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A method of measuring interstitial fluid mixing rates for

evaluation of exchange between pore water of estuarine benthic sedi-

ments and the overlying water in a bay is presented. Pore water

movement is monitored by reducing conductivity of the interstitial

fluid within a zone of the benthic sediment to a depth of 26 cm, then

monitoring the movement of the natural saline pore water back into the

sediment. The equipment, designed for the investigation, reduces the

conductivity of the interstitial water with little disturbance of the sedi-

ment structure. Newly designed conductivity probes, placed at four

depths in the sediment, monitor the flux of the interstitial water. The

probe developed measures interstitial fluid motion in the field at rates

as low as 10-5 cm/sec, well below the range of previous instruments.

The probe yields easily evaluated, accurate results over the wide

range of conductances (salinities) in a bay with no corrosion or

stability problems.



Interstitial fluid mixing rates are measured at five sites in South

Slough, Coos Bay, on the Southern Oregon coast. The rate of aqueous

molecular diffusion of the natural saline pore water, the "static's con-

dition, is compared to the "dynamic" mixing rates observed in the

field. Bioturbation and hydrodynamic mixing mechanisms are identi-

fied and evaluated (within the limits of present theories) to clarify

observed mixing rates.

Graphical Modified Schmidt plot and unsteady-state chart

methods are presented for calculation of the interstitial fluid mixing

coefficients from field data. The graphical solutions are also used to

verify the form of the analytic solutions. The interstitial fluid mixing

rate is presented in the form of an "apparent" diffusivity coefficient

(analogous to an eddy mixing coefficient) and also as a vertical rate of

penetration (migration) of concentrations of saline pore water. Field

test sites are established on tide flats, a beach exposed to wave

activity and in the middle of a water channel. Interstitial fluid mixing

coefficients for different field test sites vary from 1. 0 x 10 -4
cm

2/sec

to 2.5 x 10-3 cm 2/sec while the respective penetration rates vary

from 2. 1 x 10-5 cm/sec to 1. 1 x 10-3 cm/sec. These values are in

agreement with similar previous investigations and are within the

range of predicted results.
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INTERSTITIAL FLUID MIXING IN ESTUARINE
BENTHIC SEDIMENTS

I. INTRODUCTION

The biogeochemical balance in estuarine benthic sediments may

to a large extent be controlled by mixing processes. The amount of

nutrients, both particulate and dissolved, transferred to depths in the

sediment are dependent upon the rate of mixing. Likewise, the rate

of chemical constituent transferred from the sediment back into the

overlying water is dependent upon mixing processes.

The estuarine benthic sediment bed is composed of a particulate

structure saturated with saline pore water. Mixing of benthic sedi-

ments can be viewed as a two-component process; aqueous interstitial

fluid mixing and solid phase particle mixing. The processes causing

mixing in the sediments and therefore exchange of chemical consti-

tuents with the overlying water are hydrodynamic forces, bioturbation

and aqueous molecular diffusion. The mixing processes act concur-

rently upon aqueous and solid matter. Because the aqueous phase is

less resistant to flow under the influence of a force than the particu-

late structure of the benthic sediment, fluid movement should often be

the rate controlling step of chemical exchange between the sediment

and the overlying water.
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The interchange between the pore fluid and overlying water is

best described by an interstitial fluid mixing rate in the form of an

"apparent" diffusivity coefficient (analogous to an eddy mixing coef-

ficient). The measurement of an interstitial fluid mixing rate at sites

in an estuary entails: (1) design and construction of equipment includ-

ing a probe and its associated electronic circuitry, (2) testing of the

probe under simulated field conditions, (3) standardization of probe

readings, (4) development of a methodology for reducing data to a

meaningful form, including an analytic solution, (5) indentification of

processes causing and effecting interstitial fluid mixing, (7) conduct-

ing measurements at field test sites and (7) verifying predictions,

field procedures and reduction methods.
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II. LITERATURE REVIEW

Benthic sediments act as the source and sink of a wide range of

chemical constituents within an estuary. Knowledge of the rate of

exchange between interstitial water of the benthic sediments and the

overlying water is essential to an understanding of the movement of

dissolved species within the estuarine environment. A recent review

of the factors that may affect sediment- -water exchange reactions

showed that insufficient information is available to predict the extent

and, in many cases, the net direction of exchange for many compo-

nents in natural waters [Lee (1969)].

The amount of mixing that occurs in sediments is probably one

of the most important, yet least studied, aspects of exchange reac-

tions. The interstitial waters often contain much larger concentra-

tions of exchangeable species than overlying waters. Measurements

of dissolved silica, Si(OH)4, in pore waters of marine sediments,

have shown concentrations substantially greater than those in overly-

ing waters [Schink et al. (1974), Siever et al. (1965), Hurd (1973),

Bischoff and Ku (1971)]. These results point to the role of mixing

processes as compared to chemical kinetics in controlling exchange

reactions.

Exchange of dissolved species takes place by physical mixing of

the sediments with overlying water. Bioturbation, chemical diffusion,
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and hydrodynamic forces contribute to the transfer of constituents.

The exchange process can be described in terms of the depth in the

sediment to which mixing extends, called the mixing length, and the

mixing rate, most conveniently expressed in the form of an "apparent"

diffusivity coefficient [Schink et al. (1975)]. Bioturbation has

recently been incorporated into a vertical diffusion coefficient

[Guinasso and Schink (1975)].

The approach most frequently used to estimate the flux of

dissolved material being transferred across the sediment-water

interface is to measure the interstitial water concentration of the

dissolved species of concern at various depths. An assumption is

made that the concentration of the chemical constituent at the

sediment-water interface is equivalent to the concentration in the

overlying water and an appropriate generally exponential function is

fitted to the data. Anikouchine (1972) and Berner (1971) used this

approach to estimate a dispersion coefficient for the flux of chemical

constituents to overlying water from abyssal sediments. Morse (1974)

contends that the assumption of the concentration at the sediment-

water interface being equal to that of the overlying water can be

erroneous due to the existence of a hydrodynamic benthic boundary

layer. The concentration of dissolved species at different depths in

the sediment is measured by segmenting core samples into a number

of smaller lengths then squeezing and leaching the constituent of
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interest or measuring its concentration with a scintillator [Rittenberg

et al. (1955), Siever (1965), Hurd (1973), Goldberg and Koide (1963),

and others]. Much of the concentration data for ions in marine sedi-

ments which were obtained by squeezing samples have proven ques-

tionable because the investigators failed to consider desorption

processes which are temperature dependent [Fanning and Pilson

(1971)].

In lieu of measuring the concentration profile of a naturally

occurring element, a radio-active isotope may be introduced into the

bay and its rate of transfer into the sediment traced with time [Li and

Mort land (1961), Goldberg and Koide (1963), Berner (1971) and

others]. When introducing a tracer, care must be exercised to sepa-

rate chemical reactions from diffusion processes. Duursma (1966) pro-

posed that where ions are sorbed or otherwise react with the host

sediment, such as clays, the diffusion coefficient may be depressed

by factors up to 106 relative to ions in free solution.

Webb and Theodore (1968) used fluorescein dye to trace pore

fluid motion. In an area of relatively high hydrodynamic mixing a

concentrated dye was injected into the sediment at specific depths.

The time at which the dye appeared at the sediment-water interface

was recorded. This method is limited by the stamina of the diver

making observations and the least detectable concentration of the dye.
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Sand particles have been tagged and dyed to study solid phase

mixing. Klein (1976) used dyed sand particles to measure solid phase

mixing in Coos Bay, Oregon. Many workers have called attention to

the stirring of the solid phase constituents occurring in marine sedi-

ments [Bramlette and Bradley (1942), Arrhenius (1963), Berger and

Heath (1968), Goldberg and Koide (1962), Glass (1969), Schink et al.

(1975) and others]. Bottom photographs collected by Heezen and

Hollister (1971) dramatically illustrate evidence of such action in deep

ocean sediments.

A direct ins itu measurement of pore fluid velocities in the

interstices of sandy beaches has been accomplished by Riedl et al.

(1972). The special hot-thermistor anemometer probes were capable

of measuring water flow velocity as low as 10-3 cm/sec. Unfortun-

ately, the low permeability of many estuarine sediments, combined

with a short fetch for wave development, creates interstitial veloci-

ties orders of magnitude below the capabilities of these probes.

Although these interstitial velocities are quite small they can have a

substantial influence on exchange processes.
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III. THEORETICAL DEVELOPMENT

The mass transfer of chemical constituents within the pore

water of estuarine benthic sediments is evaluated. Two graphical

solutions, the Modified Schmidt plot and unsteady-state chart methods,

are presented for solution of the mass transfer coefficients. The

analytic expressions and graphical solutions given are based upon

Fick's laws of mass transfer.

Fick's Laws of Mass Transfer

If a system is comprised of separate identifiable substances, it

is found that over a long period of time the distribution of the separate

constituents tends toward uniformity throughout the whole system.

The mixing process which creates uniformity within the solution is

the result of the natural motion of molecular particles. The number

of molecules transferred with time is proportional to the concentra-

tion gradient of the constituent. This relationship is expressed

analytically as Fick's first law of mass transfer:

n cc -dc /dz (1)

= -Ddc /dz (2)

where n is the flux of the constituent in free solution, i. e. , the

amount of constituent transferred across a boundary in a given time
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with units of amount of constituent transferred per time per area,

dc /dz is the gradient of the constituent in amount per volume per

distance, and D is known as the mass diffusivity with dimensions

of area per time. This equation has been used to calculate the flux

across the sediment-water interface for natural water bodies, includ-

ing deep sea sediments [Fanning and Pilson (1974)].

When the mass flux is through a porous matrix, such as

estuarine benthic sediments, ions are no longer free to diffuse. Ions

must follow a constricted, tortuous path through solid particles. The

movement of ions is suppressed. By chance some ions will have

fewer collisions with solid particles than others, thus scattering of

ions termed "dispersion" occurs. The flux of ions is no longer that

occurring in free solution, but something less. For cases of flux

through a porous matrix the diffusivity coefficient, D, is termed

the "apparent" diffusivity [Gerrels et al. (1949), Manheim (1970)].

Empirical equations have been derived for evaluating the apparent

diffusivity coefficient for saltwater diffusing through unconsolidated

sediments using porosity or conductivity measurements [Tzur (1971),

R. Boyce (1968), Klinkenberg (1951)].

The mass diffusivity coefficient, D, accounts only for flux

due to the natural molecular motion, i.e.. chemical diffusion. There

exists many situations where the flux of constituents is taking place

due to other affects. Two additional mechanisms causing mixing in
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estuarine benthic sediments are hydrodynamic forces and bioturbation.

Hydrodynamic mixing of interstitial fluid within estuarine

benthic sediments can be generated by the flood and ebb of the tide,

river currents, convection overturning surface waves, propeller wash

from passing ships and tide-groundwater interactions. If no net fluid

motion occurs, i.e. , the pressure gradient is cyclic causing pore fluid

to move about some mean position in the sediment, the effect is

hydrodynamic mixing rather than hydrodynamic flow. Mixing proc-

esses are analogous to diffusive processes in that a random motion

causes transfer of the constituent whether it be bulk fluid motion or

molecular motion. Thus, hydrodynamic mixing can be incorporated

into the apparent diffusion coefficient. Where hydrodynamic forces

occur, it can be expected that the apparent diffusion coefficient will

increase, indicative of a greater flux of chemical constituents between

the benthic sediment and the overlying water.

The activity of benthic organisms can cause considerable mix-

ing of sediments and interstitial fluid; this mixing is termed bioturba-

tion. Burrowing by shrimp, ingestion and secretion of dissolved and

particulate matter by worms and clams, and plowing of the surface by

crabs and fish are just a few of the activities that contribute to mix-

ing. On a microscopic level bacterial metabolic processes, particu-

larly fermentative reactions , produce gases that rise through the

benthic sediments causing disturbance of the layers above [Reeburgh
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(1969)]. Schink and Guinasso (1975) suggest that solid phase mixing

due to biological activity can be represented in a mixing model using

a diffusion coefficient. Accordingly, bioturbation can also be

incorporated into an apparent diffusivity coefficient for aqueous phase

mixing. Thus, the apparent diffusivity coefficient includes the com-

bined effects of bioturbation, hydrodynamic forces and chemical dif-

fusion.

A situation where the concentration of a constituent at a given

point varies with time, is referred to as an unsteady-state or transi-

ent process. The variation in constituent concentration with transient

processes results in a simultaneous variation in the mass flux. Many

solutions for one-dimensional transient mass transfer problems are

defined by Fick's second law of mass transfer ,

dc d
2c

dt dz2
(3)

where D is the previously defined "apparent" diffusion coefficient.

This equation assumes no net fluid displacement and no chemical

reactions.

The solution to Fick's second law usually takes one of two forms:

either a trigonometric series or a series of error functions. The

form of the solution is dependent upon the initial and boundary condi-

tions. Because of variations in permeability and the degree of mixing
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between sites where field measurements are conducted, different

boundary conditions can exist. Two separate boundary conditions

were observed in this project as verified by symmetric and asym-

metric concentration profiles. Both types of boundary conditions,

termed Case I and Case II, are presented and the analytical solutions

are given in the succeeding section. Several graphical methods for

evaluating the apparent diffusivity coefficient are then presented.

Case I (symmetric-concentration profiles): When the concen-

tration profiles are moving from both the upper and lower boundary of

the permeameter cell toward the center of the cell as illustrated in

Figure 1, a Case I situation exists (see Figures 46,47 and 48). The

solution assumes complete mixing at both the upper and lower

boundary; thus the concentration of constituent at the upper and lower

boundary is always at the saturation level, C. This is expressed

analytically as C(0, t) = Cs, for the upper boundary, and

C(L,t) = Cs, for the lower boundary. The initial concentration of

constituent in the cell affects the analytical solution and is necessary

to generate a solution. The concentration within the cell is depressed

to an initial uniform concentration by running a treated fluid under

pressure through the sediment. The concentration at zero time

between the upper and lower boundary of the cell is equal to the initial

concentration, Co. This is expressed analytically as C(z , 0) -= Co.
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The researcher can vary the initial concentration depending

upon the ambient salinity and the amount of treated fluid forced

through the sediment. With the assumption that the initial concentra-

tion distribution is nearly constant, C = Co at t = 0, the analyti-

cal solution to Fick's second law for the Case I boundary conditions,

i. e. , substantial mixing at both the upper and lower boundaries is

00
Cs -C 1-(-1)n nu 2 , nrrzexp[-(L ) Dtj sin( L )
Cs -CO n

n=

(4)

where C(z, t) is the concentration of constituent at a given depth

and time in the cell, z is the distance from the surface to the point

of consideration in the cell, L is the length of the cell, t is the

time since flux began and D is the apparent diffusivity coefficient.

The mass transfer solution given above is analogous to heat

transfer from both surfaces of an infinite plate or heat transfer from

the ends of an insulated rod [Bayley et al. (1972)] except that the flow

in this case is in the reverse direction, i. e. , the mass flux is into

the sediment.

Case II (asymmetric concentration profiles): Where flux is

substantial at the upper boundary and very low at the lower boundary of

the cell, an asymmetric concentration profile is generated; (see Fig-

ures 45 and 49). The upper boundary condition and the initial
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condition are the same as for Case L at the upper boundary the

concentration remains constant at saturation, C(0,t) = Cs; the

initial condition is a constant concentration distribution of the consti-

tuent throughout the cell, C( z, 0) = CO. The second boundary con-

dition approximates a low flux rate at the lower boundary; the concen-

tration of constituent remains at the initial concentration which can

be expressed analytically as C(00, t) = CO. The mass transfer of the

saltwater in this case is illustrated in Figure 2.

Applying the initial and boundary conditions to Fick's second

law, one obtains

Cs -C
erf( z )

2q Dt Dt
(5)

The terms are the same as defined in the Case I solution. The Gauss

error functions iso

erf(u) J exp[-u 2]clu (6)
0

The form for the Case II solution above is analogous to heat transfer

from a semi-infinite plate [Luikov (1968)] except that once again the

mass flux is opposite in direction to the heat transfer analogy.

The analytical expressions for Case I and Case II, are solved

graphically using the Modified Schmidt plot and unsteady-state Chart

methods.
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Figure 1. "Case I", saltwater intrusion from both boundaries of the
sediment cell.
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Figure 2. "Case II", saltwater intrusion primarily from the upper
boundary of the sediment cell.
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Modified Schmidt Plots

The Modified Schmidt plot approach is a graphical method for

solving transient molecular diffusion for heat or mass transfer.

Schmidt plots are a finite, difference solution of Fick's second law.

The method affords a flexibility in yielding solutions that cannot

always be handled conveniently by analytical methods.

Consider the case of diffusion through an infinitely thick layer

of saturated porous medium such as sediment in the bottom of a bay

as illustrated in Figure 3. This would be a Case II type mixing

process. The coordinate axis has been rotated 90° for easier visuali-

zation. Diffusion occurs from the sediment-water interface, on the

left, into the sediment, toward the right.

The sediment is divided into layers, each of a thickness, Lz,

numbered consecutively to the right from the sediment-water inter-

face. The concentration of ions at the interface is Cs. Note that

Cs in this investigation is the overlying water salinity evaluated

from conductivity measurements and expressed in dimensionless

form. The initial concentration within the sediment is CO. The

concentration values are references on the vertical concentration

scale illustrated at the interface. These lines are called the concen-

tration reference lines. After a short time interval, Lt, ions will

diffuse toward plane 1 because of the concentration driving force
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Figure 3. Modified Schmidt plot for diffusion from one boundary.
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Cs Co, diffusion always being in the direction of least concentra-

tion. If the driving force between plane 1 and plane 2 remains zero

over the first time interval, ions will accumulate in the cross

hatched region ab. Region ab extends over half the depth incre-

ment Az to the left and to the right of reference plane 1. A mass

balance for a unit interval can then be written for the first time step,

A'L

{ions moving toward
1
r ions moving away

plane 1 during At from plane 1 during At

= accumulation of ions in region ab during At

which is expressed analytically as

D(C
s

-C
1

) D(C
1
-C

2
)

Az
(CI

Az Az At 1
-C

1
) (7)

where C1 is the new concentration for reference plane 1 at the end

of the time interval Lt.

If each term in the above equation is divided by D/A z a

simpler equation results:

(Az)2 (C'
1

-C 1) = Cs 2C
1

+C
2DAt

1

A Az and At can be selected such that

(8)



or in terms of D,

(Az)2 2. 0
DAt

2

D t
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(9)

(10)

Upon substituting equation (9) into equation (8) and rearranging, one

obtains

Cs+C2
C

1 2

Thus, by the choice of Az and At, C
1

can be eliminated and the

new concentration C'
1

is simply the arithmetic mean of the concen-

trations at the adjacent planes. Drawing a straight line, labeled (1),

from Cs to C2 establishes the value of C1 at the intersection

of line (1) and plane 1.

In a similar manner the concentration of ions at various

reference planes at any time (n+1)At is the arithmetic mean of the

concentration of the adjacent planes evaluated at nAt. This is

expressed analytically as

C.
Cn+Cn

n+1 i i+1
2

(12)

where the superscript n is the number of time intervals and the

subscript i is the concentration reference plane.
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Equation (12) can be used to solve for the concentrations at any

depth (reference plane) as time progresses. To establish the concen-

trations after the second time interval, At 2, line (2) is drawn con-

necting CT' at reference line 1 with C
0

at reference line 3. The

intersection of this line with reference line 2 establishes the new

concentration C"
2

at the depth 2(,6z). Concentrations after the

third time interval, At3, are found by drawing two lines, labeled

(3). One line connects Cs and the new C"
'

and the second line
2

connects CH
2

and C
0 3

at line 4; C" is where these lines inter-

sect the lines 1 and 3. Continuation of the procedure yields the con-

centration at any depth as time progresses. This procedure is con-

tinued until the concentration profile on the Modified Schmidt plot is

equivalent to that measured in the field. By observing the time steps

required to reach the known concentration at the given depth, the

apparent diffusivity can be solved by equation (10)

2

D
2 ,6t

where .Ot, the time interval, is the total time divided by the num-

ber of steps.

For interstitial fluid exchange from above and below the cell,

as illustrated in Figure 4, two identical boundaries are established,

one at the sediment-water interface, reference line 0, and one at the
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Figure 4. Modified Schmidt plot for diffusion from two boundaries.
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lower boundary of the sediment cell, reference line 6. At both of

these boundaries the concentration remains constant. The concentra-

tion at the lower boundary is established as a constant value from

either pore water salinity measurements or it is approximated as

being equivalent to the overlying water salinity, C. Pore water
mixing (causing the transfer of saline water into the sediment cell)

occurs at both boundaries creating a symmetric Modified Schmidt plot.

The ions in the saline water at the lower boundary, line 6, are trans -

ferred to the left, forming a concentration profile identical to the

concentration profile which proceeds to the right from the upper

boundary. The plot after three time intervals is shown in Figure 4.

Modified Schmidt plots were generated to solve the two different

mixing boundary conditions encountered. Figure 51 applies to Case I

type boundary conditions where apparent diffusion occurs simultane-

ously from the upper and lower boundary. Figure 52 applies to a

Case II type boundary condition where apparent diffusion is primarily
from the upper boundary downward through the cell.

To clarify the use of the Modified Schmidt plot method for

calculating an apparent diffusivity coefficient, consider a solution for

station SS-1 at a depth of 6 cm after 48 hours have passed. From the

concentration profile for SS-1, Figure 45, at a depth of 6 cm and a

time of 48 hours the concentration has reached a value of 0. 50 (con-

centrations are expressed in dimensionless form). Using this
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concentration value on the ordinate of the Modified Schmidt plot, and

the depth of 6 cm on the abscissa, one can count 10.5 time steps

necessary for the concentration to increase to this level; thus,

Lt 48
5

hr (3600 sec/hr) = 1.65 x 104 sec
10.

and since iz was chosen as 2 cm (to generate the Modified Schmidt

plot)
2oz

D = 2,6t

(2 cm) 2 -4 2= 1.22 x 10 cm /sec.
2(1.65x104 sec)

The fit of the graphical Modified Schmidt plot method to the

field data plotted on the concentration versus depth profiles may not

be exact. The graphical solution assumes a constant mixing coeffi-

cient while interstitial fluid mixing in the field may vary with time

and with depth in the sediment. The graphical solution also assumes

constant boundary conditions. At the lower boundary of the sediment

cell, mixing may not be as complete as the Case I graphical solution

assumes.

The fit of the graphical solution can be adjusted to some extent

by the choice of the depth increment Az. The basic shape of the

Modified Schmidt plot is not changed, but the accuracy of the fit at a

given time may be improved. To improve the fit of the graphical
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solution at the lower boundary a mean constant concentration may be

approximated as the average value observed at the lower probe over

the testing period.

Unsteady-State Charts

Charts for simple geometric shapes with certain restrictive

boundary conditions are available to facilitate calculation of transient

diffusion processes. An example of these charts is illustrated in

Figure 5. The charts are used to solve both molecular mass-transfer

and heat-conduction problems since Fick's second law of diffusion and

Fourier's second law of heat conduction are analogous. Symbols for

the parameters used in the charts are given in Table 1.

Use of the charts assumes the following conditions hold:

(a) Fick's second law is applicable, i. e. , no net fluid motion,

no chemical reactions and the diffusivity is constant.

(b) Initially, the interstitial fluid within the sediment cell has

a uniform concentration, Co.

(c) The concentration at the boundary of the sediment cell

remains constant with time.

(d) The relative resistance, parameter m, is zero for ions

diffusing into a saturated, unconsolidated sediment.
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Table 1. Unsteady-state chart parameters.

Parameter Molecular
Symbol Mass Transfer

Unaccomplished change
a dimensionless ratio

Relative time

Relative position

Relative resistance

Y

X

n

m

C -C
C

1
-CO

Dt

(z
1

)2

z
zl

D
kc z

1

where C is the concentration of the constituent, z is the
distance from the center of the cell to the depth considered,
zl is the distance from the center of the cell to the bound-
ary, t is time, kc is the convective transfer coefficient
and D is the diffusivity coefficient.

The unsteady-state charts may be used to solve the Case I type

diffusion processes. Charts for the Case II type diffusion processes

are not available because of the complicated lower boundary condition.

The procedures for use of the charts involves: (1) On the concentra-

tion profile (Figures 45 through 49) a concentration value for a given

time at a specific depth is found. (2) From the specific depth, the

relative position, n, is calculated. (3) With the concentration value

in step (1) the unaccomplished change, Y, is calculated. (4) Using

the unsteady-state chart the relative time, X, is found by reading

from Y on the ordinate across to the intersection of the diagonal



line, m = 0.0, then coming down to the abscissa. (5) With the

time, t, from step (1) and the distance from the center to the

boundary of the cell,

26

zl, the apparent diffusivity coefficient is cal-

culated from the relative time as

X(z1 )2

D (13)

To aid visualization of the steps involved in a solution for the

apparent diffusivity coefficient, an example from data collected in the

field is presented.

Step (1): The dimensionless concentration from station SS-2 at

a depth of 12 cm, after 24 hours, may be evaluated from the concen-

tration profile, Figure 46, to be 0.55.

Step (2): n = z/zi = 1 cm/13 cm = 0.08 -= 0.00. Note that the

total sediment cell depth is 26 cm; thus the distance from the center

to the boundary, zi, is 13 cm, and the distance, z, from the

center of the cell to the 12 cm depth probe is 1 cm.

Step (3): Calculate the unaccomplished change,

C -C
1 O. 55 1. 00

Y 0. 52
C

0
-C1 O. 14 1.00

Step (4): With n = 0. 00, Y = 0. 52 and m = 0. 00, the rela-

tive time, X, is found on the unsteady-state chart to be 0.36.
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Step (5): With X = 0.36, the depth z1 equal to 13 cm and

a time of 24 hours or equivalently, 8.64 x 104 seconds, the apparent

diffusivity evaluated by equation (13) is

D
8.64 x 104 sec

0.36 (13 cm)2 7.04 x 10-4 cm2/sec

For cases where n does not equal an exact value, it is necessary to

interpolate between the unsteady-state charts for the relative time, X.

Penetration Rate of Concentration Fronts

Data in previous investigations have been presented in the form

of a rate of motion of a tracer through the sediment. Tracer in the

form of a dye, radioisotope or electrolyte were used. The tracer was

injected into the sediment or released above the sediment and the time

to travel to a point through the sediment was recorded. Because the

concentration profile at different depths with time was not recorded,

an apparent diffusivity coefficient could not be calculated. The data

was presented simply as a rate of penetration. To compare data col-

lected at sites on South Slough, Coos Bay with experiments conducted

by Heinecke (1974), Webb et al. (1968) and others, penetration rates

will be calculated from field measurements. Penetration rates will

be calculated for the "dynamic" insitu conditions at each station. In

addition "static" penetration rates, i. e. , for chemical diffusion only,
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will be calculated from porosity measurements. A comparison of the

dynamic" insitu penetration rate to the "static" penetration rate

should indicate the amount of hydrodynamic and biological mixing at

each site.

The rate of penetration of concentration fronts can be evaluated

from the concentration versus time plots. By choosing a specific

conductivity, which implies a given concentration front, the time

required for the concentration front to move from one depth to the

next divided by the distance traveled is the penetration rate. This can

be expressed as
d2 -dl

vf t
2

-tl (14)

where vf is the velocity of the concentration front in centimeters

per hour or centimeters per day, d
1

and d
2

are the depths of

the respective probes in centimeters and t
2

t
1

is the time

required for a given concentration to travel the distance between the

probes. As an example, if for a station, a concentration front,

C/Cs, of 0.40 appeared at the 6 centimeter depth probe in 24 hours

and the same concentration front arrived at the 12 centimeter depth

probe in 48 hours, the concentration front moved a distance of 6

centimeters in 24 hours or at a penetration rate of 6 cm/day or

equivalently 7 x 10-5 cm/sec.
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Interstitial Fluid Exchange Mechanisms

Mixing of constituents in the pore fluid of benthic sediments is

the result of hydrodynamic forces, biological activity and chemical

diffusion. These affects are included in one apparent diffusivity coef-

ficient. At different sites one mixing mechanism may predominate

over the others.

Prediction of the rates of exchange of constituents between

interfacial and interstitial waters at different sites in the estuary are

dependent upon an understanding of the mechanisms involved. Knowl-

edge of the mixing processes can help form limits to expectations and

clarify results.

Hydrodynamic Mixing

Hydrodynamic forces contributing to mixing of the benthic

interstitial fluid in an estuary area (1) wind induced wave action,

(2) shear stress from river and tidal currents, (3) tide-groundwater

interactions, and (4) convection overturning. An in depth investiga-

tion of these phenomena is not within the scope of this investigation;

however, knowledge of the possible effects upon mixing of interstitial

fluid is helpful in understanding concepts of the mixing process and

evaluating field results.
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Interstitial Fluid Mixing Induced by Surface Waves. Wind

generated waves traveling across the water surface cause fluid

particles at depths below the water surface to move in an elliptical

orbit as the wave passes overhead, refer to Figure 6. The fluid

motion is cyclic with the net transport essentially zero; however,

mixing of constituents within the water column as a result of the fluid

motion is not zero. In addition the fluid motion has been observed to

extend to depths in the sediment bed, thus causing interchange

between interstitial and interfacial waters.

Skoch (1968), in a study of cores from a station in Western Lake

Erie, reported evidence of currents from surface waves causing mix-

ing of solid particles within the sediment bed to depths of 5 to 7.5 cm.

