.3,5.4 10.1,5.9 10,6.4 9.9,6.9

9.8,7.4 9.7,7.9 9.6,8.4 9.5,8.9 9.5,9.4 9.4,9.9 9.4,10.4 9.4,10.9

9.4,11.4 9.4,11.7

	

"07-08-86	 (189)"

22.7,0 22.4,.1 16.6,.5 14.8,1 13.6,1.5 12.8,2 12.4,2.5 12,3 11.6,3.5

11.1,4 10.8,4.5 10.5,5 10.3,5.5 10.2,6 10,6.5 9.9,7 9.8,7.5 9.7,8

9.6,8.5 9.5,9 9.5,9.5 9.4,10 9.4,10.5 9.4,11 9.4,11.5 9.4,12 9.4,12.5

9.4,13 9.3,13.5 9.3,14 9.3,14.5 9.3,15 9.3,15.5 9.3,16 9.3,16.5

9.3,17

	

"08-12-86	 (224)"

21.2,0 21.1,.1 18.2,.5 17,1 15.8,1.5 15,2 14.4,2.5 13.7,3

13.0,3.5 12.6,4 12,4.5 11.6,5 11.2,5.5 10.9,6 10.6,6.5 10.4,7

10.2,7.5 10,8 9.9,8.5 9.8,9 9.7,9.5 9.6,10 9.5,10.5 9.5,11

9.4,11.5 9.4,12 9.4,12.5 9.3,13 9.3,13.5 9.3,14 9.3,14.5 9.3,15

9.3,15.5 9.3,16 9.2,16.5 9.2,17.5

	

"09-16-86	 (259)"

14.6,0 14.6,.1 14.6,.2 14.3,.5 14.2,.7 14,1 13.8,1.2 13.4,1.7

13.2,2.2 13,2.7 12.7,3.2 12.3,3.7 11.9,4.2 11.6,4.7 11.3,5.2

11.1,5.7 10.9,6.2 10.6,6.7 10.4,7.2 10.3,7.7 10.2,8.2 10,8.7

9.9,9.2 9.8,9.7 9.7,10.2 9.7,10.7 9.6,11.2 9.5,11.7 9.5,12.2

9.4,12.7 9.4,13.2 9.4,13.7 9.4,14.2 9.3,14.7 9.3,15.2 9.3,15.7

9.3,16.2 9.2,16.7 9.2,17.2
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NEW BRAINTREE STEEL3

"10-02-85	 (275)"
15.9,0	 15.7,.1	 15.3,.3
10.9,3	 10.5,3.5	 10.3,4
9.4,7.5	 9.4,8	 9.4,8.5
9.2,12
"11-01-85	 (305)"

14.8,.5	 14.2,.8	 13.8,1	 12.9,1.5	 12,2
10.1,4.5	 9.9,5	 9.8,5.5	 9.7,6	 9.6,6.5

9.4,9	 9.4,9.5	 9.3,10	 9.3,10.5	 9.3,11

11.4,2.5
9.5,7

9.3,11.5

5.7,0 7.8,.1 8.3,.5 8.6,1 8.7,1.5 8.8,2 8.8,2.5 8.9,3 8.9,3.5 9,4
9.1,4.5 9.2,5 9.2,5.5 9.3,6 9.3,6.5 9.4,7 9.5,7.5 9.5,8 9.5,8.5
9.5,9 9.5,9.5 9.5,10 9.5,10.5 9.4,11 9.4,11.5 9.4,12 9.4,12.5

	

"12-05-85	 (339)"
0.7,0 4.5,.1 4.9,.3 6,.8 6.6,1.3 7.4,1.8 8.1,2.3 8.3,2.8 8.6,3.3
8.6,3.8 8.7,4.3 8.7,4.8 8.7,5.3 8.8,5.8 8.8,6.3 8.9,6.8 8.9,7.3
9.1,7.8 9.2,8.3 9.3,8.8 9.4,9.3 9.4,9.8 9.5,10.3 9.5,10.8 9.5,11.3
9.5,11.8