The water depth at the sampling station was 11 meters. Since the

interstitial fluid has less resistance to flow than solid particles, it can

be presumed that aqueous phase mixing extends to even greater depths.

Webb and Theodor (1968) observed interstitial-interfacial water

exchange due to surface wave action by injection of a highly concen-

trated dye to depths in the benthic sediment. The transport of the dye

to the sediment-water interface was observed at rates as high as

57 cm/day or equivalently 6. 6 x 10-4 cm/sec from a depth of 7.5 cm.

The water depth at the field station, located on the Mediterranean

coast of France, was 11 meters.
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Figure 6. Elliptical orbit of fluid in an estuary induced by a surface
wave.
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Riedl et al. (1972) recorded interstitial fluid velocities for

lotic beaches exposed to high wave energy on Onslow Bay, North

Carolina, using hot thermistor anemometers. Vertical volumetric

flow velocities from 1.8 to 2. 5 x 10-3 cm/sec were reported. An

expression was derived relating interstitial fluid motion to surface

wave action.

Application of shallow water wave forecast techniques to the

physical characteristics about the field station in South Slough, Coos

Bay combined with Riedl's results can yield predictions of interstitial

fluid exchange.

Riedl et al. expressed the average rate of fluid filtering

through a unit surface area of benthic sediment from wave action on

the water surface as

2per 2
n. (15)Qsn {1+s2(x)(si20 + cos

2 0 coth kd)}
2

a

21r v sinh kd

where tan 0 = s(x) is the bottom slope; a, o and k are the

amplitude, frequency and wave number, respectively; d is the

average water depth; v is the kinematic viscosity of the sea water;

and p is the permeability of the sediment. The above expression

was derived from boundary layer analysis assuming low fluid

viscosity, a uniform bed material, and the applicability of Darcy's

law. With the additional assumption of zero bottom slope, equation



(15) simplifies to

pao-2
Qsn

2Tr.
2v sinh kd
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(16)

Qsn is the average filtering rate over a wave length and a complete

wave period. The maximum bulk vertical velocity varies from the
2average filtering rate by a factor of 27r ; thus

vsn = 2Tr2Qsn (17)

where v is the maximum bulk fluid velocity. The true maximum
sn

fluid velocity is approximated by dividing vsn by the porosity to

account for the tortuous path which the fluid must follow.

A graphical solution to equation (16) is illustrated in Figure 7.

The solution is for a permeability of one darcy at the kinematic

viscosity of sea water, 0. 01 cm2/sec. Since the fluid filtering rate

is linearly proportional to the permeability [Riedl et al. (1972)],

where Qtsn

Qsn = pQtsn
(18)

is the average filtering rate obtained from Figure 7.

Average fluid filtering rate and maximum fluid velocity for

anticipated wind, fetch and water depth conditions at stations in South

Slough, Coos Bay can be estimated by solving for the wave param-

eters, using the forecasting curves, Figures 8 through 11, from the
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Shore Protection Manual, Volume I and applying shallow-water wave

assumptions.

Consider a station with an average water depth of 5 feet (1. 7

meters) located in a reach of the bay a mile long, with an anticipated

wind of 20 mph (13 kph). From Figure 8 the wave height, H, and

period T, are 0.75 ft (0.25 meters) and 1.5 seconds, respectively.

According to linear wave theory the wave celerity, i. e. , speed of

propagation, c, is

L
c (19)

where L is the wave length and T the wave period. An expres-

sion relating the wave celerity to the wavelength and water depth is

given by

c tanh(
2Tr

For shallow water waves d/L is less than .04, therefore

2nd) 2nd)
L

Upon equating (21) and (20), a simpler relation is obtained

c = [o]1/2

which may be combined with (19) to yield

(20)

(21)

(22)
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L = T[gd]i" (23)

Accordingly, the wave length, L, can be solved from the wave

period and water depth. For the previously mentioned condition, the

wave length is

2 /,1 2
L 1. 5sec [(32.2 ft/sec ) (5 ft)]

= 19 ft, (5.8 m)

The wave number k is defined as

k = L

For the wave length of 19 ft, the wave number is

k = 19 = 0.33 ft -1, (0. 10 m -1
)

(24)

The dimensionless coefficients ak, and kd can then be solved.

The wave amplitude, a, is equal to one -half the wave height for

small amplituded waves; therefore,

ak (
0.

2
75 ft

)(O. 33 ft-1)

= 0. 124

and for the water depth of 5 ft in this example
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kd = (0.33 f t ' ) (5 ft)

= 1.65

With the above values of the dimensionless coefficients ak and

kd, an average fluid filtering rate, Q' , of 2.5 x 10-6 cm/secsn

is resolved from Figure 7 for a sediment permeability of one darcy.

The maximum vertical bulk fluid velocity for the standard permeabil-

ity of one darcy is calculated by equation (17) to be

= 21r
2 (2. 5 cm/sec)sn

= 5.0 x 10-4 cm/sec, (1.6 x10-5 ft/sec)

To solve for the actual bulk fluid filtering rate, Qsn, and the

maximum bulk fluid velocity, v the values of Q' and v'sn sn sn

are multiplied by the permeability at the site, refer to equation (18).

For a sediment permeability of 8.0 darcys the values of Qsn and

v aresn

and

Q = 8(2.5 x 10-6 cm/sec)sn

= 2.0 x 10-5 cm/sec, (6. 7 x10-7 ft/sec)

vsn = 8(5.0 x 10-4 cm/sec)

= 4 x 10-3 cm/sec, (1.3 x 10-4 ft/sec)
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Table 2 presents volumetric interstitial fluid flow rates for various

representative physical conditions that might exist within the reaches

of South Slough. From this table the effect of variations in anticipated

wind speeds, water depths and fetch can be examined. For compara-

tive purposes it may be of interest to note that the maximum vertical

fluid velocity of the water surface is 0.164 ft/sec (5 cm/sec) for a

wind speed of 20 mph (13 kph), a water depth of 5 ft (1. 5 m) and a

fetch of 1 mi (0. 62 km) according to the Shore Protection manual

charts and linear wave theory; the maximum vertical volumetric flow

velocity through the benthic sediment is 5.0 x 10-5 cm/sec or five

orders of magnitude less.

Interstitial fluid mixing should reflect the maximum volumetric

vertical velocity, vsn. The maximum velocity fluctuation occurs at

least every two seconds for the wind conditions predicted, refer to

the wave period, T, Table 2. At this relatively high frequency for

a mixing process in the estuary, it can be anticipated that a significant

concentration of salt ions will be transferred at the high velocity.

Turbulent Eddy Mixing Due to Shear Stresses. Water flowing

over a sediment bed creates shear stresses at the sediment-water

boundary. Evidence of shear stresses due to fluid flow above the

sediment bed can be observed by sediment transport. The sediment

bed surface may be transformed from a flat boundary to dune or



Table 2. Variation of volumetric vertical velocity, vsn and fluid filtering rate, Qsn with wi id
speed, fetch and water depth.

Wind
(mph)

Fetch
(miles)

Depth
(ft)

Wave Parameters

kdT
(sec)

H
(ft)

a
(ft) (ft) (ft-1)

ak

10 O. 5 5 1. 0 0.30 0. 150 12. 7 0. 500 0. 075 2. 50

15 0.5 5 1. 2 0.50 0.250 15. 2 0.413 0. 103 2. 06

20 1. 0 5 1. 5 0.75 0.375 19.0 0.330 0. 124 1.65
20 1. 0 10 1. 6 0.80 0.400 29. 0 0.219 0.090 2. 19
20 1. 0 15 1. 7 0.85 0.425 37. 4 0. 168 0. 071 2. 52

20 2. 0 5 1. 6 1. 00 0.500 20. 3 0.310 0. 155 1. 55

20 2.0 15 1.9 1. 10 0.550 41.8 0. 150 0. 083 2. 26

Note: Permeability = 1 darcy, s(x) = 0, V = 0. 01 cmL /sec; 1 mi = 0. 62 km,

x 10-6 v' x 10-5sn sn
(cm/sec) (cm/sec)

O. 6 1. 2

1. 2 2.4
2. 5 5. 0

1. 0 2. 0

0. 5 1. 0

2. 5 5. 0

0.8 1.6

1 ft = 0.305 mi.
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antidune formations moving in the direction or opposite in direction

to the predominant flow.

Flow and consequently shear stresses are cyclic, varying in

magnitude and direction in the Coos Bay estuary with the flood and ebb

of the tide. Regardless of the direction of flow, if shear stresses are

great enough, turbulent flow with eddy currents can occur. Turbu-

lence is the result of many random velocity fluctuations superimposed

upon the predominant flow. Eddy mixing currents are spiral fluid

motions resulting from these turbulent velocity fluctuations.

Many flows which occur naturally are turbulent. The turbulent

mixing motion is responsible for an exchange of momentum and in

addition enhances the transfer of mass and heat in fields of flow where

a non-uniform distribution of mass or heat exists. Previous workers

have identified eddy currents as a source of transfer of dissolved con-

stituents from marine benthic sediments upwards into the water

column [Bodvarsson et al. (1967), Broeker et al. (1968)]. In the

succeeding section theoretical development and laboratory data are

identified which point to a relationship between turbulent eddy mixing

and the transfer of the dissolved constituents between interstitial and

interfacial waters.

Analysis of turbulent flow and concentration fields are based

upon empirical relationships. Reynolds stresses produced by the

mixing are correlated with mean values of velocity, taking into
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account suitable assumptions concerning mass or heat transfer. The

foundation of these relationships for turbulent flow is found in

analogous expressions for laminar flow.

L. Prandtl (1925) advanced an important hypothesis for the

empirical relation between the turbulent coefficients and the mean

velocity [refer to Schlichting (1955)]. For flow in an estuary consider

the case of parallel flow with velocity varying only from streamline

to streamline. If the principal direction of flow is in the horizontal

plane,

u = u(y); v = 0; w = 0 (25)

The only shearing stress different from zero is

du
T = T -pu Iv, = psxy dy

(26)

The term is the eddy viscosity analogous to v , the kinematic

viscosity in laminar flow, du /dy is the mean horizontal velocity

profile, p is the fluid density and u' and v' are the turbulent

velocity fluctuations. Introducing a mixing length, Q , Prandtl

evaluated the Reynolds stress as

2 du
I

du
Tx y I dy dy

(27)

Prandtl's hypothesis has been successfully applied to turbulent motion
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along the boundary of open channels in addition to flow in pipes and

over plates. The hypothesis has also been applied to free turbulent

motion which is turbulent motion with no boundary present, such as a

jet stream in air. The shear created by water flowing along the

boundary of an open channel can be expressed generally as

T C pr 2

2

ub (28)

where Cr is the roughness coefficient and ub the flow velocity

near the boundary. Morris and Wiggert (1972) derived a shear stress

equation similar to the general expression above which is applicable

to shear at the sediment-water interface [Minor (1975)]:

nu
2/3

e
1. 5Rh

(29)

In this expression y is the specific weight of the fluid, Rh is the

hydraulic radius, n is the Manning coefficient and u is the

average flow velocity.ity.

Equating the general expression for shear at the boundary,

equation (28), to shear within the fluid, equation (27), and simplifying,

one obtains

d..i( ) = Crubi(du) (30)



suggesting that the Prandtl mixing length, f , is a function of the

mean bottom velocity, ub, and the mean velocity profile, du/dy.
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For flow in a channel with a water depth greater than one meter, the

bottom velocity is about 40% less than the average velocity [Graf

(1971)]. As mean water velocity in the estuary increases the shearing

forces increase, refer to equation (29). Subsequently, the turbulent

velocity fluctuations u' and v' increase, refer to equation (26),

and the mixing length, I, increases, refer to equations (30) and

(27). An increased transfer of chemical constituents throughout the

water column results.

Tests performed in the laboratory by Heinecke (1975) point to

the supposition that turbulent eddy mixing extends to interstitial

waters at shallow depths in the sediment. Heinecke's tests were con-

ducted in a flume with a sediment bed composed of 2 millimeter sand

particles. The sediment depth was 15 centimeters. The flume length

and width were 183 cm and 50 cm, respectively. The horizontal

axis of the flume could be tilted so that water at a depth of 10 cm

flowed at a constant velocity over the sediment. The water velocity

was varied from a static, no flow condition to a flow velocity of

30 cm/sec (1 ft/sec). A salt tracer was alternately added to the over-

lying water then to the interstitial fluid in the series of tests. The

movement of the tracer through the sediment bed was monitored with

conductivity probes. Sugar was added alternately to the interstitial
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fluid then to the overlying water to eliminate any possible convective

flows due to a density variation. The water temperature was main-

tained at a constant 20°C.

The flux rates of the salt tracer were found to increase with

increased flow velocity of the overlying water. At the flow velocity of

30 cm/sec the vertical flux of the salt tracer through the sediment

was measured as high as 61 cm/day. Under static conditions the

movement of the salt tracer through the sediment was as low as

0. 61 cm/day. It was observed that the salt tracer moved at a fairly

uniform rate from the sediment-water interface to the full depth of the

sediment in the flume (15 cm).

For a mean particle size of 2 mm and a flow velocity of 30

cm/sec, the shear stress at the sediment-water interface, based upon

the Morris and Wiggert equation (29), was 0. 093 g/cm2. This com-

pares with a critical velocity for sediment transport of 0. 10 g/cm 2

for the size of sand particles used in the tests [Graf (1971)]. No sedi-

ment motion was observed. This indicates that substantial interstitial

fluid mixing can occur at a flow velocity below that which causes solid

phase mixing.

Shear stress values are used in this investigation to indicate the

relative probability of interstitial fluid mixing caused by turbulent

eddy mixing at the field test sites. Shear stress is a better indicator

of turbulent mixing than a mean velocity because velocity values do
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not account for viscous effects or bottom roughness. Both of these

influences effect the turbulent motion and are incorporated in the

shear stress, T. Shear stress values for the sites are calculated

using the Morris and Wiggert relationship [after Minor (1975)].

Shear stress can develop from a number of sources in an

estuary including river and tidal currents, surface waves and propel-

ler wash from passing ships. Propeller wash is not important at

sites where field tests were conducted. Average flow velocities at the

field test sites were estimated from field observations by Minor (1975)

and are reported in Table 18, Chapter V. The values given are

average velocities during both the flooding and ebbing tides, without

regard to the direction of flow.

Surface waves increase the water velocity in the direction of

propagation of the wave, causing additional shearing forces and in

turn, increase turbulent eddy mixing. Shear at the sediment-water

interface can be produced by a horizontal velocity component from the

surface wave. If the increase in water velocity caused by surface

waves is substantial the result may be a transformation of laminar

flow to turbulent flow or turbulent flow to increased turbulent flow.

The horizontal fluid velocity created by a wave at the water

surface can add or subtract from the velocity due to tidal or river

currents. As a wave moves past a point, fluid particles move in an

eliptical orbit as depicted in Figure 6. According to linear wave



theory, the horizontal component of velocity is

where

u
HgT cosh[2-r(z+d)/L] 2-rrx 2Trtcos(
2L cosh(2Trd/L) L T

2irx 2Trt

L T
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(31)

is the phase angle, 0, the parameters H, T

and L are the wave height, period and length respectively, d is

the water depth and z is the distance from the still water level

downward to the point at which the velocity is being evaluated. The

maximum horizontal velocity occurs at a phase angle of 0, 27, etc.

At these phase angles the cos 0 = 1.0 and equation (31) simplifies

to

HgT cosh[arr(z+d)/L]umax 2L cosh(2Trd/L)
(32)

The horizontal velocity component evaluated at the sediment-water

interface, for which z = -d, is

HgTumax 2L cosh(2Trd/L) (33)

since the cosh[2Tr(-d+d)/1-] = cosh(0) = 1. 0.

Assuming a fetch and wind speed of 1.0 mile (0. 62 km) and 20

mph (12 kph) respectively, and a water depth of 5 ft (1. 5 m), the wave

height, length and period solved from Figure 8, of the Shore Protec-

tion Manual, is 0. 75 ft, 19 ft, and 1.5 sec, respectively. With these

values equation (33) predicts a maximum horizontal velocity of
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0.35 ft/sec (10.7 cm/sec). If the mean tidal velocity at the site is

30 cm/sec (1. 0 ft/sec), a reasonable value for the field test sites

(refer to Table 18), the Morris and Wiggert equation resolves a shear
2stress increase from a value of 0. 03 g/cm for tidal currents only, to

0. 06 g/cm 2 when wave activity is present. This indicates that wind

driven waves on the water surface can substantially increase turbu-

lent mixing by increasing the shear stress at the sediment-water

interface. It was previously noted that the vertical component of

surface waves directly effects interstitial fluid mixing at shallow

depths in the sediment, refer to "Interstitial Fluid Mixing Induced By

Surface Waves" in this chapter.

Tide-Groundwater Interactions. The interaction between water

surface elevation which varies with the tide and subsurface ground-

water in an estuary can cause flow of interstitial fluid. A review of

recent investigations of beach draining on the ebbing tide indicates

that percolation is normally rapid and water retention in the sediment

is high resulting in only a small localized region of interstitial fluid

draining from the sediment on low tide. The typical drainage envelope

for a sloping beach is illustrated in Figure 12.

When pore water movement is affected by groundwater flow

through a confined aquifer the pore water response may take the cyclic

shape illustrated in Figure 13. A confined aquifer is a permeable

sediment, through which groundwater can easily flow, existing
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Figure 12. Beach draining with minimal groundwater response [after
Riedl et al. (1972)].
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Figure 13. Cyclic groundwater response to tidal height [after Aki et al.
(1971)].
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beneath a layer of less permeable sediment which restricts ground-

water movement, as illustrated in Figure 14. A phreatic surface,

the upper water level of the aquifer, generally has a gradual slope

toward the sea, refer to Figure 14. The hydraulic gradient between

some point "A" along the phreatic surface and the point "B" where the

phreatic surface penetrates the estuarine benthic sediment creates

an upward flow through the interstices of the benthic sediment. Note

that the pressure at B may be greater than the pressure at A yet

the hydraulic gradient is still in the direction A to B. This is

caused by the elevation head at A, labeled ZA, being greater

than the elevation head and pressure head, ZB + PB at B. On the

flood tide the water surface elevation within the bay increases, caus

ing the pressure PB to increase. This may reduce or reverse the

hydraulic gradient from A to B. If the hydraulic gradient is

reversed, flow occurs from the bay into the groundwater aquifer.

This is known as saltwater intrusion. With the flood and ebb of the

tide a cyclic interstitial fluid flow is created, as illustrated in Figure

13. This flow can contribute to the mixing and transfer of chemical

constituents in the interstitial fluid of the sediment. The extent of

interstitial fluid mixing due to the tide-groundwater interaction is

dependent upon the areal distribution of the groundwater aquifer, the

permeability of the sediment and the depth of the sediment bed. A

low permeability sediment reduces the tide-groundwater interaction.
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Figure 14. Tide-groundwater interaction illustrating elevation and pressure heads
[after Bear (1972)].
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Substantial saltwater intrusion into the groundwater aquifer will

cause saltwater mixing within the interstices of the benthic sediment.

In the absence of saltwater intrusion, freshwater may percolate

upward through the benthic sediment reducing the salinity of the pore

water and creating what is termed a "freshwater lens". At shallow

sediment depths the existence of a freshwater lens may not be

detectible because of exchange between interstitial and interfacial

waters of the bay. If the hydraulic gradient is constantly in either the

direction A to B or B to A, during the testing period at a

site, the tide-groundwater response may be a unidirectional response,

resulting in either saltwater flowing downward into the interstices of

the sediment bed or freshwater flowing up through the interstices of

the sediment.

Interstitial Fluid Mixing Due to Water Surface Elevation Fluctua-

tions. Interstitial exchange due to fluctuations of pressure with wave

and tidal heights have been hypothesized by Morse (1974). As the

water surface elevation increases the pressure acting on the sediment

at the bottom of the bay increases. Since the solid portion of the

sediment is more compressible than the interstitial fluid [Wimbush

and Monk (1970)], a net flow of pore fluid vertically upward through

the sediment must occur. Although the water displacement is slight,

on the order of a millimeter, it is theorized that enough pore fluid

movement takes place to cause adsorption-desorption between the
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solid particles and pore fluid. It is necessary for the pore fluid

movement to be large enough to cause a variation in concentration

between a constituent in solution and that adsorbed on the solid par-

ticles. The constant cyclic variation of water surface elevation could

thus cause a net exchange of constituents downward through or upward

out of the sediment.

Convection Overturning. Convection overturning can cause

interchange between interstitial and interfacial waters. Convection

overturning could result from the following circumstances: (1) warm-

ing of interstitial waters at low tide and subsequent return of cooler

overlying waters on the flood tide, (2) diurnal cooling of overlying

waters and (3) seasonal cooling of overlying waters.

As estuarine waters are cooled from the surface downward a

density potential is created between the dense (cool) overlying water

and the less dense (warmer) bottom waters. The more dense overly-

ing waters tends to sink and the warmer bottom water to rise creating

convective mixing. Variation in salinity concentration may also

influence the convective mixing. Convection overturning was identi-

fied as a probable cause of the fall breakup of the thermocline in

Devil's Hole, Harrington Sound, Bermuda [Neumann (1965), Beers

and Herman (1969), Coull (1969)].
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Biological Mixing in Estuarine Benthic Sediments

Mixing of estuarine benthic sediments can result from biological

activity. Shrimp burrowing through the sediment, ingestion and

secretion of matter by clams and worms, plowing of the surface

layers by crustaceans and fish contribute to bioturbation. Changes in

the chemical nature and distribution of a constituent may occur due to

ingestion by large organisms or microbial metabolic processes.

Bioturbation may indirectly effect the transfer of chemical consti-

tuents in the interstitial waters of the sediment by alteration of the

concentration of the diffusing constituent, increasing the permeability

of the sediment or changing the ambient pH. Guinasso and Schink

(1975) pointed out an example of biological activity indirectly effecting

the concentration of a constituent in the interstitial waters of a

marine sediment. In a study of the concentration of silica in abyssal

sediments bioturbation caused a redistribution of solid festules from

the sediment-water interface to depths in the sediment where dissolu-

tion occurs. The result is higher concentrations of silica at depth in

the sediment.

Many researchers contend that bioturbation is the primary

source of mixing in marine benthic sediments. Emery (1963) and

Emiliani and Flint (1963) suggested that mixing in deep sea sediments

is accomplished primarily by worms, is strickly vertical and only
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extends a few centimeters into the sediment. However, Donahue

(1971) found evidence of mixing in deep sea sediments by burrowing

organisms to depths ranging from 10 to 30 centimeters and suggested

a mean depth of mixing of 20 cm. Arrhenius (1963) agreed with

Donahue's observation that burrowing worms go as deep as 30 cm,

but contended that a mean mixing depth should be the depth above

which 50% of the sediment is reworked. Applying this definition

reduces the mean mixing depth for burrowing worms to 5 cm.

Investigation of reworking of shallow water marine sediments

by burrowing organisms indicates mixing of sediments from this

source can be extensive. Fox et al. (1948) in a study of the inges-

tion of beach sand by the worm species, Thoraophelia mucronata,

estimates the entire worm's habitat is cycled through the worm

population every 10 weeks.

Anaerobic fermentation reactions of bacteria produce consider

able amounts of methane and carbon dioxide gases. Bubbles, formed

as the interstitial water becomes saturated with gas rise through the

sediment causing mixing of the layers above. Gas formation was

found to play a significant role in the mixing of sediments in

Chesapeake Bay to a depth of 25 cm [Reeburgh (1969)].

Previous workers have lent considerable attention to solid phase

biological mixing. The influence of bioturbation upon aqueous phase

mixing has been ostensibly neglected. Several estimates of solid
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phase mixing in the form of an apparent diffusivity coefficient have

been made. Duursma and Gross (1971) used data of Haven and

Morales-Alamo (1966) to calculate a value of 10-6 cm/sec for

biological mixing of the shallow water sediments of Chesapeake Bay.

Guinasso and Schink (1975) used a dimensional analysis argu-

ment to derive an expression for a biological mixing coefficient

applicable to marine benthic sediments. An apparent diffusivity coef-

ficient for biological mixing is solved by

D= Lvc (34)

where L is a characteristic mixing length in cm, vc is a char-

acteristic vertical mixing velocity with dimensions of cm3 /cm /sec

or equivalently, cm/sec, and D is the biological mixing coefficient

in cm2/sec. The total biological mixing rate is the summation of the

mixing rates for each of the species of organism present in the

sediment. The biological mixing rates for a number of organisms

evaluated by Guinasso and Schink and converted to units consistent

with this study are given in Table 3. In equation (34) the characteris-

tic mixing length is the depth to which the organism mixes the sedi-

ment and varies with the species. The characteristic vertical mixing

velocity, vc, is evaluated by Guinasso and Schink as

vc = V /At (35)



Table 3. Bioturbation rates from sediment reworking data of burrowing organisms [after Guinasso
and Schink (1975)].

Reference
L

Organism (cm)

vc = V /At

(cm/sec)
D

(cm2 /sec) Location

Rhoads (1963)

Rhoads (1963)

Rhoads (1963)

Gordon (1966)

Davison (1891)

Davison (1891)

Fox et al. (1958)

Davis (1974)

Mollusks:
Yoldia limatula 2

Yoldia limatula 2

Yoldia limatula 2

Worms:
Pectinaria gouldii 6

Arenicola 38

Arenicola 38

Thoracophelia
mucronata 30

Tubifix 6

1.8x 10-8

7.3 x 10 -8

1.6 x 10-7

1.3 x 10-8

1. 0 x 10-6

2. 0 x 10-7

5. 1 x 10-6

7. 6 x 10-9

3. 5 x 10-8

1. 5 x 10 -7

3. 2 x 10 -7

7. 6 x 10-8

4. 1 x 10 -5

7. 6 x 10-6

1. 5 x 10 4

4. 4 x 10-8

Buzzards Bay

Long Island Sound

Long Island Sound

Barnstable Harbor
Holy Island Sands

Cave s Haven

Intertidal Sand
Freshwater Lake

Note: V = volume, A = area, t = time, L = characteristic mixing length.



59

where V is the volume of sediment reworked by the population of

organisms in cm3, A is the applicable sample area in cm 2 and t

is the time in seconds, hours or years. In a similar manner a char-

acteristic vertical mixing velocity can be solved for the stations in

the Coos Bay Estuary as

vc = (n/A)[V/(h til
1

(36)

where n is the total abundance of organisms counted in a grab

sample of the benthic sediment at a site adjusted to a standard sample

size, A is the area of the grab sample and V the volume of sedi-

ment reworked by n1 organisms in the time t. The term

[V /(nit)] is reported in the literature as the sediment reworking rate

of the species of organism. For example the sediment reworking rate

for Yoldia limatula, a mollusk, has been reported as between 267 and

374 cm3 /organism /yr in laboratory tests by Rhoads (1963). With

adequate food supply the sediment reworking rate is primarily deter

mined by the temperature.

Samples of the biological species residing in the benthic

sediments at the field stations in the Coos Bay Estuary were collected

using a shipek grab sampler by Hancock (1976). The population of

worms and mollusks at all ten stations are given in Table 20, of

Chapter V. Only the abundance of worms and mollusks are listed

because these organisms dominate vertical biological mixing of these
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estuarine benthic sediments. Snails, sea slugs and crustaceans,

although found in large quantities at some sites, were neglected

because their influence is confined to a thin surface layer.

The shipek grab sampler is essentially a half cylinder with a

length of 20 cm and a radius of 10 cm. The surface area sampled is

400 cm 2. Five samples were collected at each site. The total sample
2area is then 2000 cm . Because volumes of samples may vary, the

abundance of species for the five samples must be adjusted to a

standard volume. Variation of sample sizes was due to a difference

in cohesiveness of sediments: at some sites the sediment is predomi-

nantly sand while at others the sediment has a large clay fraction,

refer to the sediment characteristics, Table 20, Chapter V. The

average volume of the grab samples taken at all the field stations was

10,312 cm 3. For our consideration the abundance of species was

adjusted to a standard volume of 10,000 cm3. As an example, a

station with a total worm count of 72 and a total volume for the five

samples of 4,944 cm3 would have a volume adjustment factor of

10,000/4,944 or 2.02. The adjusted worm count is 146 organisms.

Although the surface area sampled may also vary, in standard practice

a surface area of 400 cm3 (2000 cm3 for five samples) is applied.

Little data is available on the sediment reworking rates of

marine organisms. The reworking rate for Pectinaria gouldii, a

shallow water marine worm, is reported to be 400cm3/organism/yr
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or equivalently 1.27 x 10-5 cm3 /organism/sec by Gordon (1965).

The reworking rate of Yoldia limatula, a mollusk (clam), is reported

to vary between 267 and 374 cm3 /organism /yr with an average rate

of 300 cm/organism/yr or equivalently, 9.51 x 10-6 cm3 /organism/

sec by Rhoads (1963). As a best estimate these values are applied

for the mixing rates of worms and mollusks in this study.

The characteristic mixing lengths used in this investigation are

6 cm for worms after Gordon (1966) and 2 cm for mollusks after

Rhoads (1963). The 6 cm characteristic mixing length (depth) for

worms is consistent with Arrhenius's (1963) conclusion that although

burrowing worms may go as deep as 20 to 30 cm, the mean mixing

depth, the depth above which 50% of the sediment is reworked, is

about 5 cm. A 2 cm characteristic mixing length is reasonable for

the mollusks in Coos Bay which are confined to a shallow depth from

which their siphon can reach the sediment-water interface.

Applying the prescribed sediment reworking rates, the char

acteristic mixing lengths and sample area, one can obtain the total

biological mixing rate of a site from equations (34) and (36). With an

adjusted abundance of 146 worms and 202 mollusks for a site the

bioturbation rate is evaluated in the following manner:

The characteristic mixing velocity for worms is solved as
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146 worms
vc ( 27 x 10-5 cm3 /worm/sec)

2000 cm

= 9.3 x 10-7 cm/sec

With the characteristic mixing length of 6 cm for worms, the

biological mixing rate due to worms is

D = (6 cm)(9. 3 x 10-7 cm/sec)

= 5.6 x 10-6 cm2 /sec

The characteristic mixing velocity for mollusks is

202 mollusks
v = ( )(9. 51 x 10-6 cm3 /mollusk/sec)

c 2000 cm 3

= 9.6 x 10-7 cm/sec

With a characteristic mixing length of 3 cm for mollusks, the

biological mixing rate due to mollusks is

D = (2 cm)(9. 6 x 107 cm/sec)m

= 1. 9 x 10-6 cm2/sec

The total bioturbation rate, DB, is the summation of the

mixing contribution by each species of organism
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DB = Dw + Dm

= 5.6 x 10-6 + 1.9 x 10-6 cm2 /sec

= 7.5 x 10 -6 cm2 /sec.

The ingestion and secretion of matter by organisms and their

movement is likely to cause as much displacement of interstitial

fluid as solid matter. Therefore, as a reasonable estimate it is

assumed that biological mixing of the aqueous phase is equivalent to

solid phase biological mixing.

Transfer of Constituents by Chemical Diffusion

In the absence of hydrodynamic or biological effects, chemical

diffusion controls the transfer of dissolved constituents within inter-

stitial waters. The rate of diffusion is expressed by Fick's second

law of mass transport, as identified previously in equation (3):

dc dcz
= Ddt dz2

The diffusion coefficient D is termed the apparent diffusivity

because diffusion is occurring through the solid particle matrix which

composes the sediment structure rather than in a free solution.

Variation of a number of physical parameters may effect the

rate of chemical diffusion. Changes in temperature, pressure, fluid
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density and the concentration of the constituent in the overlying water

can have an affect upon the rate of diffusion. In addition chemical

interactions between diffusing ions and the host sediment may inhibit

the transfer of ions.

The Effect of Pressure Upon Diffusion. The geographical location

of field stations varied from tide flats to the bottom of a channel. The

water pressure changes from site to site and over the range of tidal

heights. Tests, involving ionic diffusion through porous solid

materials permeated with aqueous electrolytic solutions, showed that

pressures well above those encountered in shallow ocean waters

appear to have no significant direct effect upon the diffusion constants

[Horne et al. (1969)].

With an increase in pressure a volume of saltwater is com-

pressed. The density increases as the volume becomes less and

consequently the salinity goes up. The result is an increase in con-

ductance. In this study conductivity measurements are used to

monitor interstitial fluid movement; therefore, this effect should be

considered. Horne et al. (1962) found that the increase in conductance

for sea water is even higher than that suggested from the volume

decrease (see Figure 15). Tests over the range of salinities and

temperatures occurring in sea water indicate that the change in con-

ductance will, however, be insignificant at the pressures occurring at

the field stations. The change in conductance with pressure for a
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salinity of 35°4. at 0°C is illustrated in Figure 15.

Another pressure effect identified by Morse (1974) suggests a

mass transfer mechanism resulting from the variation in compres-

sibility between the solid and aqueous phases of the benthic sediment.

This mechanism concept and its probable impact were presented as

"Interstitial Fluid Mixing Due to Water Surface Elevation Fluctua-

tions", in this chapter.

The Effect of Salinity Variation Upon Diffusion. In areas where

hydrodynamic mixing due to waves and turbulent eddies is low, varia-

tions of ion concentrations is particularly important. The rate of

exchange of a compound between the sediment and overlying water is

dependent upon the overlying water concentration of the constituent.

In an estuary the dissolved concentration of an element may vary sub-

stantially with the tide. Data collected by Arneson (1974), see Table

11 in Chapter V, illustrate the wide range of bottom salinities

encountered in Coos Bay, a situation typical of many estuaries.

No simple relationship exists between the rate of penetration of

a given concentration front and the concentration of the reservoir

[Gerrels et al. (1949)]. The movement of a concentration front tends

to become independent of change in the reservoir concentration when

the ratio of reservoir concentration to front concentration is large

[Gerrels et al. (1949)]. The ratio of the advancing concentration

fronts to the salinity concentration in the overlying water at the



67

stations in Coos Bay is not large; thus, the rate of penetration and

subsequently the apparent diffusivity will vary with salinity. The

variation of diffusion rate through a porous matrix with reservoir

concentration is similar to the diffusion rate variation with concen-

tration in free solution [Gerrels et al. (1949)]. A study by Vinograd

and McBain (1941) indicates that in free solution the variation in

diffusion coefficient with salinity is small (see Figure 16). Table 4,

after Welty et al. (1969), also indicates that variations in concentra-

tion will have a negligible effect on diffusion within the range of

salinities encountered in the Coos Bay estuary.

ca
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0 16 32

Salinity, 90.

Figure 16. Variation of diffusion coefficient with salinity in free
solution [Vinograd and McBain (1941)].
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Table 4. Diffusivity of NaC1 in water.

Concentration
(g moles /liter)

Salinity
(700)

Dimensionless
Concentration

C

aDiffusivity

(cm
2 /sec)

O. 05 3 0. 1 1.26 x 10 5

-5
O. 20 12 0.39 1.21 x 10

1. 00 58 1. 75 1. 24 x 10-5

3. 00 175 5.30 1. 36 x 10-5

5.40 315 9.55 1.54 x 10 -5

aWelty et al. (1969).

Note: Cs = 30 0/0°.

The Effect of Temperature Variation Upon Diffusion. Gerrels

et al. (1949) showed that the rate of penetration of ionic solution

through a saturated porous media is affected by temperature varia-

tions. Penetration of permanganate solution through a limestone was

shown to have a 3. 5 percent-per -degree centigrade increase in pene-

tration rate with increasing temperature. Wollast and Gerrels (1971)

determined the diffusion coefficient for silica in sea water at 25°C

as 1. 0 x 10-5 cm2/sec. Manhiem (1971) has suggested that the coef-

ficient is only half of this value at 0°C.

The influence of temperature on the diffusion coefficient (as

presented in Fick's second law) can be described by the Arrhenius

equation,

D = A exp[-E/RT] (37)
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where A is the activation constant, E is the activation energy,

R is the gas constant and T is the absolute temperature. The

relative variation in diffusion coefficient with temperature, applicable

to dilute NaC1 solutions, was presented by Manhiem (1970) and is

given in Table 5. By ploting In D against 1/T, Figure 17, the

constants in the Arrhenius equation can be evaluated. A two-point

method of solution yields

= 902 exp[ -(1. 819 x 103)T-1] (38)

The above expression indicates a 2.3 percent-per-degree centigrade

change in the diffusivity coefficient for NaC1 in water. The super-

script indicates this expression evaluates the relative variation in

diffusivity.

Table 5. Diffusivity variation with temperature.

Temperature, Ta
(°C)

1/T Diffusivity, Db
(Absolute) (Relative Value) In D

0 0.00366 1.0
25 0.003356 2.0
50 0.00310 3.3

100 0.00268 6.9

0

0.693
1.193
1.932

a,b Data from Manhiem (1970).

Within experimental error a temperature variation of several

degrees over the testing period can be tolerated. For cases where

temperature variations are greater than a few degrees during the
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field tests, a temperature-averaged diffusion coefficient may be

solved using equation (38).

Temperature has an additional influence on field measurements

because of the variation in conductivity of sea water with temperature.

At a given salinity conductance varies directly with temperature.

Standardization curves for the variation of the conductivity of the

probes with temperature and salinity are given in Figure 35 , Chapter

IV. Standardization curves were evaluated for a temperature of 7°C

and 20°C. It was anticipated that field temperatures would be in this

range. The variation in conductivity with temperature is about one

percent-per-degree centigrade. At low salinities the variation in

conductivity with temperature is less, as evidenced by the conver-

gence of the 7°C and 20°C standardization curves.

Referring to Table 11 in the "Site Selection" in Chapter V, the

water temperature variation with the tides was anticipated to be

approximately 4°C. Water temperature readings taken intermit-

tently from the Charleston Bridge (near SS-1) during field tests in

October of 1975 showed an 8°C to 13°C temperature variation. An

average constant temperature of 10°C is considered applicable to the

field data. The temperature variation at the field sites is assumed to

be equally distributed above and below the mean temperature; accord-

ingly, no temperature corrections are applied to the field test data.

Variations in conductance of the bottom water were measured at each
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field test site before and after measurement of interstitial fluid mixing

rates. The conductance readings, which are dependent upon both

temperature and salinity, did not vary significantly over the testing

period of several days required at each station. It is therefore sug-

gested that salinity and temperature variations have no appreciable

effect upon the apparent diffusivity measurements conducted in the

Coos Bay estuary.

The Effect of Chemical Reactions Upon Diffusion. The apparent

diffusivity coefficient is solved by Fick's second law of mass transfer.

The assumption is made that no chemical reactions occur. If a

chemical reaction does occur Fick's second law includes a chemical

reation term, RA'

dc
= D

d c
dt RA

dt2
(39)

Chemical reactions must be separated from the diffusion process.

Lai and Mortland (1961) measured the rate of migration of radioactive

Na, Cs and Ca isotopes in bentonite plugs. Failure to take into

account the replacement of stable isotopes in the clay plugs by the

radioisotopes reduced the flux of the measurable ions; subsequently,

the diffusion coefficients were low.

Diffusivity coefficients of 2 x 10-6 to 6 x 10-6 cm2 /sec were

measured by Duursma (1966) for both positive and negative, trivalent
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and monovalent ions diffusing through fine sand. Duursma proposed

that the diffusion coefficient could be reduced by factors up to 10-6

compared to the diffusion coefficient for ions in free solution when the

transfer involves sorption by the host sediment, particularly clays.

Controversy exists about many of the chemical reactions

occurring within marine sediments. Bien et al. (1958) found that

clays adsorbed silica from sea water. Gerrels and Mackenzie (1965)

found that clays release silica to sea water. Fanning and Schink (1969)

showed that marine sediments released silica to sea water, but not to

pore water, due to higher silica concentrations existing in the pore

water of most marine sediments.

The adsorption-desorption reaction rates of different chemical

constituents within marine sediments varies considerably, and the

processes may or may not be reversible. The same is true for

dissolution-precipitation processes. Each chemical constituent

within the pore water is expected to have a separate reaction rate

constant. These reactions are all concentration dependent and their

reaction terms, RA, will be similar in form. The form of the

reaction term when adsorption-desorption is occurring can be

expressed by

dc dc dc dc
dt = (dt )diff + (dt )desorp dt adsorp (40)
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is the rate of change of constituent due to apparent

diffusion processes which in this study includes hydrodynamic and

biological mixing. Adsorption-desorption and precipitation-

dissolution processes do not in themselves change the total bulk

amount of constituent in the sediment, but do change the distribution

in each phase. When ions transfer from the aqueous to the solid

phase by adsorption onto solid particles or by precipitation, the con-

ductivity of the pore fluid is reduced. If the loss of ions in this man-

ner is not accounted for, a low estimate of the diffusion coefficient

will result. Desorption or dissolution would have the opposite effect

yielding a high diffusion value because of increased conductivity

readings. This indicates that it is important to have some concept of

the chemical reactions taking place between the tracer, introduced

into the pore fluid, and the host sediment.

The dissolution rate of particulate matter in estuarine benthic

sediments is a difficult parameter to establish. Silica, a major con-

stituent of estuarine and abyssal sediments, was found to have a

dissolution first-order rate constant of 2 x 10-7 sec-1 by Grill and

Richards (1964), as measured from decomposing phytoplankton.

Some diatoms dissolve much more slowly than others. Schink et al.

(1974) used an average dissolution rate constant of 1 x 10-9 sec-1 in

a mass balance for silica on the Atlantic sea floor. It is generally

accepted that dissolution processes in natural water bodies are very
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slow, particularly at low temperatures.

Adsorption-desorption processes may be much more rapid than

dissolution-precipitation processes. Dobbins et al. (1970) suggests

that the kinetics of adsorption-desorption reactions, involving clays

and ionic species in water, may be sufficiently rapid that equilibrium

exists between a clay particle in the suspended load of a river and

the cations in the water. This equilibrium was shown to be pH

dependent [Siever (1968)] and can therefore be affected by biological

activity in estuarine benthic sediments.

Considering the many constituent phases, concentration varia-

tions and reaction rate constants, it is apparent that it is difficult to

discern all of the chemical interactions that might interfere with the

diffusion rate of a tracer which has been introduced into the intersti-

tial fluid for monitoring mixing rates. This is the major limitation

in monitoring the movement of a specific ion species.

The bulk conductivity of the pore water was chosen as the

tracer for monitoring interstitial-interfacial water exchange rates in

an attempt to minimize the effects of the interactions between the

tracer and the host sediment. By monitoring bulk conductivity,

rather than movement of a specific ion species, interaction between

the sediment and diffusing ions will not affect results unless the num-

ber of ions interacting comprises a significant portion of the total

number of ions in solution. Depressing the conductivity of the
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interstitial fluid by forcing a treated fluid into the pores allows a

major portion of the ions initially present to remain, i. e. , the con-

ductivity is suppressed to a level near 20 percent of the ambient

salinity. The concentration dependent adsorption-desorption reac-

tions are minimized. No bulk phase reactions were detected in

laboratory experiments which simulated field conditions or in tests

on core samples taken at the field test sites (see "Permeability" in

Chapter V).
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IV. PROCEDURE AND EQUIPMENT

A procedure for measuring interstitial fluid mixing in

estuarine benthic sediments is presented for characterization of the

mass transfer of dissolved constituents in the pore water and between

the interstitial and interfacial waters. A newly designed permeameter

cell, Figure 18, and conductivity probes are used to measure the

exchange rates. The approach applied to estuarine benthic sediments

entails forcing the natural interstitial waters from the sediment and

simultaneously replacing it with a similar density nonelectrolytic

fluid, called the treated fluid. Subsequently, the rate of movement of

the natural waters back into the interstices is monitored by measur-

ing the change in conductivity by probes placed at four depths within

the cell, #13 in Figure 18. The conductivity probes are wired to an

outlet on the water surface where a conductivity meter is connected

periodically to take readings. In this manner, one conductivity meter

can be used to monitor several stations.

The step-by-step procedure for using the permeameter cell to

measure interstitial fluid mixing rates is presented.

Field Test Procedure

The procedures for insitu measurement of interstitial mixing

rates are:
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I TREATED FLUID TANK
2 TANK COVER
3 SCALE
4 INNER TUBE FLOAT
5 BRACES
6 ANCHOR LINE
7 SCREW ANCHORS
8 ANCHOR BAR
9 RUBBER HOSE
10 VALVES
I I SEDIMENT CELL
12 SEAL, PADS 8 CLAMPS
13 PROBES
14 UNDERWATER CONNECTION
15 ELECTRIC CABLE
16 ELECTRICAL CONNECTION
17 CONDUCTIVITY METER
18 VALVES

00 00
Figure 18. Permeameter cell for field measurement of interstitial fluid mixing.
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I. Preliminary Steps: (1) Take core samples at site(s). A

minimum of six core samples are required; 2 cores are used for

permeability tests, 2 cores are segmented into small lengths for

porosity measurement and 2 cores are segmented into small lengths

to permit extracting the pore fluid from the sediment to measure

salinity from chlorinity or sodium concentrations. (2) Measure bot-

tom water temperature. (3) Take a bottle sample or use a hydrolab

to measure bottom water salinity.

The porosity data are used to calculate the minimum apparent

diffusivity coefficients as presented in "Predictions", Chapter V.

Permeability values are required for evaluation of wave induced

hydrodynamic mixing of the pore water and for the evaluation of con-

vective flows within the-sediment cell. Pore water salinities and/or

bottom water salinities are used to calculate the mixture of com-

pounds in the treated fluid. Bottom water temperatures and salinities

are necessary to evaluate convection overturning. The evaluation of

these effects are presented in subsequent sections of this investiga-

tion.

II. Use of the Permeameter Cell: In the following steps

describing the use of the permeameter cell, the numbers refer to

Figure 18.

1. Mix the treated fluid in 3 gallon containers.

2. Transport equipment to the site. Anchor on site.
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3. Dive to the bottom of the estuary and place the screw anchor,

#7. The anchor rod, #8, is a useful tool for turning the anchor screws

into the sediment.

4. Tie the anchor line to the anchor screw. Run the anchor

line, #6, to the surface and attach it to the treated fluid tank and

floatation system, #4, which can now be placed over the side of the

research vessel. A short line attached to the brace, #5, is useful

for tying the float to the boat.

5. Force the bottom half of the sediment cell, #11, vertically

into the sediment until pads and clamps, #12, are just below the

sediment-water interface.

6. Place the probes, #13, vertically into the sediment.

7. Connect electric cable, #15, to the top of the sediment cell

at #14 and to the probes, #13.

8. Place the top on the sediment cell. A valve, #10, must be

opened to allow water to escape. Once in place the rubber gasket

must be tightened by the clamp screws, #12.

9. Attach the rubber hose, #9, to the treated fluid tank at #18.

Place some treated fluid in the tank, #1, and fill the hose. When the

hose is full of fluid and all the air has been extracted (this is very

important), close the valve, #10, and attach the hose to the top of the

sediment cell.
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10. Place the anchor bar, #8, through the eyelets of the anchor

screws and across the top of the sediment cell.

11. Initial conductivity readings are taken on the meter, #17,

by connecting to the outlet at #16.

12. Add more treated fluid to the tank, #1, and open the valves

at #18 and #10 to allow fluid to flow into the sediment cell. The pres-

sure created by the height of the treated fluid in the tank is large

enough to cause the treated fluid to flow through the pores of the

sediment within the sediment cell. Opening the pressure relief valve

at #10, the diver can check to see if fluid is passing through the hose

unobstructed. The diver should check the sediment cell to be sure it

is being held in place by the anchor bar.

13. This step is optional. The rate at which the treated fluid

leaves the tank, #1, can be read on the scale, #3. This rate can be

used to calculate insitu permeability by the variable head method as

described in the section on permeability in the Appendix.

14. Monitor the fall of conductivity within the sediment cell on

the conductivity meter until the conductivity of the pore fluid is

depressed to about 0.2 of the initial ambient conductivity; then, close

the valve at #18.

15. A diver then removes the top to the sediment cell by

(a) opening the pressure relief valve at #10, (b) loosening the gasket

clamps at #12 and (c) with knees placed on the pads at #12, the diver
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pulls upward on the top of the cell lid. Upon removal of the lid the

electrical cable is unplugged at #14 and plugged into the probe unit at

#13. The cell lid and hose are retrieved to the research vessel.

16. The rate of interchange between interfacial and interstitial

water is now monitored by periodically taking readings with the con-

ductivity meter at each station. The conductivity increase at all four

depths of probe, 6, 12, 18 and 24 centimeters is recorded until the

conductivity approaches the initial ambient value.

17. The probe, sediment cell, float and anchor screws are then

retrieved from the site.

It may be of interest to measure the overlying water conductivity

with the cell and probes at the beginning and end of a test for com-

parison to interstitial fluid conductivity readings; although these

readings are not required for the reduction of data.

Comments of Procedure

The equipment used for the field tests was designed to be easily

handled by a diver. The sediment cell is thin-walled yet durable

enough to withstand diver use. It is possible to place the cell by hand

into the sediment.

Initially the rubber gasket connecting the lid to the sediment

cell was designed with snap clamps for easy diver use; however, the

clamps did not create an adequate seal. Although requiring the diver
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to carry a screw driver to tighten and loosen it, band clamps were

used.

To check for leaks in seals, a concentrated dye placed in the

first fill of the treated fluid tank is helpful. Dye forced into the sedi-

ment within the cell may also be cored at a preliminary testing site

to check the flow of treated fluid through the sediment.

Long cables and anchor lines create better stability to withstand

the wind and currents during the flood and ebb of the tide. Four

braces at 90° , labeled #5 in Figure 18, are used to support the

treated fluid tank, #1. These braces cross beneath the float and are

clamped to the lower portion of the treated fluid tank. This is the

best place to connect anchor lines to prevent tipping of the flotation

system during high winds and tidal currents.

Weeds collecting on lines and cables should be removed

periodically to reduce unnecessary dray forces. Also the cell should

be checked to see that it is not being scoured or pulled out of the sedi-

ment bed.

The lid of the treated fluid tank, #2, is needed to keep rainwater

out. The lid should not be air tight; otherwise a vacuum is formed in

the tank, hindering the flow of the treated fluid into the sediment cell.

It was found that air pockets were easier to expell from a 3/4

inch hose than from smaller diameters.
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The treated fluid tank is 80 centimeters in height. When it is

full a differential pressure of 80 cm of water (1. 1 psi) forces the

treated fluid through the interstices of the sediment within the sedi-

ment cell. It was found that the treated fluid flowed through the

interstices of the benthic sediment in the estuary at heads as low as

5 cm (0. 07 psi). At increased head, there is a greater chance of con-

solidation of the sediment. At low heads the time required for

depressing the conductivity of the pore water is increased.

It may be necessary to stand guard over the stations to protect

them from being removed by clam diggers or crabbers, or being

anihilated by duck hunters. The attrition rate in the Coos Bay estuary

was quite high.

Reducing the Conductivity

An initial requirement for monitoring the movement of the

natural saline waters through the benthic sediments is to reduce the

conductivity of the interstitial fluid within the sediment cell. This is

accomplished by forcing the nonconducting "treated fluid" through the

sediment under small pressure heads. A sufficient amount of treated

fluid must be forced through the sediment within the cell to reduce the

conductivity to 20% of the ambient level. The drop in conductance is

monitored on the conductivity meter which is connected to the probes.
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The time and amount of treated fluid required to reduce the

conductivity to 0.20 of the ambient level varied from site to site.

The least time required for reducing the conductivity of the inter-

stitial water at a site was three hours at station SS-2. Of the five

sites tested, the longest period of time for reduction of the conduc-

tivity was at station SS-1 which took two days. The volume of

treated fluid (freshwater) necessary to reduce the conductivity varied

from 30 liters to 70 liters. A greater quantity of treated fluid is

required at stations with significant populations of clams. Large

burrowing organisms create channels in the sediment which carry the

treated fluid to greater depths reducing the rate of depression of con-

ductivity within the sediment cell.

For very low permeability sediments with a large clay fraction,

difficulty may be encountered in reducing the conductivity of the inter-

stitial fluid to a uniform level. In preliminary tests at a site with high

clay content, it was discovered that when the variation in the concen-

tration at different depths within the sediment cell was greater than

0. 10 after the conductivity had been reduced to 0.20, addition steps

are necessary. By allowing the cell to sit for a period of time (about

a day) with a small differential pressure head (less than 10 cm), the

conductivity at different depths became uniform. The influence of

variation of initial concentration upon the diffusivity coefficient can be

minimized further by basing calculations on concentration profiles at
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later time periods when initial conditions have had an opportunity to

absolve.

Low permeability sediments slow the rate of flow of the treated

fluid through the interstices of the sediment; consequently, a longer

time period is required to reduce the conductivity. Laboratory tests

of permeability on core samples from sites which were predominantly

clay, stations SS-5 and the Isthmus Slough stations (refer to Figure 38,

Chapter V) showed that the reduction of the conductivity of the inter-

stitial fluid may take weeks at low heads for relatively impermeable

sediments. By pressurizing the treated fluid tank, the increased

fluid head was found to be effective in decreasing the time require-

ment for reducing the conductivity. This was not used in the final

procedure for testing at sites because of possible consolidation of the

sediment and the subsequent reduction in pore size which could effect

the results once the pressure is removed and the monitoring of the

natural saline water movement begins.

Design of the Treated Fluid. A treated fluid is forced into the

interstices of the benthic sediment displacing the natural saline pore

water. Consequently, the conductivity of the pore water within the

sediment cell is reduced. The requirements of a treated fluid are2

(1) nonelectrolyte, (2) miscible with the natural pore water, (3) a

viscosity similar to that of pore water, (4) not subject to biological

degradation, (5) no interaction with the host sediment and (6) readily
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diffuses through the sediment.

A number of solutions and compounds which could act as the

treated fluid or be used to densify freshwater to create the treated

fluid were considered. Results of tests in the laboratory and con-

stants from chemistry handbooks for these solutions and compounds

are given in Table 6.

Viscosities were measured in a rotating cylinder viscosimeter,

VT-01. Viscosities were measured at the maximum solubility of the

compound. Densities are tabled values from the CRC Handbook of

Chemistry and Physics (1966). Misciblities and solubilities were

taken from the handbook or were observed experimentally. Mixtures

of compounds were also filtered through a sand column to further

check solubility, miscibility and interaction with the host sediment.

Fluids with low miscibility can preferentially "wet" sediment

particles [Bear (1972)] affecting hydraulic conductivity of the sediment

which could influence hydrodynamic mixing of the interstitial fluid.

Mixtures with a high viscosity have a low hydraulic conductivity and

will offer increased resistance to flow, causing a reduction in hydro-

dynamic mixing. A low solubility for compounds used to densify the

treated fluid tends to cause separation of the compound from solution

as the treated fluid permeates the sediment. This causes clogging of

the pores and reduces the density of the treated fluid as it pro-

gresses through the sediment.



Table 6. Possible dense fluid compounds.

Compound
Density or

Specific Gravity
Viscosity

(centipoise)
Miscibility
Solubility Other Limitations

Glycerol 1.225 330 Low

Ethylene glycol 1.104 190 Low

Chloroform 1.4916 Good Toxic

Aniline 1.0216 200 Good

Alum 1.4 Low

Sugar 1.562 1.6 Very good Biologically degrades
Boric acid (H

3
B03) 1.435 1.4 Fair

Silicic acid (H
2
SO3) 1.4 Low At high concentrations

filtered by sediment
Tapwater @ 20°C 1.00 1.3

Sea water 35%. @ 20°C 1.027 1. 5
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A mixture of sugar and a small amount of inorganic acid added

to freshwater was found to work well as a treated fluid with similar

properties to sea water. The inorganic acid inhibits bacteriological

consumption of the sugar. Boric or silicic acid were found to work

well for this purpose. Boric acid has the advantage of being more

soluble than silicic acid. These acids are easy to work with, inex-

pensive and not corrosive to the instrumentation at the dilutions used.

Sugar was found to easily dissolve in water creating a solution

which is miscible with sea water , to have a negligible electrical

potential and to not react with the sediment.

An inorganic acid alone cannot be used to densify freshwater

because of its low solubility which causes separation from the treated

fluid by the sediment when used in the amounts required. It is also

more expensive than sugar. The addition of acid to the treated fluid

for inhibiting biological decay of the sugar may deter biological mix-

ing in the sediment. Sugar alone on the other hand may increase

biological activity.

Initially freshwater alone was thought to be satisfactory as the

treated fluid. A subsequent review of literature, however, raised the

suspicion that the density variation between freshwater and the saline

pore water might create convective flow. Less permeable sediments

dampen the rate of convective flow; however , when diffusion processes

are low convection can be significant.
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Freshwater with no additives was used as the fluid injected into

the sediment in the field. Evaluation of the possible occurrence of

convective flows is presented in Results, Chapter IV. A laboratory

procedure for investigating the possible occurrence of convection is

presented in Chapter VIII, Recommendations.

To eliminate the possibility of convective currents it is sug-

gested that the freshwater be densified with a mixture of sugar and

inorganic acid. The amount of compounds to be added to each liter of

freshwater is calculated from the salinity of the pore water by

S[1 + 0. 001S] = 0. 93s + 0. 07as (41)

where S is the salinity of the pore water in parts per thousand

and s and as are the grams of sugar and inorganic acid to be

added per liter of freshwater. This equation will be used in an exam-

ple calculation to determine the make-up weights of a treated fluid.

If the pore water (or bottom water) salinity is measured at 35°4,o, the

weight of sugar and acid to be added to each liter of tap water is cal-

culated as follows:

35700[1+0.001(35%A = 0.93s + 0.07as

36. 225 = 0. 93s + O. 07as

Since s and as are simply weights of the different compounds to

be added in grams, the results area
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s = 33. 7 grams and a= 2. 5 grams

To check the solution, the salinity of the tap water is calculated and

compared to the salinity of the sea water. Tap water weights 1000

grams per liter, therefore, the "salinity" of the tap water is

33. 7 g + 2. 5 g
7.0

1000 g + (33. 7g + 2. 5 g)
- 35

The "salinity" of the treated fluid agrees with the salinity of the

original sea water indicating the weight of the additives were solved

cor rectly.

Disturbance of Sediment: Consolidation-Clogging. It was

anticipated that some disturbance of the sediment during field meas-

urements was unavoidable. To minimize disturbance, the sediment

cell was constructed with a relatively large diameter, 24 centimeters

and a thin wall, 0. 10 centimeters.

It was found that upon insertion of the cell the sediment was

consolidated slightly, to about one centimeter. By comparison it was

found that when plastic core tubes, 4. 85 cm in diameter were

inserted into the benthic sediment to extract a 20 cm length core the

sediment was consolidated several centimeters.

It was initially felt that some clogging of pores might occur as

the treated fluid was forced through the interstice of the sediment

(see "Permeability" Appendix A). Permeability tests on core
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samples taken at the test sites indicated no clogging effects.