	

"01-03-86	 (3)"
0.4,0 5,.1 5.2,.3 6.3,.8 6.6,1.3 7.2,1.8 8,2.3 8.1,2.8 8.3,3.3 8.3,3.8
8.4,4.3 8.5,4.8 8.6,5.3 8.6,5.8 8.6,6.3 8.7,6.8 8.8,7.3 8.8,7.8
8.9,8.3 9,8.8 9.1,9.3 9.2,9.8 9.2,10.3 9.3,10.8 9.3,11.3 9.4,11.8
9.4,12.1

	

"02-10-86	 (41)"
0.6,0 5.1 1 .1 5.3,.5 6.3,1 7,1.5 7.5,2 7.8,2.5 8.2,3 8.3,3.5 8.5,4
8.6,4.5 8.7,5 8.8,5.5 8.8,6 8.9,6.5 9,7 9,7.5 9,8 9.2,8.5 9.2,9
9.3,9.5 9.4,10 9.4,10.5 9.4,11 9.4,11.5 9.5,12 9.5,12.4

	

"03-05-86	 (64)"
0.4,0 6.6,.1 6.7,.2 6.8,1.1 7,1.6 7.4,2.1 7.8,2.6 8.2,3.1
8.3,3.6 8.4,4.1 8.6,4.6 8.6,5.1 8.7,5.6 8.7,6.1 8.8,6.6 8.9,7.1
8.9,7.6 9,8.1 9.1,8.6 9.1,9.1 9.2,9.6 9.2,10.1 9.3,10.6 9.3,11.1
9.3,11.6 9.4,12.1 9.4,12.6 9.4,12.7

	

"04-18-86	 (108)"
10.9,0 10.4,.1 9.8,.5 9.4,1 9.2,1.5 9.1,2 9.1,2.5 9.1,3 9.1,3.5
9.2,4 9.2,4.5 9.2,5 9.2,5.5 9.2,6 9.2,6.5 9.3,7 9.3,7.5 9.3,8
9.3,8.5 9.3,9 9.3,9.5 9.3,10 9.3,10.5 9.3,11 9.3,11.5 9.3,12

	

"05-08-86	 (128)"
12.3,0 12,.1 11,.3 10.4,.8 9.9,1.3 9.8,1.8

	

"06-10-86	 (161)"
16.9,0 15.3,.1 14,.2 12.3,.7 11.4,1.2 10.6,1.7 10.5,2

	

"07-08-86	 (189)"
22.1,0 21.3,.1 19.7,.2 16.1,.7 13.5,1.2 11.7,1.7

	

"08-12-86	 (224)"
21.2,0 21,.1 20.5,.2 18.4,.7 16.2,1.2 14.2,1.7 13.5,2

	

"09-16-86	 (259)"
12.6,0 12.0 1 .1 12.1,.2 12,.7 11.6,1.2 11.4,1.7

NEW BRAINTREE STEEL4

"10-02-85	 (275)"
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15.9,0 15.9,.1 15.9,.3 15.8,.5 15.2,1 14.7,1.5 14.3,2 13.9,2.5 13.5,3

13,3.5 12.6,4 12.3,4.5 11.9,5 11.6,5.5 11.3,6 11,6.5 10.8,7 10.6,7.5

10.4,8 10.3,8.5 10.2,9 10.1,9.5 10,10 9.9,10.5 9.9,11 9.8,11.5

9.8,12 9.7,12.5 9.7,13 9.6,13.5 9.6,14 9.5,14.5 9.5,15 9.4,15.5

9.4,16 9.4,16.5 9.4,17

	

"11-01-85	 (305)"