Preliminary tests in the field showed that when the head forcing

the treated fluid through the sediment was increased above one meter,

consolidation could occur. The more cohesive sediments were the

most susceptible to consolidation. Tests on core samples in the

laboratory showed no clogging effects at heads up to 147 cm of water.

The maximum head in the treated fluid tank is 8 cm. No detectable

clogging of pores or visible consolidation occurred during the field

tests.

Swelling of clays with the introduction of freshwater into the

estuarine benthic sediments was also considered. Tests on core

samples showed no change in the permeability of the sediments when

freshwater saturated the interstices in place of the natural saline

pore water.

Laboratory Design and Testing of Equipment

A variety of probe designs and configurations, including a

corrosion stake, a capacitance probe and a conductivity probe, were

considered and tested to reach the final developed product.

Probe Design

The design criteria for a probe and the associated electronic

equipment are:
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(1) The probe must be capable of accurately measuring varia-

tions of electrolyte within the interstices of an estuarine

benthic sediment.

(2) The probe must be structurally strong enough to be inserted

into the sediment.

(3) A minimum amount of disturbance of the sediment during

placement is desirable.

(4) Corrosion and interaction with elements within the sediment

must be within tolerable limits.

(5) The probe must be durable enough to be handled and placed

by a diver.

(6) A simple means of data output and storage is desirable.

(7) The electronic equipment should be compact, durable,

dependable and mobile.

(8) For mobility the electronic equipment must operate from

conventional batteries; therefore, power requirements

must be low.

In addition to the above criteria, further advantages could be

realized if:

(1) The probe is inexpensive and easily reproduced such that

several stations could be monitored at once.

(2) The associated electronic equipment should be inexpensive

or be capable of monitoring several stations simultaneously.
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(3) The data output should be in an easily reducible form.

A corrosion stake, Figure 19, although having merit in its

simplicity, could yield only limited results since continuous monitor-

ing of conductivity changes within the sediment is not possible. The

corrosion stake is made of magnesium strips which form a galvanic

couple with copper strips. These strips are bonded at intervals down

the length of the stake. The galvanic couple formed between the

magnesium and copper causes the magnesium to preferentially cor-

rode. The corrosion rate is proportional to the ions in solution.

Thus, the rate of penetration of the natural saline waters through the

interstices of the sediment can be measured by the amount of cor-

rosion on each magnesium strip at depths down the stake. The

limitation of the procedure is that the corrosion stake must be pulled

from the sediment to observe the amount of corrosion; accordingly,

only one reading is possible. Since the rate of mixing of ions in the

interstitial pore water may vary substantially throughout the estuary

this can be a great limitation unless the approximate rate of inter-

stitial fluid mixing is known in advance.

Capacitance measurements were considered using a variety of

insulation coatings and probe configurations ranging from flat plates

to insulated wires. It was found that the capacitance difference

between freshwater and saltwater is not sufficiently high to yield

accurate determinations of salinity variations. In addition the density
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I. Exposed Cu and Mg strips
2. Insulated strips

3. Plastic shaft

4. Insulated power source

5. Plastic point

Figure 19 Corrosion stake.
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variations of sediments could affect readings.

A conductivity probe wired to the surface can be used for

continuous monitoring of stations. Conductivity varies drastically

with the concentration of electrolyte in solution, an advantage not

afforded by capacitance measurements. The task for development of

a probe based on conductivity is to design a system which takes

measurements with a high degree of resolution over a wide range of

conductances. Several systems were developed.

One system for measuring the electrolytic conductivity, Figure

20, is a system in which the output frequency varies as the con-

ductance of the solution in the cell changes. Attached to this circuit,

a conventional cassette tape recorder may be used for the readout and

data storage device. Cassette tape recorders have poor amplitude

reproduction, but have sufficiently good frequency response to war-

rant their consideration [W. Burns (1975)].

The heart of the conductance to frequency device is the Wein

Bridge [Diefenderfer (1972)]. The probe is a part of the frequency

determining network. The position of the probe in the Wein bridge

circuit is shown in Figure 21. As the conductance in the cell changes

the output frequency of this system is given by

1
co -

R3 C3C 4Rprobe
(42)
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where

co is the frequency.

C3 and C4 are the size of the capacitors C3 and C4.

R3 is a resistor.

Rprobe

99

is the resistance of the solution between the electrodes.

A derivation for this equation can be found in Diefenderfer (1972).

Attached to the output of the variable frequency signal generator

can be a readout device such as a tape recorder, or a frequency

counter. If a DC voltmeter is the desired readout device, a diode

pump will be necessary to convert the AC frequency into a DC voltage

[Diefenderfer (1972), Malmstadt et al. (1963)]. A diode pump is

shown in Figure 22. For best results, C2 is always at least ten

times the value of CI .

Figure 22. Diode pump.
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As an alternative to this conductance to frequency device, a

system also worth consideration is one in which the voltage amplitude

of an AC signal varies with the conductance, Figure 23. This meas-

urement system has a linear relationship between conductance and

voltage amplitude.

There are many methods available to relate an output voltage to

the solution conductance for a conductance to voltage amplitude

device. A design which uses an operational amplifier follower circuit,

Figure 24, gives a linear output voltage with the conductance of the

solution [Khang et al. (1974)]. The expression relating the output AC

voltage to the resistance of the probe is

Eout = -Ae = -A(Eout (RRpr ) Es. )
ig

(43)

where:

Eout is the output peak-to-peak AC voltage.

A is the gain of the operational amplifier.

e is the difference in the voltages between the inverting and

noninverting inputs of the operational amplifier.

is the resistance of the solution in the cell.Rprobe

Rf is the resistance of resistor Rf.

Esig is the peak-to-peak voltage into the noninverting input of

the operational amplifier from the AC signal generator.



SIGNAL
GENERATOR

CONDUCTANCE
BRIDGE

1 I

PROBE

SELECTOR

1°1

1°1

10)

101

PI
101 PROBE
101

0

RECTIFIER

CELL

READOUT

Figure 23. Conductance to voltage amplitude measurements,



INPUT

VOLTAGE

0

R PROBE

OUTPUT

VOLTAGE

I
Figure 24. Conductivity bridge.

0



By factoring Eout from equation (43), a simpler relation is

obtained

E (1 +

Rprobe
) E .out A Rprobe+Rf s

For an operational amplifier A >> 1 equation (44) becomes

Rf
E = Es. (1+out s Rprobe
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(44)

(45)

For the conductance to voltage amplitude circuit, an AC signal

generator with a constant AC voltage output must be used to prevent

the probes from becoming polarized. Generally, a 1 KHz sine wave

is used. There are many circuits available to accomplish this

[Markus (1974), Burr -Brown (1963)]. The most favorable sine wave

generators are formed from the Wein bridge type oscillators. Figure

25 is the simplest of a large number of Wein bridge sine wave

oscillators [Markus (1974)]. This circuit has an output of 3 volts

peak-to-peak at a frequency of 1 KHz. The frequency and voltage

change less than O. 1% for a supply voltage change of 4 to 15 volts.

The thermistor in the feedback corrects for temperature fluctuations

in the surroundings.

There are many different circuits to rectify an AC voltage into

a DC voltage [Diefenderfer (1972), Malmstadt et al. (1963), Khang
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et al. (1975), McKee-Pederson (1963)]. The circuit recommended by

Khang et al. (1975) uses two operational amplifiers to overcome a

small for eward bias voltage, inherent in the diodes. This circuit,

shown in Figure 26, is called an ultra linear full wave rectifier,

because, even at small voltages, the DC output is linear with the AC

input. A second convenient and simple circuit is shown in Figure 27.

This is the voltage doubler full wave rectifier [Diefenderfer (1972)].

The DC voltage output is nearly equal to twice the AC peak voltage

being rectified. Also the resistance-capacitance network provides

some filtering so the output is nearly pure DC.

The "conductance to frequency" circuit and the "conductance to

voltage amplitude" circuit used in this investigation were both con-

structed and tested using a McKee-Pederson console with MP-1600A

operational amplifier cards. The resistances were obtained using

Heath resistance substitution boxes.

In Trial I, the Wein bridge, for the conductance to frequency

circuit, shown in Figure 21, was constructed using the following

resistances and capacitances:

R1 = 1 M ohms

R2 = 10 K ohms

R3 = 100 ohms

C3 = 0. 001 , 0. 002 µf, 0. 01 if

C4 = 0. 001 p.f
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The output frequency of the circuit was measured by a Hewlett-

Packard model 561C pulse counter.

Figure 28 is a graph which shows that (.02 versus 1/Rprobe

for the "conductance to frequency" circuit yields a straight line over

two orders of magnitude, but deviates from linearity at high con-

ductances. This deviation is caused by the frequency of the circuit

approaching the maximum response frequency of the operational

amplifier. Two methods can be utilized to shift the curve to the

right. The capacitor C3 can be increased, as in Figure 28, or a

resistor may be placed in series with the probe assuring that the con-

ductance in that arm of the bridge will not exceed a specified level.

From Figure 28, it is clear that the system has a large dynamic

range but still can measure small differences in salt water conduc-

tivity. It is desirable to have this large range to measure freshwater

to saltwater conductivity.

In Trial II, the operational amplifier follower circuit, Figure

24, which relates the conductance to the voltage output was tested

using Rf = 10 K ohms in test 1, and Rf = 1. 5 K ohms in test 2.

A Hewlett-Packard model 202A low frequency function generator sup-

plied a 2 volt peak-to-peak sine wave to E. in each case. The
in

output peak-to-peak voltage was displayed on a Tektronix model 561B

oscilloscope.
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Figure 28. Frequency squared versus conductance at different values of C3.
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Figure 29 is a graph of peak-to-peak output voltage versus

conductivity for the conductance to voltage amplitude circuit, shown in

Figure 24. A straight line was obtained as equation (45) predicts,

until the amplifier limits. This occurred using a R1 = 10 K ohms.

When R1 = 1. 5 K ohms, the output voltage is linear with conduct-

ance for low conductances.

Trial III consisted of measuring the resistance range of a probe

for the operational amplifier follower circuit (conductance to voltage

output) at various voltage inputs, Ein, and resistances, Rf. The

resistors in the voltage doubler circuit, Figure 27, were changed to

1 K ohms each.

Table 7 illustrates the range of resistances (and conductances)

that could be measured with the conductance to voltage output circuit

by varying the internal resistance, Rf, and the input voltage, E. .

Results suggest using a sine wave generator at about 1.0 KHz with a

peak-to-peak voltage of 1. 5 V or 1. 06 Vrms.

The best range of measurement for conductivity variations from

freshwater to saltwater is with an internal resistance, R
f of

100 ohms. This should cover the anticipated conductances except over

the lower range of salinities.
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Table 7. Resistance range of probe vs Rf and voltage
input.

in
Rf Rprobe Eout

(volts) (ohms) (ohms) (volts)

11 15 300-1000 10-9
11 100 400-2000 14-10
11 1,000 700-6000 22-11

5 1,000 200-4000 20-5
1.3 1,000 100-1000 15-1.3
1.3 10,000 600-3000 20-1.3
1.3 100 100-2000 20-1.3

Trial IV was conducted on a Wein bridge circuit, Figure 21, fol-

lowed by a diode pump, Figure 22. The diode pump allows readout on a

voltmeter. The circuit was constructed and tested using the following

resistances and capacitances:

Wein Bridge:

R
1

= 1 M ohms C3 = O. 01 µf f

R2 = 10 K ohms C4 = .002 tuf

R3 = 10 K ohms

Diode Pump:

Cl = .001 pi

C2 = .001 [if

A #741 operational amplifier was used in the Wein bridge and two

#IN486B silicon diodes are used in the diode pump circuit. The output

voltage was measured on a voltmeter.
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Figure 30 illustrates the output voltage to conductivity of the

probe using the Wein bridge with a diode pump. Conductivity values

are calculated as the reciprocal of applied resistance, Table 8. The

approximate value of conductance for freshwater, slightly saline and

highly saline water are also pointed out in the figure. From the data

plotted in Figure 30 it can be observed that the Wein bridge with a

diode pump can measure the concentration of electrolyte from fresh-

water to saltwater with the required solution.

Table 8. Output voltage vs resistance of probe for Wein
bridge with a diode pump.

Resistance of
Probe

(ohms)

Conductance of
Probe

(10-4 mhos)

Eout

(volts)

200 50.00 4.80
300 33.30 3.80
400 25.00 3.30
500 20.00 3.00
600 16.70 2.80
700 14.30 2.60
900 11.10 2.40

1 K 10.00 2.30
2 K 5.00 1.80
3 K 3.33 1.55
4 K 2.50 1.35
5 K 2.00 1.25
8 K 1.25 1.00

10 K 1.00 0.80
15 K 0.67 0.70
20 K 0.50 0.60
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All of the circuits tested showed merit for measurement of

conductivity for freshwater to saltwater. The conductance to voltage

output circuit (Trials II and III) and the Wein bridge with a diode

pump (Trial IV) showed the most promise for covering the range of

conductivities anticipated without varying internal circuit parameters

which unduly complicated data reduction.

Definite advantages can be realized for the development of the

electronic equipment in simplicity of the circuits and low power

requirements if conductivity readings are taken intermittently at

prescribed intervals, rather than continuously. The more complex,

power demanding AC circuits (Figures 25 and 26) are not necessary

because polarization effects at the probe will not occur over the short

time span of the meter readings.

Construction of the Probe

The measurement of ions within a fluid requires the conductivity

of the probe material to be less than the conductivity of the fluid.

Thus, the probe material must have a conductivity less than that of

freshwater if the conductivity of freshwater (or slightly saline water)

is to be measured with the resolution desired. This may be stated

conversely as, the resistance of the probe material must be greater

than the resistance of the freshwater between the probe and ground;

the sediment-cell wall acts as the ground. The resistance of
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slightly saline to freshwater is between 1.0 K ohms and 15 K ohms.

Accordingly, a material for probe construction yielding a resistance

in this range is required.

Several probe materials for yielding this high resistance were

found and a number of probe configurations were designed and tested.

The most viable possibilities are presented.

Multielectrode Probe. A hydridized epoxy coating can be used

to give the high resistance required. A multielectrode probe using

the high resistance epoxy to coat the exposed surface of the probe

electrodes was considered. This probe is illustrated in Figure 31.

The probe is constructed from plastic. The electrodes are

steel screws with their head soldered to one of the wire leads going to

the meter. The bottom end of the screws, which act as the electrodes,

are coated with the epoxy of high electrical resistance.

The mold for this probe is a PVC tube that has been cut in half.

Holes for the screws are drilled out and ferruled wires are soldered

onto the respective screw heads after the screws have been placed in

the correct position through the wall of the PVC. The epoxy is then

applied to the bottom of each screw. Casting resin is mixed in the

correct proportions and poured into the mold, where it is allowed to

set. The epoxy is then machined to make it flush with the PVC.

A variation of this multielectrode probe that was also con-

structed involved the embedding of the electrodes into the sediment
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Figure 31. Design of multielectrode probe.
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cell wall. The cell wall in this case was constructed of plastic.

Brass screws were put through the cell wall and the wire leads to the

conductivity meter were run up the outside of the cell. The advantage

of this system is that no under water connections were necessary

because the wiring did not pass through the cell lid as in the original

des ign.

High Resistance Nichrome Wire Probe. The nichrome wire

from the core of a 10 K ohm wire-wound helipot resistor is another

source of a high resistance material. The nichrome wire is insulated

from the copper core wire, see Figure 32. The nichrome wire is

soldered to the lower end of the copper core wire. This end is then

coated with a resin that forms a tough, durable tip and insulates the

soldered connection. To the other end of the core wire, a wire lead

is soldered. This wire lead and a 4 centimeter length of the core wire

are threaded into a plexiglass tube of slightly larger diameter than

the core wire. The plexiglass tube is then filled with a resin. When

the resin has set an insulated shaft is formed. The length of the

plexiglass tubing varies according to the depth the probe must pene-

trate the sediment. Four tubing lengths are used to measure con-

ductivity at four different depths in the sediment, refer to Figure 33.

A plexiglass disk supports the four probes. The disk is tapped with

0. 75 centimeter holes, the diameter of the plexiglass tubing. Smaller

diameter holes are continued through the plexiglass disk for the wire
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leads that are connected to an underwater cable; this cable connects

the wire leads directly to the conductivity meter. The wire lead and

probe shaft are placed in the taped holes in the plexiglass disk and

bonded with a plastic resin. The probe lengths place the probes at

depths of 6, 12, 18 and 24 centimeters below the sediment surface.

A 6 centimeter length of the nichrome wire is exposed to the

interstitial fluid in the sediment. Figure 32; this causes the conduc-

tivity to change gradually as the electrolyte in the interstitial fluid

moves down the length of the probe. The probe is most sensitive to

concentrations near the bottom tip.

The high resistance nichrome wire probe was chosen for use in

the field because of the low disturbance of the sediment upon inser-

tion. Another major advantage is the high corrosion resistance of the

nichrome wire.

Short circuiting of the probes is another factor of consideration.

Short circuiting occurs when the electrolyte moves faster down the

shaft of the probe than in the bulk sediment. Short circuiting is more

likely with the larger size multielectrode probe than with the smaller

diameter nichrome wire probes. Also by using four probes, short

circuiting of one of the probes should be more evident by comparison

to the other three. Placing vaseline petroleum jelly on the top few

centimeters of the probe shaft, before insertion, causes sediment



122

particles to adhere to the probe, thus reducing the likelihood of short

circuiting.

Laboratory tests and standardization of the probes are neces-

sary before field use. Laboratory tests simulating field conditions

were conducted in a sand column.

Sand Column Testing of the Probe

To simulate the operation of the probes in the field a sand

column was built which could be saturated with water. The high

resistance wire probe was placed in the sediment and saltwater

allowed to diffuse down through the column. An interstitial fluid

velocity downward through the sediment can be created by adjusting

the differential pressure head acting at the entrance and exit of the

column. The saltwater flux was monitored visually by dying the

saltwater. Also simple copper conductivity probes were placed at the

top and at the bottom of the exposed length of the high resistance

nichrome wire probe to detect the movement of the saltwater. The

sand column is illustrated in Figure 34.

A number of tests were run in the sand column. The column

could be flushed with freshwater, flowing in either direction, to

eliminate the saltwater and dye after a test was completed.

As the saltwater moves downward through the sand column it is

dispersed. This is evidenced by the lighter coloration of the dye at
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the head of the advancing saltwater. The high resistance wire probe

and circuitry measures a gradual change in resistance (or conduct-

ance) as the saltwater moves down through the column. The copper

probes immediately change from a zero conductivity reading to a short

(maximum conductivity reading) when the saltwater reaches their

respective depths.

The sand column tests showed that the conductance to voltage

output circuit could not measure the entire range of conductances

from freshwater to saltwater without varying the internal resistance,

Rf, in the circuit (refer to Figure 24). As the conductivity of the

water in the sand column changed the circuit at times became unstable.

The needle on the ohmmeter would jump. This was most likely due to

the resistance, Rf, reaching its upper limit for balancing the

resistance at the probe. Changing the value of Rf would settle the

circuit down and readings would continue once again, to increase

gradually with the flux of higher concentrations of saltwater. Addi-

tional tests showed that the instability did not always occur at the

same resistance (or conductance) reading on the ohmmeter. This

unduly complicates the standardization of measurements. When the

lower range of salt concentrations was neglected a single resistance,

Rf, of 100 ohms could be used to measure saltwater concentrations

up to about 3 07e..
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The Wein bridge with a diode pump, when used with the high

resistance nichrome wire probe, was capable of measuring the full

range of conductances from freshwater to saltwater. The resistance

readings were 13,000 ohms/cm for tap water and 270 ohms/cm for

saltwater. The equivalent conductances are 77 p.mhos /cm and

3700 p.mhos /cm, respectively. The response was linear except in

the transition from fresh to slightly saline water where a jump from

270 ohms /cm to 500 ohms /cm occurred. Some intermittent stability

problems were also encountered with this circuit; however, a com-

mercially available instrument employing a Wein bridge circuit with a

diode pump, Industrial Instrument model 2A-RA, was purchased and

found to yield excellent results for use with the high resistance

probes. Using this equipment conductivity readings went from zero

for freshwater to 2000 p.mhos /cm for saltwater at 30700 as the salt-

water moved down through the sand column.

The high resistance nichrome wire probe and conductivity

meter, model 2A-RA, were also tested in a small wave basin. The

sediment cell and probes were placed in a sediment bed with a depth

of 30 cm. The water depth above the sediment was 10 cm. Probes

were placed at four depths, 6, 12, 18 and 24 centimeters. Small

waves were generated on the water surface. These tests showed that

increased interstitial fluid mixing caused by the waves on the water

surface could be detected by the probes. The flux rate of the tracer
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through the sediment increased from less than 1. 0 cm/day for the

still water, "static" condition to greater than 10 cm /day when waves

were acting.

Standardization of the High Resistance Nichrome Wire Probe

The size of the high resistance nichrome wire probe tip affects

the rate of increase and the relative magnitude of the conductivity

over the range of concentrations of electrolyte. Also, the exposure

length of the probe has a minor influence. For this reason it is

important that all probes have a standard exposure length and tip size.

The correct tip size can be checked by placing the probe in several

solutions of salinity ranging from 07, to 30°/... The preparation of

solutions used in this investigation is given in Table 9. Standardiza-

tion data for the high resistance probe and conductivity meter are

given in Table 10. Standardization curves plotted from this data are

illustrated in Figures 35 and 36. Standard curves at 7°C and 20°C

were measured because the temperature at the field test sites was

expected to remain in this range during the testing period.

From the standardization curves and absolute values of con-

ductivity for sea water, a conversion for meter readings to absolute

conductivity can be determined. The conversion factor is 20.

A meter reading of 1000 ilmhos/cm corresponds to an absolute con-

ductivity of 0. 02 mhos/cm. The maximum error in the conversion is
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Table 9. Preparation of standard samples.

Standard
Solution

Salinity NaC1 to 13 Liters
of Water (g)

Beaker
(g)

Scale
Reading

1 1 13 292 305
2 5 65 292 357
3 9 117 292 409
4 15 195 292 487
5 20 260 292 552
6 25 325 292 617
7 30 390 292 682

Note: NaC1 per liter water = °Apo (1+. 00170).

Table 10. Standardization of probe.

Standard
Solution

Salinity Temp.
(°C)

Meter
Reading

(p.mhos /cm)

A-1 1 20.5 310
A-2 5 20.5 515
A -3 9 19.5 780
A-4 15 20.5 1160
A-5 20 20.5 1410
A-6 25 20.5 1750
A-7 30 20.0 1890
A-8 Distilled H2O 20.0 00

B-1 1 7.0 260
B-2 5 7.0 440
B-3 9 7.0 630
B-4 15 7.5 910
B-5 20 7.0 1170
B-6 25 6.5 1490
B-7 30 6. 5 1630
B-8 Distilled H2O 7.0 00
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10% and occurs at low salinities. Conductivity readings are con-

verted to dimensionless concentration values rather than absolute

conductivity for the reduction of field data. The accuracy of the

dimensionless concentration values is greater than a conversion to

absolute conductivity.

The accuracy of the probe is determined from the standardiza-

tion curve, Figure 35. For a 070. to 30%° salinity variation the

conductivity meter, Industrial Instrument model 2A -RA, spans a

scale reading of from 0 to 2000 ilmhos/cm. The smallest division on

the conductivity meter scale is 50 ilmhosicm. A 1.0 700 salinity

variation correspnds to a 70 p.mhos /cm variation in conductivity read-

ing on the meter. A 0.5 70° salinity variation is the least detectable

by the conductivity meter using the high resistance probes. This

corresponds to an accuracy limit of ± 3. 5% for determination of con-

centration (in a dimensionless form) at the probe.

The probe is designed with a length of high resistance wire

exposed to the interstitial fluid, refer to Figure 32. This gives

stability to the conductivity readings and more accurately depicts the

concentration of ions in the pore water for the depth of interest at a

given time. With a single point-source probe, conductivity readings

fluctuate with small localized variations in salinity of the pore water.

The resistance of the probe is proportional to the square of the dis

tance from the tip of the probe or stated differently, the conductivity
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reading is proportional to the inverse of the distance of a given

concentration from the tip of the probe. Thus, the conductivity read-

ing increases gradually as a concentration front of saline pore water

moves down the length of the probe toward the tip. Since the concen-

tration is primarily dependent upon the concentration right at the tip,

the depth of the probe is approximated as the depth of the tip. The

probe will yield a slight bias of higher conductivity readings for con-

centration changes occurring from the sediment-water surface down-

ward when compared to saline pore water flux from the lower

boundary of the cell upward. The bias is small and is tolerated in the

interest of increased stability of readings.

Conductivity readings do not indicate the exact salinities of the

interstitial fluid because porosity also effects conductivity. This has

a negligible effect upon evaluation of a mixing coefficient since calcu-

lations are based upon a dimensionless relative concentration, C/Cs.

This is a ratio of the pore water conductivity for a specific time and

depth in the sediment (as measured by the probe), to the maximum

concentration which is the conductivity when the pores are completely

saturated with the natural saline water.

Summary of Probe and Electronic Equipment

Tests in the laboratory showed the high resistance nichrome

wire probe, when used with an electronic circuit employing a Wein



132

bridge and a diode pump, is an effective means of measuring electro

lyte concentration variations in the interstitial fluid. A stability

problem with the initially designed bridge circuit did occur, inter-

mittently. This problem was eliminated by the purchase of a com-

mercially available instrument.

Readings of the probe correlated well with the movement of the

saline water in a sand column as indicated by a dye and conventional

copper probes. Conductance readings were linear except at very low

salinity.

The conductance to frequency and the conductance to voltage

circuits, although having good resolution, are not capable of measur -

ing the range of conductances (or resistivity) required without varying

an internal parameter of the circuits. Variation of the circuit

parameters unduly complicates reduction of data and creates stability

problems for the conductance to voltage circuit.

The commercially available instrument, Industrial Instrument

model 2A-RA, utilizing a Wein bridge and a diode pump, was found to

yield a full scale deflection from freshwater to saltwater when used

with the high resistance wire probe. Meter readings are directly

proportional to concentration within the interstitial fluid at the probe.

No stability problems of the probe and circuit were encountered in

laboratory tests or during use. The probe and meter are capable of

measuring salinity variations of 0. 57.., corresponding to an

accuracy of ±3. 5% for the dimensionless concentration.
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V. ESTUARY FIELD TEST SITES

Site Selection

Field measurements were conducted in South Slough, an

appendage of the Coos Bay estuary, illustrated in Figure 37. This

estuary is located on the southern Oregon Coast, approximately 341

kilometers (212 miles) south of the Columbia River and 702 kilometers

(436 miles) north of San Francisco Bay.

Coos Bay is the second largest estuary in Oregon, the Columbia

River estuary being the largest. Industry has developed along the

main reaches of the estuary. The city of Coos Bay is reported to be

the "world's largest lumber shipping center". Over 700 vessels with

drafts greater than 7 meters visit the port annually.

In contrast to the industrialized atmosphere of the main branch

of the estuary, South Slough is a pristine, relatively untouched area

where water fowl and aquatic life abound. Shallow water depths, often

less than two meters in the main channel at low tide, have made South

Slough unsuitable for heavy industrial development. The area was

recently established as a national wilderness preserve.

Coos Bay has mixed, semi-diurnal tides [Arneson (1974)]. A

semi-diurnal tide has two maxima and two minima a day. A mixed

semi-diurnal tide has unequal highs and lows. The normal progres-

sion of the tide at Coos Bay is low-low water to low-high water,
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low-high water to high-low water, high-low water to high-high water

and high-high water to low-low water. The normal tidal period is

12.42 hours. The mean tide range at the mouth is 2. 04 meters (6. 7

ft). Maximum tidal currents in the main channel near the entrance

to the bay are about 90 cm/sec (3 ft/sec). In South Slough, maximum

tidal currents are about 60 cm/sec (2 ft/sec). Because of the high

tidal currents and shallow depths South Slough can be considered well

mixed throughout the year.

Field measurements were taken at five sites in South Slough

selected from the ten stations in the Coos Bay estuary. The location

of stations is illustrated in Figure 38. The five sites chosen varied

from tide flats at stations SS-1, SS-3 and SS-6, to a sloping beach at

SS-4 and the middle of the main channel at SS-2.

The specific place for conducting tests at the field stations were

chosen so that the sediment would always be saturated with water

even at low-low water (the lowest tide in the mixed tide cycle).

Therefore, the average water depth at the sites is approximately one-

half the mean tide range at all stations except SS-2 where the average

water depth is 4.6 meters (15 ft).

The temperature and salinity of the water are parameters of

particular importance to the method used in analyzing the pore water

mixing. Bottom temperature and salinity variations with tide at the

Charleston Bridge (near SS-1) and off Yonkers Point (near SS-2) are
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Figure 38. The location of field stations in the Coos Bay estuary.
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given at various times of the year in Table 11. Variations in pore

water salinities calculated from chlorinity data obtained from cores

taken at the sites are given in Table 12. The applicable depth of the

sample and the overlying water salinity at the time the core was taken

are also given in the same table.

Table 11. Water quality parameters for South Slough.a

Date Time Tide Station

Hydrolab
Bottle

Sample
Bottom
Temp.
(°C)

Bottom
Salinity

(V.)

Bottom
Salinity

Sept. 13, 1973 0655 L. T. b
l 14.0 26.9 32. 608

0707 L. T. zc 13.2 27.3 32. 977
1222 H. T. 1 10.0 29.9 33. 669
1229 H. T. 2 10.0 30.5 33.454

Dec. 19, 1973 0810 H. T. 1 10.0 18.5 28. 373
0827 H. T. 2 10. 1 21. 3 29. 725
1439 L. T. 1 9. 0 9. 1 12. 187
1455 L. T. 2 9. 5 11.8 14. 373

Mar. 23, 1974 0608 L. T. 1 10.0 11. 1 23. 471
0620 L. T. 2 10.0 16.5 20. 131
1144 H. T. 1 9. 5 26.2 31. 248
1152 H. T. 2 9. 5 29.9 32. 453

June 12, 1974 0447 H. T. 1 11.0 27.3 32. 125
0503 H. T. 2 10.0 28.0 33. 005
1011 L. T. 1 14.0 24.0 28. 068
1017 L. T. 2 13.0 26.2 29. 975

aArneson (1974).
b 1 Charleston Bridge near SS-1.

C2 Yonkers Point near SS-2.
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Table 12. Pore water salinity.

Overlying Water
Salinity

Pore Water Salinity
Depth Applicable Salinity

Station (Vo.) (cm) ( ° /°o)

SS -1

SS-2
SS-3
SS-4
SS-6

33 0-6 31.6-27.8
33 0-26 31.4-29.1
33 0-28 29.5-24.4
31 0-22 30.2 -31.9
30 0-20 31.8-33.6

Note: Data collected in June 1974 by Williamson.

It was anticipated that field data would be collected in the

summer and early fall. The prevailing wind direction is north-

northwest for June through September, averaging 5.5 m/sec (12.3

mph).

Sediments at the five sites varied from clean sand to clayey

sands. The size and gradation of the sediments is given in Table 13.

The permeability of the sediment at the field test sites is important

because the sediment permeability has a significant effect upon

hydrodynamic mixing. Since permeability data for the sites was not

available, permeability tests were conducted in the laboratory and in

the field for the stations in the Coos Bay estuary. The variation in

permeability from site to site is of interest because of the dampening

effect that low permeability sediments have upon interstitial fluid

motion. The vertical interstitial fluid velocity induced by surface

waves in the model by Riedl et al. (1972), as previously mentioned in
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Chapter III, is direction proportional to the permeability of the

sediment bed.

Table 13. Sediment characteristics.

D50a Uniformity Coeff. a Porositya Organic Contentb

Station (mm) D 60/D10 ( %) (mgTVS/g)

SS-1 O. 25 4. 43 0. 43 15

SS-2 0.35 1.68 0.46 13

SS-3 0. 15 7. 08 0. 50 20
SS-4 0. 34 6. 85 0. 51 19

SS-6 O. 15 6. 54 O. 44 13

aSollitt (1974).
bWilliamson (1974).

A detailed presentation of the factors affecting the permeability

of estuarine benthic sediments, the equipment used in the permeability

tests, and the permeability coefficients for each of the test sites is

given in the Appendix.

The permeability of the sediments at the ten stations in the

Coos Bay estuary are given in Table 14.

Permeability measurements showed that: (1) permeability

varied considerably throughout the estuary with values ranging from
-7 ,4. 57 x 10 cm/sec,

2. 24 x 10-2 cm/sec,

(4. 3 x 10-4 darcys) at station IS-9 to

(21 darcys) at station SS-2; (2) no consistent

variation in permeability with core length was detectable; (3) no

correlation between permeability and porosity exists for the wide
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Table 14. Average permeability values from core samples.

K20 Average K10 Average P20 Average P10 Average

Station Range (cm/sec) (cm/sec) (darcy's) (darcy's)

SS-1 2.19 x 10-4

1.11 x 10
-3

4.96 x 10
-4

3.86 x 10
-4

0.05 0.04

SS-2 1.82 x 10
-2

2.76 x 10
-2

2. 24 x 10
-2 1.74 x 10

-2
21 16

SS-3 0.34 x 10-3

1.57 x 10-3 9.05 x 10-4 7.05 x 10-4

SS-4 0.71 x 10-2

0.9 0.7

1.19x 10 -2 8.74x 10 -3 6.81 x 10
-3

8 6

SS-5 2.43 x 10-6

9.66 x 10-6 5.24 x 10-6 4.08 x 10-6

SS-6 2.87 x 10-4

IS-10

3.04 x 10-6 1.83 x 10
-6

1.43 x 10-6 0.0017 0.0013

IS-CD 5.90 x 10-7

3.42 x 10-6 2.19 x 10-6 1.71 x 10-6 0.002 0.0016

5.45 x 10-4 4.53 x 10-4 3.53 x 10-4

6.13 x 10-7

0.005 0.004

0.4 0.3

IS -8

IS -9

1.51 x 10-6

4.48 x 10-6 2.68 x 10-6 2.09x 10-6

2.87 x 10-7

6.58 x 10
-7 4.57 x 10

-7 3.56 x 10-7

0.0025 0.0019

0.00043 0.00034
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range of sediments encountered in the estuary; (4) insitu permeability

values measured with the permeameter cell are primarily a function

of holes created by burrowing organisms; (5) freshwater forced into

the interstices of the estuarine benthic sediments does not cause

swelling of the sediment to the extent that a reduction in the permea-

bility was detectable; and (6) water forced into the interstices of the

sediments at low peressure heads did not cause clogging of the pores.

Prediction of Interstitial Fluid Mixing at the Field Sites

A minimum apparent diffusivity coefficient for each site is

calculated for porosity measurements applied with the rate of diffusion

of sodium chloride in free solution to two separate empirically deter-

mined expressions. The minimum rate of diffusion involves the

transfer of ions due only to chemical diffusion under the influence of a

concentration gradient, i. e. , no biological or hydrodynamic mixing.

Using the minimum apparent diffusivity coefficient, the least value for

penetration rate of concentration fronts is also solved. These values

establish the lower range of results anticipated from field data.

Maximum values of diffusivity coefficient and the movement of

concentration fronts of diffusing ions are estimated using field data

in equations which involve biological or hydrodynamic mixing. These

predictions were compared to published results of similar investiga-

tions.
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Anticipated Least Value of Apparent Diffusivity at Each Station

The diffusivity of sodium chloride, NaC1, in water is between

1.26 x 10-5 and 1. 54 x 10 -5 cm2 /sec, depending upon the molar con-

centration (see Table 4 in Chapter III). The tortuosity and con-

str ictivity of the path through which the ions must diffuse in estuarine

benthic sediment causes a decrease in flux rate and a subsequent

reduction of the apparent diffusivity coefficient for chemical diffusion,

i. e. , diffusion under the influence of a concentration gradient only.

Diffusion occurs in the direction of the least concentration gradient.

Gerrels et al. (1949) showed by laboratory experiments that the

rate of ion transport by chemical diffusion through a porous matrix is

independent of the permeability, but dependent upon an "effective

directional porosity". It was suggested that values of "effective

directional porosity" could be predicted from diffusion measurements.

Conversely then, it may be possible to estimate minimum apparent

diffusivity coefficients, i. e. , for chemical diffusion only, from

porosity measurements.

Manhiem (1970) presented diffusion coefficient versus porosity

data for sodium chloride diffusing through a variety of unconsolidated

sediments. Tzur (1971) showed that all, except one clay sediment,

fit the form of D.02.
1 up to a factor of 2 where D is the diffusiv-

ity of NaC1 in free solution and 4 the sediment porosity.
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Accordingly, the apparent diffusivity through an unconsolidated

sediment can be calculated from the following expression:

2.1
D = D'4) (46)

where D is the apparent diffusivity through an unconsolidated sedi-

ment, D', the diffusivity of the constituent (NaCl) in free solution,

and C. is the porosity of the sediment expressed as a fraction.

Salinities of pore water at the stations in South Slough where

diffusion measurements were conducted ranged from 25 to 33 Vo. in

the top 26 cm of sediment. Pore water salinities in Table 12 were

calculated from chlorinity data according to the standard formula:

S = 0.03 + 1. 805C1 (47)

Chlorinity data were collected by Williamson (1974). Pore water

salinities reflect bottom water salinities at the stations, see Tables

11 and 12. By linear interpolation of the data presented in Table 4,

Chapter III, the values of the diffusion coefficient in free solution, D',

for the field stations were evaluated and found to range from

1.224 x 10-5 to 1.218 x 10-5. An average value of 1.22 x 10-3 cm2/

sec is used to calculate apparent diffusivity coefficients, D, at

each station.

Porosity data for the stations in Coos Bay are listed in Table

15. Porosity data were measured in the laboratory by segmenting
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and drying core samples collected in the field [Sol litt (1974)].

Table 15. Apparent diffusivity under "static" conditions
from porosity measurements.

Station Porosity
Diffusivity Coefficient (cm2 /sec)

Tzur R. E. Boyce

SS-1

SS -2

SS -3

SS -4

SS-5

SS -6

CH-7

IS

IS-9

IS-10

0.43

0.46

0.50

0.51

0.79

0.44

0.37

0.82

0.77

0.87

2.07 x 10-6

2.39 x 10-6

2.85 x 10-6

2.97 x 10 6

7.44 x 10-6

2.18 x 10-6

1.51 x 10-6

8.04 x 10-6

7.05 x 10-6

9.11 x 10-6

2.76 x 10-6

3.04 x 10-6

3.43 x 10-6

3.53 x 10-6

6.67 x 10-6

2.85 x 10-6

2.22 x 10-6

7.04 x 10-6

6.42 x 10-6

7.67 x 10-6

Minimum apparent diffusivity values can also be calculated from

a sediment "formation factor'', F. The apparent diffusivity for ion

transport through the sediment is equal to the diffusivity coefficient

for the ion in free solution divided by the formation factor,

D = /F

The formation factor, as defined by Archie (1942), is

F = RO /Rw

(48)

(49)
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0

is the electrical resistivity of the sediment when

saturated with interstitial water and R w
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is the electrical resistivity

of only the interstitial water at the same temperature and pressure.

Electrical resistivity data taken at the stations in Coos Bay proved

suspect and are therefore not applied. However, R. E. Boyce (1968),

correlated the formation factor with porosity for a marine sediment

in a manner similar to Tzur. R. Boyce (1968) collected samples

ranging in porosity from 58.9 to 87.4 at 12 sights located throughout

the Bearing Sea. Porosity varied according the grain size, clay-size

fraction and sorting. The relationship between the formation factor

and the porosity was represented by

F = 1.34-1.45 (50)

where (I) is the porosity expressed as a fraction. The relationship

between formation factor and porosity is of the type described by

Winsauer et al. (1952) and is in agreement with work by Keller (1966)

and Archie (1942). The error in the formation factor to the porosity

relationship was about ± 15% for all the sediment samples tested.

Combining equations (48) and (50) yields the following expression for

the apparent diffusivity:

D = 0.769D'cl)
1.45 (51)

where D' is the diffusivity of the constituent in free solution and .13.



the porosity expressed as a fraction. Again using the value of

diffusivity in free solution for sodium chloride, D', as

1. 22 x 10-5 cm2/sec, the apparent diffusivity coefficients,

146

D, are

solved by equation (51).

Values of the apparent diffusivity calculated by Tzur Equation

(46) and R. Boyce Equation (51) are listed in Table 15. The agree-

ment between R. Boyce and Tzur is encouraging. Where hydrody-

namic and biological mixing occur it is anticipated that the apparent

diffusivity coefficient will be above the minimum diffusivity coeffi-

cient listed in this table.

Anticipated Minimum Penetration Rate of Concentration Fronts

The minimum rate of penetration of concentration fronts is

calculated using the minimum diffusivity coefficients of R. Boyce in

an equation for the rate of movement of concentration fronts presented

by Gerrels et al. (1949). Gerrels, in a study of diffusion of ions

through intergranular spaces in water -saturated rocks, presented the

following expression for the concentration variation as a function of

the depth of penetration:

Cs -C

2Cs erf[ z,J2Dt]

where Cs is the concentration of the reservoir which shall be

(52)



expressed in the dimensionless form of Cs/Cs = 1.00, C is the

concentration of the moving front expressed as the dimensionless

ratio C/Cs, z is the distance the front has moved from the

original boundary in cm, t is the time since diffusion began and

is the diffusion coefficient in cm 2/sec. This time, t, can be

solved by equation (52) for various depths using values of Cs, C

and D. The rate of penetration of a concentration front,

then be evaluated as

zv =f t
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vf, can

(53)

Values of minimum penetration rate for each site are listed in Table

16. These penetration rates were solved using a dimensionless con-

centration, C, of 0.20. This is the least value of concentration

front moving through the sediment cell. As previously noted, it is

desirable to not suppress the conductivity of the interstitial water

below this concentration level to minimize possible adsorption-

desorption effects. This lowest value of concentration is used in the

calculations to estimate the greatest rate of penetration under "static"

conditions, i. e. , chemical diffusion only. The error function values

were solved graphically from Figure 39.

Heinecke (1974) found penetration rates for sodium chloride

diffusing through sand to range between 0.61 cm/day (7. 0 x 10-6

-6cm/sec) to 1.22 cm/day (14 x 10 cm/sec) under static conditions.



Table 16. Estimate of penetration rate for ''static" condition.

D
2

C
Cs -C

z t of
2CsStation (10

-6 cm /sec) erf (u) (cm) (106 sec) (10-6 cm/sec) (cm/day)

SS-1 2.76 0.20 0.40 1.30 6 3.86 1. 55 0. 13

SS-2 3. 04 O. 20 0.40 1. 30 6 3. 50 1.71 0. 15

SS-3 3.43 0.20 0.40 1.30 6 3. 10 1. 93 0. 17

SS -4 3. 53 0.20 0.40 1. 30 6 3. 02 1. 99 0. 17

SS 5 6.67 0.20 0.40 1. 30 6 1. 60 3. 76 0. 32

SS-6 2.85 0.20 0.40 1.30 6 3. 74 1.61 0. 14

CH-7 2.22 0.20 0.40 1.30 6 4.80 1. 25 0. 12

IS -8 7.04 0.20 0.40 1.30 6 1. 51 3. 97 0.34

IS-9 6.42 0.20 0.40 1.30 6 1.66 3. 62 0.31

IS - 1 0 7.67 0.20 0.40 1.30 6 1. 39 4. 32 O. 37
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Figure 39. A plot of concentration gradient values versus error
integral [Gerrels et al. (1949)].
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A largest static rate of penetration according to equations (46), (52)

and (53), with an assumed porosity for sand of 0.45, would be 0.35

cm/day. For calculation of the maximum static penetration rate, the

concentration of NaCl in the sediment was assumed to be zero.

Vieth (1968) studied the rate of transport of toxaphene into

benthic sediments of Fox, Ottman and Silver Lakes, Wisconsin. The

data indicated rapid transport of toxaphene to depths of 5 to 15 cm.

Estimates for vertical transport of toxaphene in these three lakes

were 0.63 to 1.1 cm/day in Fox lake and 0.4 cm/day in Ottman and

Silver Lakes. Vieth suggested that it is unlikely that chemical diffu-

sion rates could account for the rapid migration observed and sited

hydrodynamic forces as responsible for the rapid transport.

Heinecke's and Vieth's data suggest penetration rate estimates

under static conditions, as calculated by equations (52) and (53) are

reasonable. Although higher penetration rates would coincide more

closely with Heinecke's results, the higher values would be in less

agreement with the data and conclusions of Vieth.

Prediction of the Effect of Hydrodynamic Mixing Mechanisms
Upon Instertitial Fluid Mixing at the Field Test Sites

A number of hydrodynamic interstitial fluid mixing mechanisms

were identified in Chapter III, Theoretical Development. The suc-

ceeding sections evaluate the applicability of these mixing mechanisms

to the field test sites.
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Interstitial Fluid Flow Rates Induced by Surface Waves. Values

of average fluid filtering rate per unit area, Qsn,

bulk fluid velocity,

and maximum

vsn, through the benthic sediment for the

average depth and fetch at the field stations are given in Table 17. A

wind speed of 20 mph (13 kmph) was used in the calculations. The

method for evaluating these values is presented in Chapter III, under

"Interstitial Fluid Mixing Induced by Surface Waves".

Examination of Table 2 in Chapter III and Table 17 in this

chapter shows that mixing of interstitial fluid from surface waves is

predominantly dependent upon the permeability of the sediment.

From Table 17 it can be anticipated that if hydrodynamic mixing from

wind generated waves is the primary mechanism of mixing then

stations SS-2 and SS-4 will have higher apparent diffusivity coeffi-

cients than SS-1, SS-3 and SS-6.

Turbulent Eddy Mixing Due to Shear at the Sediment-Water

Interface. Shear stress which causes turbulent mixing can develop

from several sources in an estuary, including river and tidal cur

rents, surface waves and propeller wash. Prandtl's mixing length

theory and flume tests by Heinecke were used to support the premise

that as shear increases at the sediment-water interface interstitial

fluid mixing increases; refer to the section on turbulent eddy mixing

in Chapter III. Heinecke's tests indicated that the interstitial fluid

mixing as a result of this phenomena can extend to depth into the



Table 17. Maximum volumetric vertical velocity, vsn, at sites in South Slough, Coos Bay.

Station Wind Depth
(mph) (ft)

Fetch
(miles)

4sn
(10-6 cm/sec)

v'
vsn

(10
-5

cm/sec)
Permeability

(darcy's)
C'sn

(cm/sec)
vsn

(cm/sec)

SS-1

SS-2

SS-3

SS-4

SS-6

20 5

20 15

20 5

20 6

20

1.0

2.0

1. 0

1. 0

0. 5

2. 5

0.8

2. 5

2.5

0.6

5.0

1. 6

5.0

5.0

1. 2

0.04

16.00

0. 70

6.00

0. 30

1.0 x 10 7-

1. 3 x 10
-5

1. 8 x 10-6

-5
1. 5 x 10

1. 8 x 10-7

2. 0 x 10-6

2.6x104

3. 5 x 10 -5

3.0 x 10-4

3. 6 x 10-6

Note: 1 mi = O. 62 km, 1 ft = O. 305 m.
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sediment bed. Because of the dampening effect that fine grained

sediments with low permeability have upon hydrodynamic forces, it is

expected that for sediments of low permeability the exchange rate of

dissolved constituents between interstitial and interfacial waters will

decrease. Thus field stations with high shear stresses (in a turbulent

flow regime) and with high permeability will have the highest rates of

interstitial fluid mixing due to this mixing mechanism; stations with

lower shear stresses and low permeability will have lower rates of

mixing.

Shear stress values at the field test sites are based upon the

Morris and Wiggert (1972) relationship [after Minor (1975)],

nu 2T
o

= /R
h

[
2 /3

]

1.5R
h

(29)

where T
o

is the average shear stress over the wetted perimeter,

Rh is the hydraulic radius taken as equivalent to the water depth for

the wide shallow reaches of South Slough, n is a Manning coefficient

of 0.02 for a sandy bottom, u is the average horizontal velocity of

the overlying water and .y is the specific weight of saltwater' in the

bay (1. 025 g/cm3 at 10°C). Shear stress values at the five field test

sites in South Slough of Coos Bay are given in Table 18. The average

water depth and velocity upon which calculations were based are also

presented.
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Table 18. Shear stress at stations in South Slough, Coos Bay.

Station

Approximate Average
Water Depth of Velocity
Cross-section u

(m) (cm/sec)

Shear Stress
To

(g/cm )

Reynolds
Number

Re

SS-1 2.0 27 0.0234 4.00 x 105

SS -2 6.5 49 0.0518 2.34 x 106

SS-3 1.9 3 0.0004 4.20 x 104

SS -4 4.9 59 0.0825 2. 13 x 10 6

SS -6 3. 4 42 0.0472 1.05 x 10 6

Note: Turbulent flow Re > 2000.

The shear stress, T
o

is highest at station SS-4, then SS-2,

SS-6, SS-1 and SS-3 in descending order (refer to Table 18) with the

shear stress at SS-3 being considerably less than the other sites.

The permeability of the sediment is also greatest at stations SS-4 and

SS-2 and it is considerably less at the other stations, refer to Table

14. With high shear stresses present and high permeability, inter-

stitial mixing caused by turbulent eddy currents should be greatest

at these two sites. All sites are well into a turbulent flow regime at

the average velocity existing during the flood and ebb of the tides.

The flow regime is based upon the Reynolds number calculated by

u
R =

h
e

where u is the average velocity in cm/sec, h is the average

water depth in cm and v

(54)

is the kinematic viscosity which is equal
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to 1.356 x 10-2 cm2/sec for saltwater at 10°C. The transformation

from laminar to turbulent flow occurs at a Reynolds number of

approximately 2000.

A surface wave contribution may be superimposed upon the

average velocity, as discussed in Chapter III. Thus, instantaneous

shear stress and turbulent fluctuations may well exceed average

values. At station SS-1 the average velocity from tidal current is

27 cm/sec, refer to Table 18. The maximum horizontal velocity,

resulting from wind generated waves assuming a wind speed of 20 mph

(12 kmph), a fetch of one mile and an average water depth at the sta-

tion of 5 ft (1. 5 m), is 0. 35 ft/sec or equivalently, 10. 7 cm/sec. The

maximum horizontal velocity, umax, for representative conditions

in South Slough are given in Table 19. Since shear stress is propor-

tional to the square of the velocity, the shear stress and subsequently

the turbulent mixing increases substantially with an increase in water

velocity. For example at station SS-1 an increase in water velocity

from 27 cm/sec to 38 cm/sec increases the shear stress to 0. 06

g/cm2 from 0. 03 g/cm2.

Although Prandtl's mixing length theory hypothesizes increased

mass transfer rates within the water column due to the turbulent

effects of high shear stresses and Heinecke's results point to the

extension of the mechanism to the interstitial water within the sedi-

ment, a basis for predicting interstitial fluid mixing rates as a
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function of the turbulent regime of the overlying water is a matter for

further investigation. Shear stresses are used in this investigation

as an indicator of mixing due to turbulent eddies.

Table 19. Maximum horizontal velocity contribution from surface
waves.

Approx. Ave.
Wind Water Depth Wave Parameters
Speed Fetch Over Site He ight Length Period umax

(mph) (mi) (ft) (ft) (ft) (sec) (ft/sec) (cm/sec)

10 0.5 5 0.3 12.7 1.0 0.06 2.0
20 1.0 5 0.75 19 1.5 0.35 10.7
20 2.0 15 1.1 42 1. 9 0.17 5.2

Note: 1.0 mi = 0.62 km, 1.0 ft = 0.305 m.

Tide-Groundwater Interactions. The field test stations were

established such that the sediment in the cell remained saturated with

pore water on the low-low tide, the lowest tide in the semi-diurnal

mixed-tide cycle of the Coos Bay estuary. This eliminated the pos

sibility of a simple tide-groundwater response at the field test sites.

Because of the flat terrain about the tide flat stations, SS-1, SS-3

and SS-6, a cyclic or unidirectional tide-groundwater interaction can

not occur. At station SS-4, located on a sandy beach a short distance

from higher ground, and at station SS-2, located in the middle of the

main water channel of South Slough, a cyclic or unidirectional tide

groundwater response is possible.
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A cyclic tide -groundwater interaction should appear on the

concentration versus time plots as a gradual change in conductivity

(dimensionless concentration) with time which reverses direction,

approximately every 6.2 hours, with the tide. A constant unidirec-

tional tide-groundwater response should appear as a gradual increase

in the observed conductivities within the sediment cell, occurring

from the probes at the greatest depth upward to the probes at shallow

depths. A unidirectional tide-groundwater response downward through

the sediment is not probable under natural conditions at the test sites

because of the requirement of a constant hydraulic gradient toward the

aquifer. If a large freshwater lens exists at a test site, a constant

unidirectional response created by freshwater flowing upwards

through the sediment, yielding a constant decrease in conductivity,

could be observed. The existence of a freshwater lens should be

apparent from the initial conductivity measurements taken at a site.

Interstitial Fluid Mixing Due to Water Surface Elevation

Fluctuations. An adsorption-desportion process, as a result of water

surface elevation fluctuations, was theorized by Morse (1974). This

theory predicted a vertical transport of chemical constituents in

marine benthic sediments as discussed in Chapter III. The concept

of this mixing mechanism has proved, as yet, too complex for mathe

matical formulation and empirical data for verifying the concept is

lacking. It would be difficult to differentiate this mechanism from
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other mixing processes except perhaps in abyssal sediments where

other hydrodynamic mixing processes are at a minimum level. In

estuarine benthic sediments bioturbation and other hydrodynamic

mixing processes are anticipated to be sufficiently high that the

transfer of chemical constituents by this mechanism will be consid-

ered negligible.

Convection Overturning. The shallow depth and good tidal

interchange of South Slough create a well mixed water condition,

minimizing temperature gradients. Where stratification occurs bot-

tom waters were observed to be cooler than surface waters [Arneson

(1974)]. This limits the possibility of convenction overturning. Con-

vection overturning is therefore expected to have a minimal effect

upon interstitial fluid mixing.

Biological Mixing Rates

Values of biological mixing by worms, D , and for mollusks,

D , and the total bioturbation rate for all ten stations in the Coosm

Bay estuary are given in Table 20. The method of evaluating these

coefficients is presented in the theoretical development, Chapter III.

The bioturbation rates are comparable to values reported by Duursma

and Gross (1971) and Guinasso and Schink (1975) which ranged from

3.5 x 10-8 cm2 /sec for Yoldia limatula (a mollusk) in Buzzards Bay
-4 2to 1.5 x 10 cm /sec for Thoracophelia mucronata (a worm) dwelling



TABLE 20. BIOTURBATION RATES BASED UPON ABUNDANCE OF SPECIES

SS-1 SS-2 SS-3 SS-4 SS-5 SS-6 CH-7 IS-8 IS-9 IS-10

WORMS:

STREBLOSPIO BENEDICI 14 1 4 17 0 11 4 129 456 0
PSEUDOPOLYDORA KEMPI 26 0 217 5 2278 7 2 37 45 0
POLYDORA LIGNI 3 0 1 0 407 4 0 42 157 3
GLYCINDE ARMIGERA 17 7 5 13 1 13 0 0 0 0
PYGOSPIO ELEGANS 12 1 296 0 1908 634 0 0 1 0
TYPOSYLLIS FASCIATA 0 11 0 0 0 0 70 0 0 0
ORPHELIA LIMACINA 0 0 0 0 0 0 178 0 0 0
FABRICA SABELLA ORE 0 0 0 0 181 0 0 0 4 13331

Total Abundance Worms: 72 20 523 35 4775 669 254 208 663 13334
Volume (cm3) 4944 10714 3349 2778 13923 10529 8029 15210 11525 22123
Correction Factor 2.02 0.93 2.99 3.60 0.72 0.95 1.25 0.66 0.87 0.45

Total Abundance Adjusted:
worms/cm2
a

146
7.3x10-2

19

9.3x103
1562
7.8x101

126
6.3x102

3430
1.71

635
3.2x101

316
1.6x10-1

137
6.8x102

575
2.9x10-1

6027
3.01

vc (cm/sec) 9.3x10-7 1.2x10-8 1.0x105 8.0x10-7 2.2x105 4.0x105 2.0x108 8.7x10-7 3.7x105 3.8x105
L (cm) 6 6 6 6 6 6 6 6 6 6
Dw (cm2/sec) 5.6510-5 7.1x108 6.0x10-5 4.8x105 1.3x10-4 2.4x105 1.2x10-5 5.2x10-5 2.2x105 2.3x10-4

MOLLUSKS:
MACOMA BATHLICA
MODILIOLUS MODIOLUS
TRANSENNELLA TANTILL

24

19

57

7

7

0

13

1

5

8

3

2

22

1

0

10

0

0

0

117
10

12

0

0

11

0

0

0

0

0

Total Abundance Mollusks: 100 14 19 13 23 10 127 12 11 0
Volume (cm3) 4944 10714 3349 2778 13923 10529 8029 15210 11525 22123
Correction Factor 2.02 0.93 2.99 3.60 0.72 0.95 1.25 0.66 0.87 0.45

Total Abundance adjusted 202 13 57 47 17 10 158 8 10 0
mollusksfcm2 1.0x10-1 6.5x103 2.8x102 2.3x102 8.3x103 5.0x103 7.9x102 4.0x10-3 4.8x103 0.0
Art (cm/sec) 9.6x10-7 6.2x10-8 2.7x10-7 2.2x10-7 7.9x10-8 4.8x10-8 7.5x10-7 3.8x10-8 4.5x10-8 0.0
L (cm) 2 2 2 2 2 2 2 2 2 2
Dm (cm2/sec) 1.9x105 1.2x107 5.4x10-7 4.5x107 1.6x107 9.5x108 1.5x105 7.5x10-8 9.1x108 0.0

Bioturbation Rate b (cm2/sec):
7.2x10 6 1.9X10-7 6.1X106 5.3X106 1.3X10-4 2.4X10-6 1.4)(10-6 5.3X10-6 2.2X106 2.37(104

a
vc = (org./cm2) (Volume reworked/organism/sec) where the volume reworked is 400 cm3/org./yr., (1.27x10:5cm3/org.sec) for worms and 300 cm3/org./yr.,

(9.51x10 6 cm3/org./sec), for mollusks.b
Bioturbation rate = D + D 01
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in interstidal sands. Biological activity is highest at stations SS-3

and SS-6 of the five field stations where interstitial fluid mixing rates

are to be measured. It was initially expected that biological mixing

would be high at SS-1 because of the large number of clam shells and

clam siphon holes observed at the site. This station does have the

greatest mixing rate due to mollusks, but the biological mixing by

worms is less than at stations SS-3 and SS-6; thus, the net bioturba-

tion rate is lower at this site than the other two. It is interesting to

note that station IS-10, although having the lowest diversity of

organisms, has a relatively high biological mixing rate due to the

abundance of the single species present. When bioturbation rates are

below 10-7 cm2/sec, they can be considered low because aqueous

molecular diffusion rates are in this range.