5.6,0 6.8,.1 6.9,.4 7.5,.9 8,1.4 8.3,1.9 8.6,2.4 9,2.9 9.2,3.4 9.4,3.9

9.5,4.4 9.5,4.9 9.6,5.4 9.7,5.9 9.8,6.4 9.8,6.9 9.8,7.4 9.8,7.9

9.9,8.4 9.9,8.9 9.9,9.4 9.8,9.9 9.8,10.4 9.7,10.9 9.7,11.4

9.7,11.9 9.6,12.4 9.6,12.9 9.6,13.4 9.5,13.9 9.5,14.4 9.5,14.9

9.4,15.4 9.4,15.9 9.4,16.4 9.4,16.9

	

"12-05-85	 (339)"

0.6,0 .6,.05 .7,.1 1.7,.6 4,1.1 5.1,1.6 5.6,2.1 6,2.6 6.4,3.1

6.8,3.6 7.2,4.1 7.6,4.6 8,5.1 8.2,5.6 8.4,6.1 8.5,6.6 8.6,7.1

8.7,7.6 8.7,8.1 8.8,8.6 8.9,9.1 9.0,9.6 9.1,10.1 9.1,10.6 9.2,11.1

9.2,11.6 9.3,12.1 9.3,12.6 9.4,13.1 9.4,13.6 9.4,14.1

9.4,14.6 9.4,15.1 9.4,15.6 9.4,16.1 9.4,16.6 9.4,17.6

	

"01-03-86	 (3)"

0.4,0 0.3 1 .1 0.9,.4 1.9,.9 3.3,1.4 4.5,1.9 5.2,2.4 5.6,2.9

6.0,3.4 6.5,3.9 6.7,4.4 7.1,4.9 7.4,5.4 7.7,5.9 7.8,6.4 7.8,6.9

8.1,7.4 8.3,7.9 8.4,8.4 8.5,8.9 8.6,9.4 8.6,9.9 8.7,10.4 8.7,10.9

8.8,11.4 8.8,11.9 8.9,12.4 9,12.9 9.1,13.4 9.2,13.9 9.2,14.4

9.2,14.9 9.3,15.4 9.3,15.9 9.3,16.4 9.3,17.4

	

"02-10-86	 (41)"

0.5,0 .5,.1 1,.4 1.6,.9 2.9,1.4 4.2,1.9 4.9,2.4 5.8,2.9 6.1,3.4

6.2,4.9 6.6,5.4 6.6,5.9 7,6.4 7.4,6.9 7.7,7.4 8,7.9 8.1,8.4

8.1,8.9 8.3,9.4 8.4,9.9 8.5,10.4 8.5,10.9 8.6,11.4 8.8,11.9 8.7,12.4

8.8,12.9 8.9,13.4 8.9,13.9 9,14.4 9,14.9 9.1,15.4 9.2,15.9 9.2,16.4

9.2,16.9 9.2,17.4 9.2,18.4 9.2,18.6

	

"03-05-86	 (64)"

0.4,0 .6,.1 1,.4 1.9,.9 3,1.4 4.3,1.9 5,2.4 5.4,2.9 5.9,3.4 6.2,3.9

6.4,4.4 6.8,4.9 7.4,5.4 7.5,5.9 7.7,6.4 7.9,6.9 8.2,7.4 8.2,7.9

8.3,8.4 8.41,8.9 8.6,9.4 8.7,9.9 8.7,10.4 8.8,10.9 8.8,11.4 8.8,11.9

8.8,12.4 8.9,12.9 9,13.4 9,13.9 9,14.4 9.1,14.9 9.1,15.4 9.2,15.9

9.2,16.4 9.2,17.4 9.2,17.7

	

"04-18-86	 (108)"

10.9,0 10.9,.1 10.6,.4 10,.9 9.5,1.4 9.1,1.9 8.8,2.4 8.6,2.9 8.6,3.4

8.5,3.9 8.5,4.4 8.5,4.9 8.6,5.4 8.6,5.9 8.8,6.4 8.8,6.9 8.8,7.4

8.9,7.9 9,8.4 9,8.9 9,9.4 9.0,9.9 9.1,10.4 9.1,10.9 9.1,11.4 9.1,11.9

9.2,12.4 9.2,12.9 9.2,13.4 9.2,13.9 9.2,14.4 9.2,14.9 9.2,15.4

9.2,15.9 9.2,16.4 9.2,17.2

	

"05-08-86	 (128)"

12.3,0 12.2,.1 12.2,.3 12,.8 11.9,1.3 11.6,1.8 11.2,2.3 11,2.8

10.7,3.3 10.4,3.8 10.1,4.3 9.8,4.8 9.7,5.3 9.5,5.8 9.4,6.3 9.3,6.8

9.2,7.3 9.2,7.8 9.2,8.3 9.2,8.8 9.2,9.3 9.2,9.8 9.2,10.3 9.2,10.8

9.2,11.3 9.2,11.8 9.2,12.1

	

"06-10-86	 (161)"

16.9,0 16.8,.1 16.4,4 15.7,.9 15.2,1.4 14.4,1.9 13.9,2.4 13.5,2.9

13,3.4 12.5,3.9 12,4.4 11.6,4.9 11.1,5.4 10.8,5.9 10.5,6.4 10.1,6.9
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9.9,7.4 9.8,7.9 9.7,8.4 9.6,8.9 9.5,9.4 9.4,9.9 9.4,10.4 9.4,10.9

9.3,11.4 9.3,11.9 9.3,12.4 9.3,12.9 9.2,13.4 9.2,13.9 9.2,14.4

9.2,14.9 9.2,15.4 9.2,15.9 9.2,16.4 9.2,17.2

	

"07-08-86	 (189)"

22.2,0 22,.1 21.2,.3 19.4,.8 17.8,1.3 16.4,1.8 15.2,2.3 14.3,2.8

13.5,3.3 12.9,3.8 12.2,4.3 11.7,4.8 11.2,5.3 10.9,5.8 10.5,6.3

10.2,6.8 10,7.3 9.9,7.8 9.8,8.3 9.7,8.8 9.6,9.3 9.5,9.8 9.5,10.3

9.4,10.8 9.4,11.3 9.4,11.8 9.4,12.3 9.3,12.8 9.3,13.3 9.3,13.8

9.3,14.3 9.3,14.8 9.3,15.3 9.3,16.3 9.3,17.1

	

"08-12-86	 (224)"

21.3,0 21.3,.1 21.3,.3 20.7,.8 19.9,1.3 18.8,1.8 17.6,2.3 16.8,2.8

15.7,3.3

10.9,7.3

9.7,11.3

9.4,14.8

"09-16-86

14.8,3.8

10.6,7.8

9.6,11.8

9.4,15.3

(259)"

14,4.3	 13.2,4.8	 12.6,5.3	 12.1,5.8	 11.6,6.3	 11.2,6.8

10.4,8.3	 10.2,8.8	 10,9.3	 9.9,9.8	 9.9,10.3	 9.8,10.8

9.6,12.3	 9.5,12.8	 9.5,13.3	 9.4,13.8	 9.4,14.3

9.3,15.8	 9.3,16.3	 9.3,17.1

14.7,0 14.7,.1 14.8,.4 14.8,.9 14.7,1.4 14.6,1.9 14.5,2.4 14.2,2.9

13.7,3.4 13.6,3.9 13.3,4.4	 12.9,4.9	 12.5,5.4	 12.2,5.9	 11.9,6.4

11.5,6.9 11.2,7.4 11,7.9	 10.8,8.4	 10.6,8.9	 10.5,9.4 10.4,9.9 10.3,10.4

10.2,10.9 10,11.4 10,11.9	 9.9,12.4	 9.9,12.4	 9.8,13.4 9.7,13.9 9.6,14.4

9.6,14.9 9.5,15.4 9.5,15.9	 9.5,16.4	 9.4,17.4
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