If biological activity is the dominant interstitial fluid mixing

mechanism it is anticipated that field test results will show mixing to

be greatest at stations SS-3 and SS-6, and will be on the order of

10-5 cm2 /sec.

Anticipated Maximum Value of Apparent Diffusivity Coefficient

The maximum value of the apparent diffusivity coefficient is

obtained for dynamic mixing conditions caused by hydrodynamic mix-

ing, bioturbation and chemical diffusion.
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It can be anticipated that in the extreme case, where very high

hydrodynamic forces are acting upon the sediment surface and thus

cause suspension of particles, the diffusion coefficient for constituents

within the interstitial fluid near the sediment-water interface may

approach eddy mixing coefficients for the water column. Fisher

(1966) compiled mixing coefficients for different types of water bodies.

Tidal mixing coefficients in the horizontal plane for estuaries ranged
4 6 2from 6 x 10 to 7.5 x 10 cm /sec. Horizontal mixing is generally

orders of magnitude greater than the vertical mixing. Broeker et al.

(1968), by tracing the distribution of excess 222Rn in the water col-

umn, reported a range of eddy coefficients of 2 to 50 cm 2/sec for

vertical mixing near the ocean floor at nine sites which were widely

dispersed throughout the world's seas. Estimates of vertical eddy

mixing from temperature gradients measured in the lowest 3 to 4

meters of the water column off the Oregon Coast ranged from

4.0 x 10-2 to 1.9 x 10-1 cm
2/sec, as reported by Bodvarsson et al.

(1967). The water depth was 2500 to 3000 meters. Hydrodynamic

forces, i. e. , wave and shear forces, in an estuary are considerably

greater than currents in the deep sea; however, the impact of these

forces upon interstitial fluid mixing is ostensibly reduced by dampen-

ing forces created by the sediment.

Estimates for biological mixing of sediments in an estuary have
-4 2been as high as 10 cm /sec [Guinasso and Schink (1975)] and are
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predicted to approach this value at several of the field test sites,

refer to Table 20.

The maximum aqueous molecular diffusion rate for the five

field test sites was evaluated at 3.53 x 10-6 cm 2/sec and is essen-

tially constant at all five sites.

The previous discussions indicate diffusivity coefficients for

vertical interstitial fluid mixing ranging from 10-6 cm 2 /sec for

chemical diffusion only, to 10-4 for biological mixing, upwards to

above 1.0 cm2/sec at shallow sediment depths in areas of high hydro-

dynamic mixing. From field data an average mixing coefficient is

solved for each station. Mixing coefficients should reflect diffusivity

values throughout the sediment cell, rather than for the top few

centimeters where hydrodynamic mixing may be high.

Anticipated Maximum Penetration Rate of Concentration Fronts

The maximum rate of penetration of concentration fronts under

the dynamic conditions caused by hydrodynamic mixing, bioturbation

and chemical diffusion is predicted and compared to values in previous

investigations.

Vieth (1968) found toxaphene to penetrate benthic sediments in

lakes at a rate of 0.40 to 1.1 cm/day (4.6 x 10-6 to 1.3 x 10-5 cm2/

sec). Chemical diffusion and bottom water currents were suggested

as the driving forces causing transport.
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In tests conducted with a salt tracer diffusing through a sand

bed in a flume, Heinecke (1974) measured penetration rates ranging

from 0.61 to 61 cm/day (7. 1 x 10-6 to 7. 1 x 10 4 cm/sec) for

"static" to "dynamic" conditions. Penetration rates were measured

to a sediment depth of 15 cm. The "dynamic" condition was created

by allowing the overlying water to flow at a velocity of 30 cm/sec.

The shear stress at the sediment-water interface which causes turbu-

lent eddy mixing was 0. 093 g/cm2.

Calculation of the rate of movement of dye, through beach sands

at a three meter water depth near LeRacou, France, yielded vertical

transfer rates of 26 to 51 cm/day (3 to 6 x 10-4 cm/sec) [Webb et al.

(1968)]. Bottom sands were formed into dunes indicating the presence

of bottom currents created by surface waves. Dye movement was

recorded at depths of 7. 5 cm in the sediment bed.

It is expected that bottom currents created by the flood and ebb

of tides in the Coos Bay estuary will be greater than currents on the

bottom of the Wisconsin lakes and consequently penetration rates

should exceed those values found for toxaphene by Vieth (1968). The

average values of shear stress at several sites approach the maxi-

mum shear acting in the flume tests of Heinecke, refer to Table 18.

Accordingly, penetration rates in a range observed by Heinecke can

be anticipated. Wind generated wave action is also expected to occur

at the field stations. Penetration rate values, as indicated by the
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bulk fluid velocity, vsn, in Table 17, range from 2.0 x 10-6 to

3.0 x 10-4 cm/sec for the field test sites, coinciding with values

observed by Webb et al. (1968). These observations indicate a maxi-

mum rate of penetration due to hydrodynamic mixing of about

1.0 x 10-3 cm/sec.

No previous quantitative measure of the movement of a tracer

through sediment attributed to bioturbation could be found; however,

the dimensional argument presented by Guinasso and Schink (1975)

allows for evaluation of a vertical mixing velocity due to bioturbation,

v, which is analogous to a vertical penetration rate. From Table
c

20 the vertical rate of penetration of concentration fronts due to

biological mixing is expected to range from 7.0 x 10-8

1.0 x 10-5 cm/sec at the five field test sites.

cm/sec to

The vertical rate of penetration of concentration fronts due to
-6aqueous molecular diffusion will be 2 x 10 cm/sec for the five field

test sites, refer to Table 16.

From the above discussions a reasonable range of penetration

rates might be anticipated as 0.1 cm/day (1 x 10-6 cm/sec) for

chemical diffusion only to values as great as 60 cm/day (1 x 10-3

cm/sec) where hydrodynamic forces and bioturbation rates are high.
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Summary of Predictions

Shear stress at the sediment-water interface can increase

interstitial fluid mixing and exchange with the overlying water. Esti-

mates of shear stress, average velocity and Reynolds number for the

sites in South Slough are given in Table 18. The flow regime at the

average velocity is in a turbulent range at all field stations. Shear

stress is near the critical value for sediment transport at four of the

five sites, SS-3 being the exception. The critical shear stress value

for a turbulent flow regime above a coarse grained sand bed is

approximately 0.10 gicm2. As a qualitative estimate, based upon

shear stress, it is expected that interstitial fluid mixing should be

greatest at SS-4, SS-2 and SS-6. No expression for quantitative esti-

mates is yet available.

Comparison of wave induced vertical mixing of interstitial water

caused by wind generated surface waves at the stations is presented

in Table 17. The average vertical volumetric flow rates and the

maximum vertical volumetric velocities are based upon estimates of

depth, fetch and wind conditions for the field test sites. This cyclic

hydrodynamic flow in the sediment is linearly proportional to the

permeability. Table 17 indicates vertical interstitial fluid mixing

from surface waves to be greatest at stations SS,-2 and SS-4.
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Permeability affords considerable resistance to hydrodynamic

flows through the sediment. The permeability of the sediment bed at

the stations is given in Table 14. Because of the higher hydrodynamic

forces and the much higher permeabilities of stations SS-2 and SS-4

(and therefore the least resistance afforded to flows), it is expected

that mixing due to hydrodynamic forces, i. e. , shear stress and wave

motion,will be greatest at these two sites.

Tide-groundwater interactions have a 6. 2 hour frequency, in

conjunction with the tides. A tide-groundwater response should be

evidenced by a gradual concentration change within the permeameter

cell with time which reverses direction with the tides. A flattening

of the slope on the concentration versus time plots, which repeats

itself in conjunction with the tides, might be anticipated. Such a

response may not be distinguishable except in very pronounced cases

where other mixing mechanisms do not obliterate it. Because of the

terrain about the stations a tide-groundwater response is most likely

at stations SS-2 and SS-4.

Convection overturning is considered a negligible effect at the

field stations because of the normally well mixed condition of this

shallow reach of the estuary.

The transfer of chemical constituents by an adsorption-

desorption process caused by water surface elevation fluctuations is
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considered to be minimal compared to other interstitial fluid mixing

processes.

In regions of high hydrodynamic forces and high permeability,

the mixing coefficient values should approach 1.0 cm 2 /sec at shallow

depths in the sediment. In areas where low hydrodynamic forces

occur, mixing coefficients for hydrodynamically induced exchange are

anticipated to be comparable to biological mixing rates.

Based upon the abundance of species bioturbation is anticipated

to be greatest at stations SS-3 and SS-6 while being least at stations

SS-2 and SS-4. Thus, if bioturbation dominates interstitial fluid mix-

ing at the five field test sites, rather than hydrodynamic forces,

SS-3 and SS-6 will have the greatest values of mixing coefficient.

Apparent diffusivity coefficients for biological mixing were estimated

to be in a range of 10-7 to 10-4 cm
2/sec.

If bioturbation and hydrodynamic mixing are low, diffusion

coefficients will reflect aqueous molecular diffusion rates. As indi-

cated in Table 15, the chemical diffusion rates are about 3 x 10 -6

cm2/sec at all the test sites. Apparent diffusion coefficients greater

than this value indicate that hydrodynamic and/or biological mixing

is occurring.

The minimum rate of movement of salt ions through the inter-

stitial water within the benthic sediments at the field test sites ranges
-6 -6from 1.6 x 10 to 2.0 x 10 cm/sec. This minimum value is for
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aqueous molecular diffusion only. Higher penetration rates are indi-

cative of other interstitial fluid mixing processes occurring at the

field stations. The rate of penetration of concentration fronts due to

biological mixing is anticipated to be 7 x 10-8 to 1 x 10-5 cm/sec for

the five field test sites. The rate of penetration of concentration

fronts due to wave action is anticipated to be Z x 10-6 to 3 x 10-4

cm/sec. Heinecke observed penetration rates due to turbulent eddy

mixing as high as 7.0 x 10_4 cm/sec in flume tests where the shear

stress causing the eddy mixing was comparable to that occurring at

several field test sites. From these anticipated values of penetration

rate and Heinecke's laboratory observations, the maximum penetra-

tion rate of concentration fronts is expected to be about 1 x 10-3

cm/sec.
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VI. FIELD TEST RESULTS

Interstitial fluid mixing rates were measured at stations SS-1,

SS-2, SS-3, SS-4 and SS-6 in South Slough of the Coos Bay estuary.

The data collected at sites SS-1, SS-3 and SS-6 provide results for

tide flats; site SS-4 represents a beach exposed to wave action; and

SS-2 typifies a channel with river currents.

Interstitial fluid movement was measured as salinity concen-

tration versus time for each of these sites. Concentration versus

depth profiles were also generated. Modified Schmidt plots and

unsteady-state charts were used to evaluate an interstitial fluid mix-

ing coefficient from the concentration versus depth profile. The

penetration rate of the concentration fronts were calculated from each

of the concentration versus time plots.

Concentration Versus Time Plots

The change in concentration of electrolyte (salinity) of the pore

fluid within the benthic sediments at the five sites in South Slough is

depicted in Figures 40 through 44. The concentration versus time

data, upon which these figures are based, are given in the Appendix.

Dimensionless concentration is plotted against time. The dimension-

less concentration is the ratio of the concentration (conductivity) at

any time to the saturation concentration; i. e. , the maximum
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concentration. Saturation concentration was taken as a scale reading

of 2000 pmhos/cm on the conductivity meter. This is equivalent to

0. 04 mhos /cm absolute conductivity and the corresponding salinity at

which this conductivity occurs is about 30100. The conductivity was

monitored at four depths, 6, 12, 18 and 24 centimeters. In Figures

40 through 44, the depth for which a given concentration versus time

line applies is indicated in the legend on the plots.

The rate of change of concentration with time is the slope of the

concentration versus time plots. It can be observed that the slope

was steepest and, therefore, the rate of change of concentration was

most rapid at stations SS-2 and SS-4. Since the rates of penetration of

concentration fronts, vf, and the diffusivity coefficients for static

conditions are approximately equal at all five stations (refer to Tables

15 and 16), the concentration versus time plots should, in the absence

of mixing have the same slope and shape. The differences in the

slope of these plots is indicative of variations in interstitial fluid mix-

ing rates between stations and the difference in mixing rates at dif-

ferent depths at a specific site.

The general shape of the concentration versus time plots should

be an s-shaped curve, as illustrated in Figure 45 [Simpson (1969)].

As a tracer (the natural saline water) moves through the sediment,

water in the center of the pore space moves faster than water in con-

tact with the sediment particles. Thus, dispersion of the tracer
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occurs yielding the s -shaped curve. In addition, random fluctuations

in the magnitude and direction of the processes causing mixing, both

hydrodynamic and biological, also contribute to dispersion.

0

5

1.0-
U

U

Time

Figure 45. Breakthrough curve.

Slichter (1905), using sodium chloride to trace groundwater

movement into wells, was among the first to note the formation of an

s-shaped curve termed the "breakthrough curve" for tracer move -

ment through sediments. The tracer concentration along the break-

through curve varies from CO, the initial concentration of tracer

in the pore water to Cs, the maximum concentration of tracer

which for this study occurs when the pores are completely saturated

with the natural saline water of the bay.
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Deviation from an s-shaped curve can be anticipated because of

net unidirectional fluid motions, temperature fluctuations and local-

ized inhomogeniety of the sediment about a probe. Localized inhomo-

geneity of the sediment effects the rate and amount of tracer reaching

a probe in a given time.

At stations SS-2 and SS-4, where the rate of change of concen-

tration was rapid, the concentration versus time plots are similar to

the anticipated s-shape. At other stations where the mixing was

lower, variations in mixing rates were more distinguishable and a

generally s -shaped plot was not as discernible.

Concentration Versus Depth Profiles

A clearer depiction of how the tracer travels through the

interstitial fluid with time is illustrated by the concentration versus

depth profiles in Figures 46 through 50. The values for these figures

are taken from the concentration versus time plots. Concentration

should be varying uniformly at successive depths because of disper-

sion effects. Smooth Gaussian shaped curves, as shown in Figure 51,

should connect the data points for the four depths of probe LLeMahaute

(1976), Reddell et al. (1970)]. When the mixing is primarily from

one boundary, the shape of the concentration versus depth profile

should be similar to one-half a Gaussian distribution. All the profiles
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were close to smooth curves and similar to Gaussian or one-half a

Gaussian distribution.

0

Dimensionless depth, z /L

1. 0
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Figure 51. Typical Gaussian distributions for concentration variation
with depth.

The four probes were spacially separated about a circular area,

12 centimeters in diameter, in the center of the sediment cell, refer

to Figure 33. Heterogeneity of the sediment at a site may cause the

concentration at one probe to be inconsistent when compared to con-

centrations for the other probes at a given time. This is evident for

the 12 centimeter depth probe at station SS-1. It is likely that the

probe was placed in a clam hole since these organisms were prevalent

at the site. The organisms activity and/or the substantially
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increased permeability about the probe could cause the higher mixing

rate observed. Layering of the sediment, with a coarser more

permeable sediment on the surface and a finer less permeable sedi-

ment below the 12 centimeter depth, might also lead to the observed

inconsistency. However, a distinct layering was not observed nor

was a variation in permeability with depth distinguishable from cores

taken at the site, refer to "Permeability", in the Appendix.

Modified Schmidt Plots

The concentration versus depth profiles, Figures 46 through 50,

illustrate two types of profiles which were discussed as Case I

(symmetric profile) and Case II (asymmetric profile) in the theoretical

development. The symmetric profile indicates pore fluid mixing at

both the upper and lower boundary of the cell. The asymmetric pro-

file is indicative of mixing primarily from the upper boundary.

The Modified Schmidt plot solution for a symmetric concentra-

tion versus depth profile is illustrated in Figure 52. It is applicable

to stations SS-2, SS-3 and SS-4. The Modified Schmidt plot for the

asymmetric profile is given in Figure 53. It applies to stations SS-1

and SS-6. A graphical solution for profiles which cannot reasonably

be approximated as either of these two cases can also be solved

as discussed in the theoretical development.
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Calculation of an interstitial fluid mixing rate in the form of an

apparent diffusivity coefficient by the graphical Modified Schmidt plot

method is given in Table 21. A mean mixing coefficient is calculated

for each depth of probe at a specific site. These values were then

averaged to yield a single mixing coefficient for each station. The

probe placed at the 24 cm depth was not used in the calculations

because of its close proximity to the lower boundary where inaccura-

cies in the approximation of the actual boundary condition were

expected. The average mixing coefficient for each station is given

in Table 21 and summarized in Table 26.

The maximum spread in calculated coefficients at a station was

approximately a factor of 2. The greatest deviation from the mean

coefficient for each site generally occurred at the shallow depth

probe for the initial time step, indicating the initial concentration

within the cell requires time to equilibrate. At longer time steps the

concentration at a given time often goes off the Modified Schmict plot.

The plot can be extended by choosing a larger depth increment,

however, values for the later time steps are not considered as accu-

rate as those in the middle time steps of the concentration versus

depth profile.



Table 21. Modified Schmidt plot solution of diffusivity coefficients.

Concentration, C Time No. Steps At Az
Station/Depth (dimensionless) (hrs) (hrs) (cm) (10

-4 cm 2 /sec)
D

SS -l:
6 cm 0.312 24 4. 17 5. 76 2 0. 965

0.500 48 10.50 4.57 2 1.215
0.600 60 19. 50 3. 08 2 1.806
O. 675 72 28. 90 2. 49 2 2. 23 0

1. 550

12 cm 0.24 24 8. 5 2.82 2 1. 968
0.37 48 18.6 2. 58 2 2. 153
0.43 60 24.4 2.46 2 2.259
0. 48 72 2

2. 13 0

18 cm O. 200 24 2

0.260 48 2 1. 7 2.21 2 2. 510
0.290 60 28.4 2. 11 2 2. 63 0
O. 325 72 2

AVERAGE = 2. 08 x 10-4 cm2/sec
2. 570



Table 21. Continued.

Concentration, C
Station/Depth (dimensionless)

Time No. Steps
(hrs)

D
At Az

(hrs) (cm) (10-4 cm2/sec)

SS-2:
6 cm 0.610 24 19.4 1.240 2 4.491

0.740 30 34.2 0.877 2 6.330
0.825 36 49.5 0.727 2 7.639
0.910 48 2
0.960 72 2

6.150

12 cm 0.550 24 30.0 0.800 2 6.944
0.675 30 43.2 0.694 2 8.000
0.750 36 53.0 0.679 2 8.179
0.850 48 2
0.835 72 -- -- 2

7.710

18 cm 0.600 24 27.2 0.882 2. 6.296
0.750 30 44.0 0.682 2 8.148
0.820 36 56.0 0.643 2 8.642
0.900 48 2
0.935 72 2

AVERAGE = 7.18 x 10-4 cm2/sec
7.69



Table 21. Continued.

Concentration, C Time No. Steps
Station/Depth (dimensionless) (hrs)

DAt Az
(hrs) (cm) (10

-5 cm2 /sec)

SS-3:
6 cm O. 325 24 4.33 5. 54 2 10. 020

O. 430 48 6.90 6.96 2 7.986
0.475 60 8.85 6.78 2 8. 194
0.600 72 14. 50 4.97 2 11. 190

9.350

12 cm 0.210 24 5.80 4. 14 2 13.43
0.250 48 9.40 5. 11 2 10.88
0.275 60 11.33 5.30 2 10.49
O. 310 72 13. 10 5. 50 2 10. 11

11. 20

18 cm 0.225 24 3. 50 6.86 2 8. 102
0.325 48 7.60 6.32 2 8.796
0.375 60 9.75 6. 15 2 9. 028
0.440 72 13.60 5.29 2 10.49

9. 100

AVERAGE = 9.88 x 10-5 cm2 /sec



Table 21. Continued.

Concentration, C Time No. Steps Lt A z _3 2Station/Depth (dimensionless) (hrs) (hrs) (cm) (10 cm /sec)
D

SS-4:
6 cm

12 cm

0.61 6 19.4 0.309 2 1.796
0.84 12 53.2 0.226 2 2. 463
0. 94 18 2

2. 130

0. 56 6 31.3 0. 192 2 2.898
0.81 12 62.0 O. 194 2 2.870
O. 89 18 2

2. 880

18 cm O. 60 6 27.2 O. 221 2 2. 519
0. 83 12 57. 5 0. 209 2 2. 662
0. 91 18 2

AVERAGE = 2. 53 x 10-3 cm2 /sec

2. 590



Table 21. Continued.

Concentration, C Time No. Steps At Az
Station/Depth (dimensionless) (hrs) (hrs) (cm) (10-4 cm2/sec)

D

SS-6:
6 cm 0. 42 24 6.80 3. 53 2 1. 574

0.52 36 12.40 2.90 2 1.914
0.61 48 24.40 2.35 2 2.360
0. 70 60 2

1. 950

12 cm 0.25 24 9. 6 Z. 50 2 2. 222
O. 31 36 15.6 2.31 2 2. 407
0.42 48 23.6 2. 03 2 2. 731
0. 50 60 2

2. 450

18 cm 0.200 24 2
O. 225 36 16. 0 2.25 2 2. 469
0.251 48 20.8 2.31 2 2.407
O. 325 60 2

AVERAGE = 2.28 x 10-4 cm2 /sec

2. 440
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Unsteady-State Charts

At stations SS-2, SS-3 and SS-4 interstitial fluid mixing

occurred from both the upper and lower boundary yielding symmetric

concentration versus depth profiles. For symmetric profiles another

graphical solution using unsteady-state charts for mass transfer can

be used to calculate a mixing coefficient, refer to Chapter III. Solu-

tions from the unsteady-state charts are useful in verifying the

Modified Schmidt plot values.

A mean mixing coefficient was calculated for each depth at a

specific station; then these values were averaged to yield a single

mixing coefficient for each site. The solutions are generated in Table

22 and the final average values for each site are listed again in Table

26.

The values calculated by the unsteady-state chart method

agreed with the Modified Schmidt plot solutions. Some spread in the

calculated mixing coefficients is to be expected because of variations

in the rate of mixing with time and depth in the sediment. The graphi-

cal solution assumes a constant mixing rate. Other factors such as

inhomogeneity of the sediment and net fluid movements may also

effect results.



Table 22. Unsteady state chart solution of diffusivity coefficients.

Depth, d z 1 z m n Time Y X
D

Station (cm) (cm) (cm) (hrs) (10
-4 cm 2 /sec)

SS-2 6 13 7 0. 00 O. 539 24 O. 452 O. 257 5. 01
30 0.305 0.413 6.47
36 0.209 0.560 7.30
48 0. 104 0.837 8. 18

6.74

12 13 1 0. 00 -= O. 00 24 O. 523 O. 36 7. 04
30 0.378 0.49 7. 67
36 0.291 0.60 7.82
48 0. 174 0.81 7. 92

7.61

18 13 5 0. 00 -= O. 40 24 O. 466 O. 34 6. 65
30 0.299 O. 51 7.98
36 0.227 0.62 8. 09
48 0. 199 0.90 8.80

7. 88

-4 2Average: 7.4 x 10 cm /sec



Table 22. Continued.

Depth, d z 1 z m n Time Y X -4
D

2Station (cm) (cm) (cm) (hrs) (10 cm /sec)

SS-3 6 13 7 0.00 0.539 24
48 0.778 0.064- 6.30
60 0.716 0.095 7.42
72 0.598 0.144 9.36

7.69

12 13 1 0.00 -".= 0.00 24
48 0.891 0.13 12.7
60 0.861 0.15 11.7
72 0.831 0.17 13.3

12.6

18 13 5 0.00 = 0.40 24
48 0.849 0.080 7.82
60 0.786 0.115 9.00
72 0.704 0.160 10.43

9.08

-5 2Average: 9.8 x 10 cm /sec



Table 22. Continued.

Depth, d z 1 z m n Time Y X
Station (cm) (cm) (cm) (hrs) (10-3 cm2/sec)

SS-4 6 13 7 0.00 0.539 6 0.442 0.267 2.09
12 0.183 0.624 2.44
18 0.069

2.26

12 13 1 0.00 4-' 0.00 6 0.509 0.38 2.97
12 0.217 0.73 2 86
18 0.126 0.94 2.45
24 0.069

2.76

18 13 5 0.00 -= 0.40 6 0.480 0.32 2.50
12 0.197 0.67 2.62
18 0.111 0.92 2.40
24 0.074

Average: 2.51 x 10 -3 cm 2 /sec

2.51

Note: z -dl
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Apparent Diffusivity Coefficients

Interstitial fluid mixing rates for each station in the form of an

apparent diffusivity coefficient are given in column (4) and column (5)

of Table 26, in the Summary at the end of the chapter. These mixing

rates are an order of magnitude greater than the coefficients calcu-

lated for aqueous molecular diffusion, column (2) of Table 26, indi-

cating mixing due to biological or hydrodynamic processes.

The measured mixing rates, varied from 1.0 x 10-4 cm
2 /sec at

station SS-3 to 2. 5 x 10-3 cm2/sec at station SS-4. Differences in

sediment permeability, hydrodynamic forces and the abundance of

biological species account for the measured differences in mixing

rates, as discussed further in the summary of results.

Baliga (1976) calculated solid phase mixing coefficients at

several of the sites in South Slough. Mixing coefficients were based

upon the dispersion of dyed sand particles which had been placed in

layers from a 3.5 centimeter depth to the sediment surface. Solid

phase mixing coefficients were each several orders of magnitude less

than interstitial fluid mixing rates for the same stations. Baligar s

solid phase mixing rates and the liquid phase mixing rates reported

in this study varied in the same order from site to site.
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Analytic Solutions

The mixing coefficients calculated by the graphical Modified

Schmidt plot and unsteady-state chart methods are substituted into the

analytic expressions for interstitial fluid mixing to verify the form of

the analytic expressions. The analytical solutions were presented in

Chapter III as Case I, saline water flux from both above and below

the cell, and Case II, saline water flux primarily from one boundary.

Stations SS -Z, SS-3 and SS-4 had symmetric concentration

versus depth profiles (refer to Figures 47, 48 and 49), indicating flux

from both boundaries, a Case I situation. The general form of the

solution for Case I was presented as

00
Cs -C -(-1)n

nTI'T 2 nC -C exPH )Dds in( il-r )

s 0
n=1

(4)

Substitution of the data points and the diffusivity coefficient calculated

for stations SS -Z, SS-3 and SS-4 by the graphical techniques into

equation (4) shows that values of Ifni! above one are negligible

yielding

Cs -C 4 Tr 2 Tr

Cs -C exp[-( ) Dt]sin( )
O

Tr
(55)

Values of the concentration obtained by solving the above equation are
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within 2% of the data points measured in the field, thus verifying the

analytical solution.

The form for saline flux into the cell primarily from the upper

boundary, Case II, is

Cs -C
z )

Cs -CO
erf( 2q Dt (5)

where the erf(u) is the Gauss error function which can be solved

from a Gauss error function table. Stations SS-1 and SS-6 had con-

centration versus depth profiles showing a flux of the natural saline

water back into the sediment from the upper boundary (refer to Fig-

ures 46 and 50). An evaluation of the concentration at specific times

and depth in the sediment when solved by the above equation yields

values within a few percent of the data points for stations SS-1 and

SS-6, verifying this analytic solution.

Penetration Rate of Concentration Fronts

Exchange between interstitial and interfacial waters, in addition

to being represented by an apparent diffusivity coefficient, is also

presented as a rate of motion of the saline water through the sediment.

As described in Chapter III, these values, termed the penetration rate

of concentration fronts, are determined from the concentration versus

time plots.
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The penetration rate of concentration fronts at the different

stations is given in Table 23 and summarized in Table 27 at the end of

the chapter. Because of the variation of concentration with time for

different depth probes at a site, it was necessary to use judgement in

choosing the probe depths between which the concentration front

movement was to be evaluated.

The penetration rate varied in the same order, from station to

station, as did the apparent diffusivity coefficient. The variation in

values between sites was of several orders of magnitude, with SS-4
-3

having the greatest rate of movement of concentration at 1. 1 x 10

cm/sec while SS-3 had the least rate of movement of concentration at

2.1 x 10-5 cm/sec.

The dynamic penetration rates, column (6) Table 27, are a

minimum of an order of magnitude greater than the rate of movement

of concentration fronts for aqueous molecular diffusion, the "static"

condition, column (2) in the same table. This indicates the occur-

rence of hydrodynamic or biological mixing at the field stations.

Quantitative estimates of the influence of bioturbation upon the

vertical rate of migration of concentration fronts are well below the

observed penetration rates, except at station SS-3 where biological

mixing (based upon abundance of species) was extremely high; refer

to column (3), Table 27. This points to the predominance of hydrody-

namic mixing as compared to biological mixing and aqueous molecular



Table 23. Penetration rate of concentration fronts.

Station
Concentration,
(dimensionless)

C Time (hrs)a for Concentration to Travel Between Probesb

6 cm to 18 cm 6 cm to 24 cm 18 cm to 24 cm

SS-1 0. 30 42 66 26
0. 35 48 68 20
0.40 49 73 24
0. 45 49 76 26
0.50 50
0.55 50
0. 60 50 --- - --

Average (hrs): 48 71 24
(cm/day): 5. 96

5-
6. 11

-5 6.00
-5

(cm/sec): 6. 90 x 10 7. 07 x 10 6. 94 x 10

SS -2 0. 30 2.00
0. 35 2. 00
0. 40 2.00
0. 45 2.00
0.50 2.25
0.55 2.50
0. 60 3. 00
0.65 3. 00

Average (hrs): 2. 34
(cm/day): 61. 50

-4
(cm/sec): 7. 12 x 10

6 cm to 12 cm

SS -3 0. 30 84
0. 35 74
0.40 77
0.45 74
0.50 82

Average (hrs): 78
(cm/day): 1. 84
(cm/sec) : 2. 13 x 10-5



Table 23. Continued.

Station
Concentration, C Time (hrs)a for Concentration to Travel Between Probesb

(dimensionless) 6 cm to 12 cm 12 cm to 18 cm 18 cm to 24 cm

SS-4

SS -6

0.30
0. 35
0.40

1.00
1. 25

1. 25
0. 45 1.50
0.50 1.50
0.55 1. 75
0.60 2.00
0.65 2.00

Average (hrs): 1.53
(cm/day): 94. 00

-3
(cm/sec): 1. 09 x 10

0. 30 22 23 11

0. 35 23 22 44
0.40 24 21 62
0.45 20 20 78
0.50 18 24 90

Average (hrs): 21 22 57
(cm/day): 6.55 6.55 9. 50

-5 -5(cm/sec): 7.58 x 10 7.58 x 10 1. 10 x 10-4

a
Tun' e hrs t2 - t1.

b
Distance between probes = d

2
d

1.
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diffusion at the field sites.

Vertical interstitial fluid velocities induced by wave action are

given in column (4), Table 27. These values indicate that wave action

plays a major role in the interchange of constituents between inter-

stitial and overlying waters. The transfer of constituents by wave

action still falls short of the total dynamic rate of transfer measured

at the majority of the sites, implicating the possible influence of

turbulent mixing due to shear stresses at the sediment-water inter-

face.

Webb et al. (1968) observed movement of a dye tracer from a

7. 5 cm depth up to the sediment-water interface. The water depth

was three meters. Dye movement varied from 3. 0 x 10-4 to

8.9 x 10-4 cm/sec, depending upon whether the dye was injected into

a sand dune "ripple" or "crest". The formation of dunes on the sedi-

ment bed surface indicated the presence of surface waves (which were

observed) and bottom currents. Riedl et al. (1972) measured vertical

fluid velocities in lotic beaches, ranging from 1.8 x 10-3 to

2. 5 x 10-3 cm/sec. The penetration rates and the calculated inter-

stitial fluid velocities obtained in this investigation, involving South

Slough sites, are in agreement with these previous observations.

Penetration rates for aqueous phase mixing are comparable to

solid phase penetration rates measured at the field test sites by Klein

(1976), refer to Table 28 at the end of the chapter. The solid phase
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penetration rates are applicable to only the top 3. 5 cm of the sediment

bed.

Comparison of Field Test Results to Anticipated
Hydrodynamic Mixing Processes

Vertical Fluid Velocity Induced by Surface Waves

Vertical interstitial fluid velocities were calculated for the

sediment characteristics, water depth and wave conditions at each

site, using the Riedl et al. (1972) model. These values were listed in

Table 17 of Chapter V, and are summarized in Table 27 of this

chapter. It was anticipated from these fluid velocities that interstitial

fluid mixing would be highest at stations SS-2 and SS-4 and decreasing

at stations SS-3, SS-6 and SS-1. The relative values of mixing coef-

ficients measured in the field [refer to dynamic mixing coefficients

column (4) and (5) Table 26, and the dynamic penetration rates column

(6), Table 27] agree with the relative order of anticipated flow rates

except at station SS-3. The forecast wave activity for this site sug-

gests a higher mixing rate than at stations SS-1 and SS-6. Wave

activity and biological mixing do not appear to account for all of the

observed mixing; thus, suggesting the possible influence of turbulent

eddy mixing due to shear stress at the sediment-water interface.
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Turbulent Eddy Mixing Due to Shear at the Sediment-Water
Interface

Prandtl's model of turbulent mixing and flume tests by Heinecke

(1974) were suggested, in Chapter III, to implicate turbulent eddy cur-

rents as a mechanism for interstitial fluid mixing in estuarine benthic

sediments. Turbulent eddies are created by shear stress caused by

water flow over the sediment bed. The flood and ebb of the tide, river

currents and surface waves were identified as contributing to the

shearing force at the sediment-water interface. Values of shear

stress at the five sites were given in Table 18, Chapter V, and are

summarized in Table 27. Shear forces at the sediment surface can-

not, as yet, be directly related to interstitial fluid mixing, but were

considered as an indirect indicator of possible eddy currents.

The mixing coefficients had the same relative order, from site

to site, as did the shear stress, refer to column (4) Table 26 and

column (5) Table 27. The extremely low value of shear stress at

station SS-3 may have been the reason for the lower mixing rate at

SS-3 than at SS-1 and SS-6. Wave forces and bioturbation were lower

at SS-3 than the other two stations.

Estimates of wave forces and bioturbation alone do not account

for the mixing rates observed at the field sites. In his flume tests

Heinecke measured the movement of saltwater concentrations through
-4the sediment bed at a maximum rate of 7.1 x 10 cm/sec when the
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shear at the sediment-water interface was 0. 093 g /cm2. The overly-

ing water flow velocity was 30 cm/sec, (1 ft/sec). Shear stress esti-

mates for the field stations, based upon average tidal and river

velocities, approach the value of shear stress acting in the flume

tests. The dynamic penetration rate of concentration fronts measured

at the test sites, refer to column (6) in Table 27, are comparable to

those observed in the flume by Heinecke. At station SS-4 the shear

stress is approximately 0. 083 g/cm2 (nearly equivalent to the value

for the 30 cm/sec flow velocity in the flume tests by Heinecke). If

one can assume eddy mixing currents in the field similar to those

created in the flume, a penetration rate of 7. 1 x 10-4 cm/sec for the

contribution to interstitial fluid flux caused by the eddy mixing can be

anticipated. Because turbulent eddy mixing, bioturbation, wave

action and other mixing mechanisms all cause a transfer of chemical

constituents by random velocity fluctuations, their effects were con-

sidered additive. Accordingly, the summation of all of the penetra-

tion rates at site SS-4 yields a dynamic penetration rate of 1. 0 x 10-3

cm/sec; this was the value observed in the field. Since the shear

stress values at the other sites were lower than the value in

Heinecker s flume test, the contribution of eddy mixing at these sites

can not be similarly evaluated.
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Tide-Groundwater Interactions

All field test sites were located at or below the low-low water

tide height; thus, the sediment remains saturated with water and the

possible occurrence of simple tide-groundwater interactions is

eliminated. A simple tide-groundwater response was illustrated in

Figure 12, of Chapter III.

No freshwater lens was observed at any of the field test sites.

A freshwater lens would have been evident by unusually low initial

conductivity readings. Initial pore water conductivity readings were

approximately 2000 p.mhos/cm (an absolute conductivity of 0.04

mhos/cm) for all four probe depths at each field test site.

No constant unidirectional movement of pore water upward

through the sediment could be conclusively identified at either station

SS-2 or SS-4, where such a response could occur. This type of

response would be evidenced by a constant increase in conductivity

beginning at the greatest depth probes, then moving upward through

the sediment cell. The conductivities observed at the shallow depth

probes would constantly lag the conductivities of the probes at

increased depths.

A gradual increase in the rate of change of concentration during

the low tide followed by a decrease in the rate of change of concentra-

tion on the flood tide did not appear on the concentration versus time
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plots for stations SS-2 or SS-4, refer to Figures 41 and 43, where a

cyclic tide-groundwater response was most probable as discussed in

the site selection, Chapter V. A response to tide height is observable

on the concentration versus time plots for stations SS-1, SS-3 and

SS-6 which were located on tide flats, refer to Figures 40, 42 and 44.

This response is believed attributable to a decrease in mixing forces

and a temperature drop which occurs as the overlying water recedes

during the low-low tide. The observed drop in conductivity occurred

approximately every 12. 4 hours in conjunction with the low-low water

in the semi-diurnal mixed tide cycle. A drop in biological activity,

wave action and turbulent eddy mixing with a drop in water level are

believed to contribute to the decrease in the rate of change of concen-

tration; this was noted by a decrease in slope on the concentration

versus time plots. Another probable influence affecting the measured

rate of change of concentration is a temperature drop caused by the

the tide flats being exposed to cold winds. The probe standardization

curve, Figure 36, shows that in a salinity range of 6700 to 30 7°0 the

change in conductivity with temperature is about one percent-per

degree centigrade. For a temperature drop from 13°C to 5°C the

drop in absolute conductance would be O. 0032 mhos /cm or an 8% drop

in dimensionless concentration.

When the overlying water recedes from the tide flats on the

low-low tide, hydrodynamic mixing ceases and bioturbation rates
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decline. The concentration flux may be governed by aqueous molecu-

lar diffusion. If the temperature is dropping due to a wind chill factor,

aqueous molecular diffusion will also decrease at a rate of 2.3

percent-per-degree centigrade. Thus, all mixing mechanisms are

decreasing while the conductivity of the saline pore water is simul-

taneously dropping with temperature; a negative slope on the concen-

tration versus time plots should result. Cold winds with sleet and

hail did occur in October, 1975, when field tests were conducted.

The predicted negative slopes can be observed in Figures 40, 42 and

44. At stations SS-2 and SS-4 located in deeper water no momentary

drop in concentration flux rates were observed, refer to Figures 41

and 43.

The Occurrence of Convective Flows Within
the Permeameter Cell

If a difference in density between the nonconductive fluid

injected into the sediment cell (the permeameter) to reduce the con-

ductivity and the natural saline pore water exists, convective cur-

rents may arise. The amount of convection is approximated from the

net buoyant force acting upon the interface of the fluid injected into

the cell and the natural saline water as illustrated in Figure 54. The

buoyant force acting at the interface is

(Ps -Pdg' (56)
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Figure 54. Forces acting on the freshwater-saltwater interface
within the sediment cell.



where Ps is the density of the saline water, Pc
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is the density of

the fluid within the cell, g is the gravity constant and L is the

distance from the sediment surface to the interface of the fluids.

The distance L between the sediment surface and the inter-

face of the two fluids is constantly decreasing as the interface moves

upward through the cell, i. e. , the net buoyant force being in the

upward direction because of the lesser density of the injected fluid.

Therefore, the distance L is a function of time and dL/dt is the

rate the interface height increases.

The solid particles in the sediment structure offer resistance

to fluid motion. Low permeability sediments have the greatest

resistance to flow. The Darcian resistance force to the movement of

the interface dL/dt is [So llitt (1976), Bear (1972)]:

dL
-k

(head)dt Lz (57)

where k is the permeability in cm/sec, (head) is the pressure

head causing the flow in cm and ,6z is the incremental distance

over which the head applies.

If the incremental distance Az is chosen as the total distance,

L, the resistance becomes

(P -P )0-./P gdL s c= -k
dt L

(58)



which upon reduction can be expressed as

dL (AP)
dt
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(59)

Thus, the buoyant effect causes a vertical velocity upward through the

apparatus which tends to flush the nonconductive fluid out of the cell.

The vertical velocity component corresponding to this vertical effect

is

where +w

dL pw = -kdt

is vertically downward. Note that for all cases, the

(60)

buoyant effect is upward; therefore for simpler notation w will be

redefined as

OJ dt
p_2

= k()dt

so that +w is vertically upward. As mixing within the cell pro-

gresses, the density difference, ,6p/p, will constantly be

(61)

decreasing and therefore the convection term will be decreasing.

The density of the fluid within the cell at a given time is approximated

as

where ps

P = P. + C(P -P.)c s

is the saline pore water density, pi is the initial

(62)

density of the fluid (freshwater injected into the cell) and C is the
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dimensionless concentration of the fluid in the cell at the time and

depth of consideration.

The salinity of the pore water at the field stations is an approxi-

mate value of 30 °L. The field temperature was approximated for all

sites as 10°C. For these conditions the density of the pore water is

95. 478 kg/m3 and that of the freshwater injected into the cell is

92. 947 kg/m3. Substitution of these values into equation (62) yields

p = 92. 947 + 2. 531C (63)
c

The ratio of the densities in equation (61) is then calculated as

P -P
)

s c

Pc

which upon substitution of the values for

reduced to

(L2)
1 -C

p 36.73 + C

and pc can be

(64)

(65)

The dimensionless concentration, C, for the entire cell is

approximated to be the concentration at the time of consideration for

the specific probe depth. The solution of equation (65) is applied with

the permeability, k, into equation (56) to yield the convective

(buoyant) velocity, w.
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Evaluation of the degree of influence of convection is accom-

plished by addition of an advective term to Fick's second law, equa-

tion (3), resulting in

dc d
2c

wdc
D

dz2
dz

A ratio of the advective term,

(66)

wdc/dz, to the total concentration

change with time, dc/dt, is indicative of the degree of influence of

the density flow. The values of dc/dz and dc/dt are taken from

the slope of the concentration versus depth profiles and concentration

versus time plots, respectively. The ratio of the density flow term

(convection) to the rate of total concentration change at various times

are calculated at each depth of probe for each field site in Table 24.

The resulting range of values are given in Table 25.

Examination of the concentration profiles for the stations,

Figures 46 through 50, indicate that the estimated influence of con-

vection may be high. Density flow creates an upward velocity. It can

be anticipated that where convection dominates mixing, the conduc-

tivity at lower depths in the sediment will increase more rapidly than

the conductivity at shallow depths. The concentration versus depth

profiles do not indicate this. The profiles do show a more rapid

increase in concentration at the lower depths for stations where the

buoyant effect was estimated to be greatest.



Table 24. Convective flow due to density variation.

Depth Time C
Station (cm) (hrs)

p
cell

(kg/3rn )

p / p
K10

(cm/sec) (cm/sec)

dc/dz dc/dt

-1 -1
(sec -1 (sec )

Cj
(-0(dC/Ch)(dc/dz)
(dc/dt)

(%)

SS-1 6 24 0.31

48 0.50

60 0.60

72 0.675

93.73 1.86 x 10
-2

3.86 x 10
-4

7.17x 10
-6

2.56 x 10
-2

1 98 x 10
-6

94.21 1.34x 10
-2

3.86 x 10
-4

5.18 x 10
-6

4.81 x 10
-2

1.98 x 10
-6

94.45 1.07x 10
-2

3.86 x 10
-4

3.99 x 10
-6

3.85 x 10
-2

1.98 x 10
-6

94.64 8.69x 10
-3

3.86 x 10
-4

3.35 x 10
-6

4.12 x 10
-2

1.98 x 10
-6

12 Exact slope of concentration profile questionable

1.84x 10
-7

2.50 x 10
-7

1.59x 10
-7

1.38 x 10
-7

18 24 0.20 93.44 2. 17 x 10
-2

3.86 x 10
-4

8.33 x 10
-6

2.67 x 10
-3

3,47 x 10
-7

2.23 x 10
-8

48 0.26 93.59 2.00x 10
-2

3.86 x 10
-4

7.72x 10
-6

8.01 x 10
-3

6.25 x 10
-6

6.89 x 10
-8

60 0.29 93.69 1.92 x 10
-2

3.86 x 10
-4

7.40x 10
-6

1.20 x 10
-2

6.25 x 10
-6

8.87 x 10
-8

9.3

12.6

8.0

7.0

6.4

10.0

14.2

24 48 0.21 93.49 2.13 x 10
-2

3.86 x 10
-4

8.25 x 10
-6

6.87 x 10
-3

6.94 x 10
-7

5.04x 10
-8

7.2

60 0.225 93.49 2. 10 x 10
-2

3,86 x 10
-4

8.09 x 10
-6

9.62 x 10
-3

6.94 x 10
-7

7.78 x 10
-8

11.2



Table 24. Continued.

Depth Time C
Station (cm) (has)

Pc ell

(kg/m
3)

p / p
K10 dc/dz dc/dt w (dc/dz)

(cm/sec) (cm/sec) (sec
-1

) (sec
-1

)

(dc/dz)
(dc/dt)

( %)

SS-2 6 30 0.74 94.84 6.94 x 10
-3

1.74 x 10-2 1.21 x 10-4 2.05 x 10-2 4.37 x 10-6 2. 47 x 10-6

36 0.82 95.03 4.79 x 10-3 1.74 x 10-2 8.34 x 10-5 2.36 x 10
-2 2.70 x 10-6 1.97 x 10-6

48 0.91 95.27 2.39 x 10-3 1.74 x 10-2 4.16 x 10-5 1.46 x 10-2 1.30 x 10-6 6.07 x 10-7

72 0.97 95.41 7.96 x 10-4 1.74 x 10-2 1.38 x 10
-5 6.20 x 10-3 2.53 x 10-7 8.58 x 10-8

12 Inflection point on concentration profile

18 24 0.61 94.50 1.04 x 10-2 1.74 x 10-2 1.82 x 10-4 1.28 x 10-2 5.90 x 10-6 2.33 x 10-6

30 0.75 94.84 6.67 x 10-3 1.74 x 10-2 1.16 x 10-4 1.65 x 10-2 4.37 x 10-6 1.91 x 10-6

36 0.81 94.98 5.06 x 10-3 1.74 x 10-2 8.80 x 10-5 1.60 x 10
-2

2.70 x 10-6 1.41 x 10-6

48 0.90 95.22 2.66 x 10-3 1.74 x 10-2 4.62 x 10-5 1.03 x 10-2 1.30 x 10-6 4.76 x 10-7

72 0.94 95.31 1.59 x 19
-3

1. 74 x 10-2 2.77 x 10-5 4.40 x 10-3 2.53 x 19-7 1.22 x 10-7

56.6

72.9

46.7

33.9

39.4

43.8

52.2

36.6

48.1

24 30 0.825 95.03 4.66 x 10
-3

1.74 x 10-2 8.11 x 10-5 2.07 x 10-2 9.72 x 10-6 1.68 x 10-7 17.3

36 0.94 95.31 1.59 x 10
-3

1.74 x 10
-2

2.77 x 10
-5

1.92 x 10-2 1.81 x 10-6 5.32 x 10-7 29. 4



Table 24. Continued.

Depth Time C
Station (cm) (hrs)

P cell

(kg/m3) p / p
K10

(cm/sec) (cm/sec)

dc/dz

(sec
-1

)

dc/dt w (dc/dz)

(sec
-1

)

w(dc/dz)
(dc/dt)

(M)

SS-3 6 24 0.325 93.78 1.82 x 10-2 7.05 x 10-4

48 0.425 94.02 1.55 x 10
-2

7.05 x 10-4

60 0.475 94.16 1.41 x 10-2 7.05 x 10-4

72 0.56 94.36 1.18 x 10-2 7.05 x 10-4

1.28 x 10 -5
2.50 x 10-2

1.09 x 10
-5

2.40x 10-2

9.95 x 10 -6 5.47 x 10-2

8.32 x 10-6 7.21 x 10-2

1.16 x 10-6 3.21 x 10 -7

1.16 x 10-6 2.62 x 10-7

1.16 x 10-6 5.44x 10-7

1.16 x 10-6 6.00 x 10-7

12 Inflection point on concentration profile

18 24 0.225 93.49 2.10 x 10-2 7.05 x 10-4 1.48 x 10 -5 5.55 x 10-3 1.04 x 10-6 8.20 x 10-8

48 0.360 93.88 1.73 x 10-2 7.05 x 10-4 1.22 x 10-5 2.40 x 10-2 1.04 x 10-6 1.91 x 10-7

60 0.425 94.02 1.55 x 10-2 7.05 x 10-4 1.09 x 10-5 3.61 x 10-2 1.04 x 10-6 3.94 x 10-7

72 0.470 94.12 1.42 x 10-2 7.05 x 10-4 1.00 x 10-5 4.33 x 10-2 1.04 x 10-6 4.35 x 10-7

24 Edge effects

27.7

11.6

46.9

51.7

7.9

28.1

37.9

41.8



Table 24. Continued.

Depth Time C
Station (cm) (hrs)

Pcell

(kg/m
3)

op /p K10

(cm/sec) (cm/sec)

dc/dz dc/dt W (dc/dZ)

(sec
-1

) (sec
-1

)

w(dc/dz)
(dc/dt)

WO

SS-4 6 6 0.61 94.50 1.04 x 10-2 6.81 x 10-3 7.11 x 10
-5

1.63 x 10-2 8.68 x 10-6 1.16 x 10-6

12 0.84 95.08 4.26 x 10-3 6.81 x 10-3 2.90 x 10-5 1.63 x 10-2 2.89 x 10-6 4.73 x 10-7

18 0.94 95.31 1.59 x 10
-3

6.81 x 10-3 1.08 x 10-5 2.01 x 10-2 1.56 x 10-6 2.18 x 10-7

24 0.94 95.31 1.59 x 10-3 6.81 x 10-3 1.08 x 10-5 1.31 x 10-2 5.79 x 10-7 1.42 x 10-7

12 Inflection point on concentration profile

18 6 0.61 94.50 1.04 x 10-2 6.81 x 10
-3

7.11 x 10-5 1.13 x 10-2 8.68 x 10-6 8.04 x 10-7
12 0.84 95.08 4.26 x 10-3 6.81 x 10-3 2.90 x 10-5 5.77 x 10-2 2.89 x 10-6 1.67 x 10-6

18 0.90 95.22 2.66 x 10-3 6.81 x 10-3 1.81 x 10-5 5.41 x 10-2 1.56 x 10-6 9.79 x 10-7

24 0.95 95.36 1.327 x 103 6.81 x 10-3 9.04 x 10-6 5.09 x 10-2 5.79 x 10-7 4.60 x 10-7

24 6 0.675 94.64 8.69 x 10-3 6.81 x 10-3 5.92 x 10-6 1.20 x 10
-1

8.68 x 10-6 7.10 x 10-6

12 0.86 95.12 3.72 x 10
-3

6.81 x 10-3 2.54 x 10
-5

7.21 x 10-2 7.89 x 10-6 1.83 x 10-6

18 0.96 95.36 1.06 x 10-3 6.81 x 10-3 7.12 x 10-6 7.21 x 10-2 1.56 x 10-6 5.21 x 10-7

24 1.00 95.46 0.00 6.81 x 10-3 7.51 x 10-2 5.79 x 10-7

13.4

16.4

14.0

24.5

9.3

57.9

62.7

79.4

81.8

63.3

33.4



Table 24. Continued.

Depth Time C
Station (cm) (hrs)

P cell

(kg/m3)
,6 p /p

K10
(.0

(cm/sec) (cm/sec)

dc/dz dc/dt co (dc/dz)

(sec
-1

) (sec
-1

)

co(dc/dz)
(dc/dt)

( %)

SS-6 6 24

36 0.525 94.26 1.27 x 10-2 3.53 x 10-4 4.50 x 10-6 6.01 x 10-2 2.62 x 10-6 1.70 x 10-7

48 0.625 94.55 1.00 x 10-2 3.53 x 10-4 3.54 x 10-6 4.81 x 10-2 2.62 x 10-6 1.70 x 10-7

60 3.53 x 10-4 2.62 x 10-6

72 0.77 94.88 6.13 x 10-3 3.53 x 10-4 2.16 x 10-6 2.16 x 10-2 2.62 x 10-6 4.68 x 10-8

12 24 0.25 93.59 2.03 x 10-2 3.53 x 10-4 7.16 x 10-6 1.73 x 10-2 2.32 x 10-6 1.24 x 10-7

36 0.313 93.73 1.85 x 10-2 3.53 x 10-4 6.55 x 10-6 1.80 x 10-2 2.32 x 10-6 1.18 x 10-7

48 3.53 x 10-4 2.32 x 10-6

60 3.53 x 10-4 2.32 x 10-6

72 0.625 94.55 1.00 x 10-2 3.53 x 10-4 3.54 x 10-6 2.16 x 10-2 2.32 x 10-6 7.65 x 10-8

18 24 3.53 x 10-4 --- 2.32 x 10-6

36 0.225 93.49 2.10 x 10-2 3.53 x 10
-4

7.40 x 10-6 7.87 x 10-3 2.32 x 10-6 5.83 x 10-8

48 0.25 93.59 2.03 x 10-2 3.53 x 10-4 7.16 x 10-6 1.08 x 10-2 2.32 x 10-6 7.73 x 10-8

60 0.325 93.78 1.82 x 10-2 3.53 x 10-4 6.42 x 10-6 2.16 x 10-2 2.32 x 10-6 1.39 x 10-7

72 0.47 94.12 1.42 x 10-2 3.53 x 10-4 5.02 x 10-6 2.16 x 10-2 2.32 x 10-6 1.09 x 10-7

24 Edge effects

10.3

6.5

1.8

5.3

5.1

3.3

2.5

3.3

6.0

4.7



Table 25. Convective flow due to dens ity variation.

Permeability
Kt

Range of Buoyant
Velocity, w

co dc /dz Penetration
Rate, Vf Range of w/vfRange of dc /dt

Station (cm/day) (cm/day) (%) (cm/day) (%)

SS-1 42. 9 0.92 -0.37 14 8 6. 0 15 - 6
SS-2 1500 16 -1.2 73 -17 61.5 26 - 2

SS-3 60.9 1.3 -0.72 52 - 8 1.8 71 -39
SS-4 588 6. 1 -0.62 82 -13 94 6 1

SS-6 30.5 0.64 -0. 19 10 3- 1.8 6.6 9.7- 3
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The effect of convection can also be estimated by comparison of

the buoyant velocity, w, to the overall penetration rate of concen-

tration fronts, v
f.

Values of w/vf are given in Table 25. The

degree of influence of convection, evaluated as w/vf, is in close

agreement with values based on wdc/dz over dc/dt at station

SS-1, SS-3 and SS-6. For stations SS-2 and SS-4, wivf estimates

are much lower. Where the buoyant velocity, w, is large, the ratio

w/vf should be a good estimate of the effect of convection when

evaluated as an advective term.

The wide range of values for the convection effect is due to the

variation of fluid density within the cell with time and variations in

mixing rates with depth in the sediment. The estimates of convection

are also dependent upon the interstitial fluid mixing mechanisms act-

ing at a site.

Convection when considered as a bulk fluid motion will have the

effect of increasing the rate of saline pore water flux upward through

the cell from the lower boundary and decreasing the rate of flux of

saltwater downward through the cell from the upper boundary. The

net effect will be a distortion of the concentration versus depth pro-

files. At stations where a density difference exists between the

treated fluid and the natural saline water, conductivity readings at a

given time will be low at shallow depths and high at the lower depths in

the cell. Solutions of mixing rates which do not account for
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convection, including the Modified Schmidt plot and unsteady-state

chart methods, will yield low values of apparent diffusivity coeffi-

cients at shallow depths and high values for lower depths in the cell.

In the field one would expect mixing, and therefore the apparent dif-

fusivity coefficient, to be decreasing from the sediment-water inter-

face downward into the sediment because of the dampening effect

which the sediment has upon hydrodynamic mixing. Accordingly,

evaluation of mixing rates which do not consider convection should

have less variation in the magnitude of the calculated coefficients

between different depths in the sediment. Mixing coefficients for each

site were average values calculated from the mean of the coefficients

for each depth, refer to Tables 21 and 22. The maximum spread of

calculated coefficients at a site is about a factor of two.

Accuracy of the Field Test Results

The accuracy of results is influenced by the following:

(1) the level of resolution of the probes,

(2) salinity variations of the overlying water,

(3) ambient temperature fluctuations,

(4) inhomogeneity of the sediment,

(5) the fit of the graphical solution to the actual data, and

(6) the occurrence of convective flows within the sediment cell.
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(1) The resolution of the probe is ±0. 5°/.. This yields an

accuracy of ±3. 5% for the measurement of the concentration in its

dimensionless form at a specific depth and time. Variations in

mixing rate, temperature and inhomogeneity of the sediment which

cause concentration fluctuations, refer to the concentration versus

time plots for SS-1, SS-3 and SS-6, Figures 40, 42 and 44, indicate

finer resolution in probe readings would only cause larger fluctuations.

Thus, the level of resolution is suitable for the process being moni-

tored, and the accuracy is acceptable.

(2) The salinity variation of overlying water with the flood and

ebb of the tides is not significant enough to be of any consequence in

South Slough. Should salinity variations be high, such as from 30°/..

to 20%. , an average salinity could be applied for the saturation con-

centration, Cs, at the upper boundary of the sediment cell, refer

to Chapter III, Theoretical Development.

(3) The temperature of the sea water, although varying in the

field, was assumed to be a constant average value. From the

standardization curve for the probe, Figure 36, in Chapter IV, it is

evident that the temperature has an effect upon the conductance (or

resistance) measured by the probes. If the temperature had no effect

upon conductance of the probe, the 20°C and 7°C standardization

curves would by synonymous. The variation in conductance of the

probe with temperature is a maximum of one percent-per-degree



224

centigrade, corresponding to a salinity of 30%.. The water tempera-

ture during the testing period, measured at the Charleston Bridge

(near SS-1) varied from 8°C to 13°C. The reduction of data was

based upon a constant temperature. With an average temperature of

10°C, the maximum deviation from the average temperature at any

time is 3°C. This corresponds to a maximum error of 3% for the

conductance readings and an error of 7% in the estimated rate of

aqueous molecular diffusion. Since hydrodynamic and biological mix-

ing mechanisms dominate interstitial fluid mixing at the test sites,

any error in aqueous molecular diffusion of this magnitude is negli-

gible.

(4) Inhomogeneity of the sediments was expected to cause some

spread in data. Inhomogeneity, of a degree which could influence

measurements at the field test sites, existed primarily because of

biological activity. Clam holes and clam shells were the most noted

examples. The conductivity probes were spacially separated about

the circumferential area of the sediment cell in an attempt to limit

any localized inhomogeneity to a single probe, refer to Figure 33.

Thus, if one probe were influenced by a variation in the sediment

structure it could be detected by comparison of its concentration

profile to that of the other three probes. The most pronounced

example of conductivity readings being influenced by sediment

inhomogeneity is illustrated on the concentration versus depth profile
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for station SS-1 at the 12 cm depth probe, Figure 46. The impact of

inhomogeneity of the sediment upon the concentration profiles is

minimized by fitting a continuous smooth curve to the concentration

profiles. The generally Gaussian shape of concentration versus depth

profiles for a tracer traveling through a sediment justifies the con-

tinuous curve fit as discussed in the section "Concentration Versus

Depth Profiles" in Chapter VI. The concentration versus depth

profiles, Figures 46 to 50, illustrate that most data points lie on a

smooth curve for the various test sites, indicating that inhomogeneity

of the sediments did not adversely affect the result.

(5) The fit of the graphical Modified Schmidt plot to the actual

data points on the concentration versus depth profiles is likely to be

the greatest single source of error. Adjustments for a closer fit of

the graphical solution to the actual data are presented in Chapter III.

The error of the fit varies with the field data.

The Modified Schmidt plot solution assumes a constant apparent

diffusivity coefficient; however in the field, mixing may vary with

time and depth in the sediment. A spread in the calculated apparent

diffusivity coefficients at different times and depth of probe can be

expected. The maximum spread in calculated coefficients at a station

was a factor of 2 at SS-1, refer to Table 21. Coefficients calculated

at initial time steps tend to reflect the non-uniformity of the initial

concentration, CO, within the sediment cell. Also, coefficients for
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later time steps may be above the range of the Modified Schmidt plot

or in a region of inaccuracy where the concentration lines are con-

verging, near the top of the plot. The plot can be extended to later

time periods by choosing a larger depth increment, Az; however,

these coefficients based on the later time steps are not considered as

accurate as those in the middle time range of the concentration versus

depth plots.

(6) The impact of convective flow within the sediment cell at

different sites was estimated by several analytical methods in this

chapter. A discussion was also presented in which it was surmized

that the effect of convection, considered as a buoyant velocity,

would result in less spread of the calculated mixing coefficients for a

spec ific site.

A procedure is presented in Chapter VIII for evaluating the

possible occurrence of convective flows by a laboratory experiment.

The development of a nonelectrolytic treated fluid with properties

similar to the natural saline pore water in estuarine benthic sediments

was given in Chapter IV. Use of this treated fluid should eliminate

the occurrence of convective flows within the sediment cell.

Summary of Field Test Results

Tables 26 and 27 summarize results of mixing rate and

penetration rate predictions and measured values. Table 28 lists



Table 26. Interstitial fluid mixing coefficients.

Station
(1)

"Static" Mixing
Coeff. , D

(2)

(cm
2 /sec)

Bioturbation, DB
(3)

(cm2 /sec)

"Dynamic" Mixing Coeff. , D
Schmidt Plots Unsteady-State Charts

(4) (5)

(cm2 /sec) (cm2 /sec)

SS-1

SS -2

SS -3

SS -4

SS -6

2.8 x 10-6

3.0 x 10-6

3.4 x 10-6
_6

3.5 x 10
2.9 x 10-6

7.2 x 10 -6

1.9 x 10-7

6.1 x 10-5

5.3 x 10 -6

2.4 x 10 -5

2.1 x 10 -4

7.2 x 10-4

1.0 x 10-4

2.5 x
2.3 x 10

7.4 x 10 -4

1.0 x 10-4

10-3 2.5 x 10-3
-4

Table 27. Interstitial fluid penetration rates.

Station
(1)

"Static" Penetration
Rate, of

(2)
(cm/sec)

Biological,
vc
(3)

(cm /sec)

Wave Action,
vsn
(4)

(cm/sec)

Shear Stress,
TO
(5) 2

(gicm-)

"Dynamic" Penetration
Rate, of

(6)
(cm/sec)

SS-1

SS -2

SS-3

SS -4

SS -6

1.6 x 10-6

1.7 x 10-6

1.9 x 10-6

2.0 x 10-6

1.6 x 10-6

9.6 x 10-7

6.2 x 10-8

1.0 x 10-5

8.0 x 10-7

2.0x 10-6

2.6 x 10 -4

3.5 x 10 -5

3.0 x 10-4

4.0 x 10 -6 3.6 x 10-6

2.3 x 10 -2

5.2 x 10-2

4.0 x 10 -4

8.3 x 102
4.7 x 10 -2

7.0 x 10-5

7.1 x 10-4

2.1 x 10-5

1.1 x 10 -3

7.6 x 10-5
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values for solid phase mixing calculated for the same field sites. The

following conclusions were presented in the preceding sections by

comparing results given in these tables.

Table 28. Solid phase mixing rates. a

Station Penetration Rateb Mixing Coefficientc
(1) (2)

(cm/sec)
(3)

(cm2/sec)

SS-1

SS -2

SS -3

SS -4

SS-6

5.3 x 10-5

7.6 x 10-5
2.6 x 10-5

6.9 x 10-5

4.1 x 10-5

7.6 x 10-6 to 2.1x 10-5

1.8 x 10-8 to 3.8 x 10-7

2.25 x 10-6 to 7.02 x 10-6

a Dyed sand tests applicable from 3.5 cm depth to sediment-
water interface.

b Klein (1976).

cBaliga (1976).

(1) Dynamic mixing and penetration rates at the field stations

were greater than predictions of aqueous molecular diffusion, the

"static" condition, indicating mixing from a hydrodynamic or biologi-

cal source was occurring at all field test sites.

(2) Biological mixing rates were comparable to aqueous

molecular diffusion rates and were much lower than the total dynamic

mixing rates observed at the field test sites, except at station SS-3

where hydrodynamic mixing forces were low.
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(3) Hydrodynamic mixing due to surface waves, refer to

column (4), Table 27, had a more substantial impact upon interstitial

fluid exchange than biological mixing.

(4) The combined influence of biological mixing and the hydro-

dynamic mixing due to surface waves (the sum of columns (3) and (4),

Table 27) was less than the mixing rates measured at a number of the

field test sites (column (6), Table 27), indicating the possible impact

of turbulent eddy mixing. At stations where the shear stress was

highest, refer to column (5), Table 27, the dynamic penetration rate

of concentration fronts were highest and they were in a range observed

in flume tests by Heinecke (1974), further suggesting the possibility

of turbulent eddy mixing contributing to interstitial fluid exchange.

Addition of a turbulent eddy contribution to the contribution from

other mixing mechanisms at station SS-4, where shear stress was

highest, results in a value equal to the observed penetration rate.

(5) Interstitial-interfacial water exchange rates, presented as

a rate of penetration of concentration fronts, were above the static

condition predictions. The maximum penetration rate of 1. 1 x 10-3

cm/sec, measured at station SS-4, is comparable to penetration

rates of 3. 0 x 10-4 to 8. 9 x 10-4 cm/sec observed by Webb et al.

(1968).

(6) Interstitial fluid mixing rates, Table 26,

(5), are above solid phase mixing rates, Table 28,

columns (4) and

column (3), even
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though solid phase mixing rates are only applicable to the top 3.5 cm

of sediment.

In Chapter V it was stated that low permeability sediments

afford the greatest resistance to interstitial fluid flow. Field sites

with the least permeability were observed to have the lowest mixing

rates. This further implies that hydrodynamic forces rather than

biological activity were the predominant mixing mechanism at the

sites tested.

Insitu permeability measurements were not found to be an

accurate measure of the hydraulic conductivity of the estuarine

benthic sediments because of the holes created by burrowing organ-

isms. Core samples were used for a more accurate determination of

permeability. No relationship existed between permeability and

porosity of these sediments. It was also found that no consistent

variation in permeability with depth was detectable for the 6 to 45 cm

core lengths.

Disturbance of the sediment during field tests was found to be

minimal. In tests on core samples, the introduction of freshwater

into the interstices of the estuarine benthic sediments did not cause

swelling of the clay fraction of the sediment nor subsequent blockage

of the pores.

The concentration versus depth profiles were found to plot as

smooth curves, thus indicating that inhomogeneity of the sediment did
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not adversely affect interstitial fluid movement about the probes.

Convection due to a density variation between the fluid injected

into the cell and the saline pore water was evaluated as an upward

buoyant velocity through the sediment. Estimates of the convection

effect at each site were solved in several manners and an argument

presented suggesting that the resultant effect was to reduce the vari-

ance in calculated values of apparent diffusivity coefficient at a site.

The Modified Schmidt plot and unsteady-state chart graphical

methods for solution of an apparent diffusivity coefficient were found

to be an effective means of evaluating the transient mass transfer

process utilized in this investigation for measurement of interstitial

fluid mixing.
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VII. SUMMARY

The equipment developed and methodology presented have been

shown to be a simple yet effective means of measuring interstitial

fluid mixing within estuarine benthic sediments. The equipment

operated well in the field yielding data in a readily reducible form.

Disturbance of the natural process being monitored was believed to

be minimal.

This newly designed probe and the associated electronic

equipment made it possible to evaluate fluid mixing at extremely low

rates, well below previous limitations. The previous limit for

measuring interstitial fluid velocities was 10-3 cm/sec using a hot

thermistor anemometer [Riedl et al. (1972)]. In this study movement

of interstitial waters was recorded at rates as low as 10-5 cm/sec.

The probe is capable of measuring even lower flow rates. The probe

was found to yield acceptable results over the range of interstitial

fluid mixing forces and sediment characteristics at the field test

sites. The equipment was found to be durable and maintained its

accuracy when subjected to the rigorous estuarine environment; no

corrosion or electronic stability problems were encountered.

Analysis of the field data showed: (1) mixing coefficients were

within a reasonable range as anticipated from predictions and previous

investigations, (2) mixing coefficients were in general agreement
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with biological and hydrodynamic mixing estimates, (3) the data fit

the form of the graphical solutions, the Modified Schmidt and the

unsteady-state charts and also fit the analytic solutions.
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VIII. RECOMMENDATIONS

An experiment in itself is seldom complete. It is a stepping

stone to future work or a link between other works. The following

recommendations enumerate possible future work and methods for

overcoming difficulties encountered in interstitial fluid mixing

investigations.

Application of the Developed Procedure to Freshwater

The equipment and field methods developed represent an

economical uncomplicated procedure for analyzing exchange rates

between pore fluid and overlying water in estuarine benthic sediments.

With little modification of procedure it is also felt that the approach

can be applied to investigation of exchange processes in freshwater

bodies .

For freshwater bodies the initial and boundary conditions

depicting the concentration of electrolyte within the pore fluid and the

overlying water about the sediment cell is different from the salt-

water situation. The concentration of electrolyte at both the upper

and lower boundary of the cell is zero in the freshwater case, labeled

CO. The initial concentration within the cell is at saturation, the

maximum level of concentration of electrolyte forced into the pores,

labeled C(z , 0) = C. With these changes in the initial and boundary
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conditions the analytic solutions are slightly different although having

the same general form.

For a Case I (symmetric concentration versus depth profiles)

the analytic solution is

oo

TrzC(z,t) =
2C0

exp[ -(
nu) 2

Dt] s in( ) (67)
rr

n=1

where the terms are as previously defined in Chapter III, "Theoreti-

cal Development".

For Case II (asymmetric concentration versus depth profiles)

the solution is

C(z,t) = Co erf(2JDt) (68)

where the terms and Gauss error function are as previously defined

in Chapter III.

The concentration versus time and concentration versus depth

profiles should have shapes similar to those presented in this study

except that they will be inverted, i. e. , the concentration of electro-

lyte within the cell is decreasing with time rather than increasing.

An advantage of applying the proposed methodology to a fresh-

water body is that the ionized water injected into the sediment cell is

more dense than the surrounding water; therefore, the possibility of

convective flows within the sediment cell is eliminated.
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Disadvantages may include: (1) biological activity in the sediment is

likely to be curtailed by the tracer and (2) the ions introduced as the

tracer may interact with the host sediment. Interactions between the

host sediment and the diffusing ions must be accounted for or low

estimates of pore water movement will result, refer to Chapter III.

Application of the Prescribed Methodology to
Predominantly Clay Sediments

The stations in the Coos Bay estuary, where field tests were

conducted, are within a narrow range of the sediment characteristics

throughout the bay. With the inclusion in the study of Stations SS-5

and IS-10, sites having a higher clay size fraction, a much greater

spread in interstitial fluid mixing rates could be anticipated.

Permeability tests and preliminary tests on reduction of the con-

ductivity of the interstitial fluid, at station IS-10, showed that the

methods developed in this investigation can be applied to predomi-

nantly clay sediments. Because of the lower permeability of clayey

sediments a much longer time for field tests will be required.

Variation in Mixing Rate with Depth

An assumption of the Modified Schmidt plot and the unsteady-

state chart methods is a constant diffusivity. These methods allow

for solution of an average diffusivity coefficient at each site. An
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advancement beyond the analysis presented here would involve a

technique for evaluating the variation in mixing with depth. To

evaluate a variation in mixing rate with depth a greater number of

probes at different depths will be required. Measurement of the

variation in mixing rate with depth may also lead to evaluation of a

mixing length.

Interstitial Fluid Mixing Due to Turbulent Eddies

Flume tests by Heinecke (1974) present evidence of interstitial-

interfacial water exchange due to turbulent eddies which were created

by shear stresses at the sediment-water interface. Heinecke ran a

series of 12 tests but only for two conditions, either for no fluid

motion or for fluid flowing above the sediment at a velocity of 30

cm/sec (1 ft/sec). A series of tests over a range of flow velocities

would permit better evaluation of the impact of turbulent mixing upon

interstitial-interfacial water exchange.

Interstitial Fluid Mixing Due to Surface Waves

The expression presented by Rield et al. (1972) evaluates

interstitial fluid motion as a function of surface wave activity.

Extension of this model to evaluation of rates of mass transfer through

the benthic sediment would be advantageous in predicting rates of

chemical interchange between interfacial and interstitial waters. A
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study of mass transfer rates as a function of wave conditions,

sediment properties and depth in the sediment bed under controlled

conditions will be necessary.

Distinguishing Different Mixing Mechanisms by Field Tests

Bioturbation, a number of hydrodynamic mixing mechanisms

and chemical diffusion were identified as processes affecting the rate

of interchange of chemical constituents between interstitial and inter-

facial waters. The interrelationship of these processes is not clear.

Insight and quantitative examination of separate interstitial fluid mix-

ing processes can be gained by studying the natural mixing phenomena

at several field test sites, then altering one or several of the mixing

processes.

Aqueous molecular diffusion cannot be altered; however, it can

be accurately determined from porosity measurements and/or tests

in the laboratory. By inhibiting hydrodynamic or biological pro-

cesses, an estimate of the impact of the other process might be

gained. Biological activity could be reduced by adding compounds to

the treated fluid before injection into the sediment. The influence of

hydrodynamic forces could be examined by imposing forces on a

normally tranquil test site. Nature allows examination of separate

mixing processes through her own diversity, i. e. , best estimates of

biological mixing in marine sediments can be gained from abyssal
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sediments where hydrodynamic mixing is minimal.

Convective Flow within the Sediment Cell

A difficulty with an analytic approach to resolving the influence

of convective flows within the sediment cell is that a convective flow

may act as an additional random fluid mixing mechanism, a transient

process, rather than a net buoyant velocity. For this case it would

not be possible to separate the convection effect from other mixing

mechanisms. It was assumed in the evaluation of convection in this

study that the density difference between the fluid within the cell and

the natural saline pore water would cause a buoyant velocity -u.);

this allowed the solution of the convection effect as an advective term

dc/dz in Fick's second law. Although theoretically such an

approach is sound, it has not, as yet, been experimentally verified.

Therefore, experimentation in this area is warranted.

The convection effect is due to a density difference between the

fluid injected into the sediment cell and the natural saline pore water;

therefore it is concentration dependent. To evaluate the occurrence

of convective flows an experimental procedure could be established in

which the initial concentration of the fluid within the sediment cell is

incrementally increased in a series of tests. The tests should be

conducted in a large flume with a sediment bed at least twice as deep

as the sediment cell to eliminate inhibition of interstitial fluid flow
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about the bottom of the cell. The overlying water and pore water

should have a constant salinity of about 307,,.

In the initial test the conductivity of the pore fluid within the

sediment cell could be reduced to 70% of the ambient conductivity. In

successive tests the initial conductivity within the sediment cell is

reduced to lower and lower levels. The recovery of conductivity

(concentration) within the cell is monitored with time by probes placed

at several depths. From this data apparent diffusivity coefficients

could be solved as previously described in Chapter III. Since diffusion

rates for NaCl through water vary only slightly with concentration,

the apparent diffusivity coefficients for all of these tests, regardless

of the initial concentration in the sediment cell, should be approxi-

mately equal and be comparable to the rate of aqueous molecular dif-

fusion for salt ions traveling through the sediment. Aqueous molecu-

lar diffusion rates through a porous matrix can be predicted from

rates of diffusion in free solution and porosity measurements, refer

to Chapter V. If the net diffusion coefficient for aqueous molecular

diffusion and convection, as measured in the experiment, are much

lower than the mixing coefficients measured in the field, the convec-

tion effects will be negligible.
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APPENDIX A. Nomenclature

a = wave amplitude in equation (15), cm.

a = standpipe or treated fluid tank area in equation (76), cm2.

2A = core tube or sediment cell area in equation (76), cm .

A = Arrhenius activation constant in equation (37), sec-1.

A = gain across an operational amplifier in equation (43).

as = amount of acid, g.

c = wave celerity (speed), cm/sec.

C = dimensionless concentration.

C0 = initial concentration.

Cs = saturation concentration.

Cr = roughness coefficient.

CI, C2, C3, C4 = capacitances, mhos.

d 1,d 2= depth of probe, cm.

D = mixing rate in terms of an apparent diffusivity coefficient,
cm2 /sec.

= diffusivity in free solution, cm2/sec.

D' = a dimensionless relative diffusivity in equation (38).

DB = biological mixing coefficient, cm /sec.

D = biological mixing coefficient for mollusks, cm 2 /sec.
na

D = biological mixing coefficient for worms, cm2/sec.

D10, D50, D60 = sediment grain size, mm.

e = void ratio.
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erf(u) = Gaussian error integral.

E = activation energy, Kcal/°K/mole.

E. = voltage input to circuit, v, v
in rms

Eout = voltage out of circuit, v, v .

TMS

E = peak-to-peak voltage of an A. C. signal, v.sig

f = farad.

F = formation factor in equation (48).

= fetch for wind generated wave development on Figure 8.

g = gravitational constant, 9.8 m/sec 2.

h = water depth, cm.

H = wave height, cm.

i = hydraulic gradient.

k = wave number , cm-1.

K,KT
, K

10
K

20
= coefficient of permeability, cm/sec.

= Prandtl mixing length, cm.

L = length, cm.

L = characteristic biological mixing length in equation (34), cm.

= relative resistance.

n = flux rate in equation (1 ), moles/cm2/sec.

n = Manning coefficient in equation (29).

n = relative position on steady-state charts.

n = abundance of species in equation (36).

P = pressure head in tide-groundwater flow, cm of water.
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PT P10' P20 = intrinsic coefficient of permeability, darcy's.

q = fluid flow rate, cm3/sec.

3
Qsn = bulk fluid flow rate, cm /sec.

3
Q'sn = bulk fluid flow rate at a permeability of one darcy, cm /sec.

R = universal gas constant, Kcal / °K /mole.

RA = chemical reaction rate constant, moles /cm 3 /sec.

Re = Reynolds number.

Rh = hydraulic radius, cm.

Rp = electrical resistivity of water saturated sediment, ohms/cm.

R = electrical resistivity of interstitial water, ohms/cm.
w

R1,R2,Rf,R robe = electrical resistances, ohms.
p

s = amount of sugar, g.

= pore water salinity in parts-per-thousand, (°/,,,,)

t = time, sec, hr, yrs.

At = time divided by number of time steps, sec.

T = temperature in equation (37), °C, °K.

T = wave period in equation (23) and (31), sec.

TVS = total volatile solids, mg /g.

u = horizontal fluid flow velocity, cm/sec.

u = mean horizontal fluid flow velocity, cm/sec.

u' = mean horizontal turbulent velocity fluctuation, cm/sec.

ub
= mean horizontal bottom water velocity, cm/sec.

U = wind speed, kph, mph.
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= vertical fluid velocity, cm/sec.v

v = mean vertical fluid velocity, cm/sec.

= mean vertical turbulent fluid velocity, cm/sec.

vc = characteristic vertical biological mixing velocity, cm/sec.

of = vertical penetration rate of concentration fronts, cm/sec.

vsn = maximum vertical volumetric flow velocisty, cm/sec.

v = maximum vertical volumetric flow velocity at a permeabilitysn of one darcy, cm/sec.

V = volume of sediment reworked by organisms, cm3 /sec.

x = horizontal distance, cm.

X = relative time.

y = vertical distance, cm.

Y = unaccomplished change in concentration expressed as a
dimensionless ratio.

z = vertical depth, cm.

Az = vertical depth increment, cm.

Z = elevation head, cm of water.

Greek Symbols

oc = proportional.

00 = infinite time.

= specific weight, g/cm3, kg/m3.

K = intrinsic permeability, darcys, cm2.

K = kilo, 103.



K = 103 ohms on electrical circuit diagrams.

= micro, 10-6.

P'T' 1110' P'20
= fluid viscosity at a given temperature, centipoise,

lb-sec /ft2.

M = mega, 106.

V = fluid kinematic viscosity, cm2/sec,
ft

2/sec.

= eddy viscosity, cm2/sec.

p = density, kg/m3.

Pc = density of fluid within the sediment cell, kg/m3.

p. = density of treated fluid, kg/m 3.

Ps
= density of saline water, kg/m3.
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A p = difference in density between natural saline water and the fluid
within the sediment cell, kg/m3.

2T, TO, Txy = shear stress, g/cm

= sediment porosity expressed as a fraction.

= vertical water velocity, cm/sec.

w = frequency of an electrical signal in equation (42), Hrtz.

-= ohms.



APPENDIX B. Permeability

Introduction

Darcy's Law states that the rate of fluid flow, q, through

sediment of cross-sectional area A, is proportional to the

hydraulic gradient, or

256

q cc iA (69)

By using a coefficient of proportionality, K, this can be expressed

as

q = KiA (70)

The coefficient K has been termed the coefficient of permeability,

the hydraulic conductivity or simply the permeability. K is not

dimensionless but is a scalar having dimensions of cm/sec. Various

other forms of K appear in the literature, the form and dimensions

depending upon additional relevant fluid and matrix properties applied

to Darcy's Law.

The following factors affect the magnitude of the coefficient K:

(1) Fluid Properties.

The only important fluid property affecting flow of water through

a sediment is the fluid viscosity which is inversely proportional to

temperature. Permeability is normally corrected to a standard
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viscosity at 20°C.

(2) Sediment Properties.

a. Grain size--previous works have shown permeability to

correlate well with the square of an effective grain size. The reason

for this is that the primary variable affecting permeability is the pore

size which is often related to particle size for noncohesive soils.

b. Shapes and arrangement of pores --various relationships

have been presented for the dependence of permeability upon sediment

shape factors and arrangement coefficients. The dependence is gen-

erally complicated and of questionable reliability.

c. Void ratio--permeability for noncohesive soils has been

found to fit one of the following functions of void ratio: e
3 /(1+e),

2/(1+e),
e

2
e or the log K vs e. If a relationship between void ratio

and permeability for a specific type of sediment can be found in the

laboratory then insitu porosity measurements can be used to evaluate

ins itu permeability.

d. Degree of saturation--permeability increases with the degree

of saturation of a sediment. The permeability of the field test sites

should be measured when the sediment is completely saturated. For a

coarse sand a reduction of the degree of saturation from 100% to 80%

typically causes a 50% reduction in permeability [Bear (1972)].
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Theoretical Development

Constant head and variable head tests were used to measure

permeability. The variable head test was used to measure insitu

permeability and to conduct permeability measurements on core

samples at a field laboratory. Several core samples were tested on a

constant head permeameter in the research laboratory at the uni-

versity.

Variable Head Test

The apparatus for the variable head permeability tests conducted

with core samples in a field laboratory is illustrated in Figure 55.

The flow rate in the standpipe, refer to Figure 55, for a variable head

permeability test is equal to the velocity times the area which can be

stated analytically as

dh
q= adt

(71)

with q the flow rate in cm3/sec, h the head in cm, t the time in

sec, and a the cross-sectional area of the standpipe in cm2. The

minus sign indicates that the head, h, is decreasing as time

progresses. The flow rate through the sediment in the core tube is

described by Darcy's Law as

q = KiA = K A (72)
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where K is the permeability coefficient in cm/sec, h is the head

in cm, L is the length of the sediment core in cm, and A is

the cross-sectional area of the core sample in cm 2.

By continuity the flow rate in the standpipe and through the

sediment in the core are equivalent. This can be expressed mathe-

matically by equating equation (71) and (72)

dhK L A = a
dt

Upon solving for the variation in head, h
1

to h2, over a time

(73)

period, t
1

to t
2 by separating variables and integrating, the follow-

ine expression is obtained

h2
aL

hl

K(t2 -t1) = aL ln(h -h1)
A

The permeability, K, can then be evaluated as

aL h 1K
A (t -t 1) In h2

where K is the permeability in cm/sec, A and a are the

(74)

(75)

(76)

cross-sectional areas of the core sample and standpipe respectively
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L is the length of the core sample in cm, h
1

and h
2

are

the initial and final heads in cm at the corresponding times, t
1

and

t2, respectively.

Constant Head Test

The apparatus for the constant head test is illustrated in Figure

56. The flow rate, q, into the graduated cylinder is

q = Q/t (77)

where q is the flow rate in cm3 /sec, Q is the volume of water

which has accumulated in the graduated cylinder in cm3 after a time

t in sec. The flow rate through the sediment is expressed by Darcy's

Law as

q = KiA = -K LA (78)

with q the flow rate in cm 3/sec, K the coefficient of permeability
2in cm /sec, h the (constant) head acting in cm, L the length of core

sample in cm, and A the cross-sectional area of the core sample in

cm . This flow rate through the sediment is equivalent to the rate of

accumulation of water in the graduated cylinder; thus, upon equating

(77) and (78), the following expression is obtained

K A = Q/t

or

(79)
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(80)

The permeability, K, in cm2 /sec, can now be solved by recalling

that Q is the volume of water in the graduate cylinder in cm3 after

a time interval t in sec, L is the length of the core sample in cm,

A is the cross sectional area of the core in cm 2, and h is the

constant head in cm.

Presentation of Data

The permeability of the estuarine benthic sediments is pre-

sented as a coefficient K, in cm/sec and a coefficient P, in

darcys. These permeability coefficients are corrected to a standard

temperature.

Temperature Correction. Permeability varies with the viscosity

of the fluid flowing through the sediment; the viscosity is a function of

temperature. For comparison of values permeability is given at the

standard temperature of 20°C. The permeability, KT at a tem-

perature, T, is reduced to that at standard temperature by

P.T
K20 = KT

µ20
(81)

in which µT and µ20 are the viscosities of the fluid at the testing

temperature and standard temperature, respectively [Lambe (1951)].

Figure 57 presents values of p. T /
0

over a range of temperatures



for saltwater and freshwater.

Units. For application to fluid dynamic problems the

permeability is often expressed in darcy's. A darcy is defined as

1 darcy = 1 atm/cm
1 centipoise x 1 cm2/sec /1 cm 2
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(82)

Upon inserting compatible units of viscosity and atmosphere a darcy

reduces to units of area. An intrinsic permeability can be evaluated

as

K=
N-

with K the original permeability or "hydraulic conductivity" in

cm/sec, Y, the specific weight, p. the viscosity and K the

2intrinsic permeability in cm [Chow (1964)]. The permeability in

(83)

darcys can then be obtained from the permeability K in cm/sec for

sea water at 20°C as

1 darcy = 1.057 x 10-3 cm/sec (84)

The permeability in darcys at a given temperature is connotated as

P10, P20, etc. where the subscript indicates the temperature in

degrees centigrade.
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Equipment and Procedures for Conducting the Permeability Tests

Variable Head Permeability Test

Equipment. The equipment required is illustrated in Figure 55

and includes:

Core tube:1 Inside diameter = 4.86 cm; length = 60 cm.

Glass tubing and valves: Inside diameter = 1.24 cm.

Rubber stoppers: #9 1/2, #10.

Screen: Small mesh wire and cloth.

Thermometer.

Container for constant head chamber.

Procedure. The procedure is presented in the following steps.

Step (1)--core samples, when recovered from the field, are

sealed top and bottom with rubber stoppers. The lower stopper is

carefully removed and replaced with a screen and stopper which has a

glass tube drain and stop cock, refer to Figure 55. Air is kept out of

the core by performing this operation with the core sample submerged

in a container of water.

Step (2)--with the drain stop cock closed the top rubber stopper

is removed. The core tube is normally not completely filled with

sediment. Some sea water should still be present above the sediment

in the core tube to insure saturation. The top rubber stopper, with

1 A core diameter of 4 centimeters or greater is sufficient to
avoid side wall effects for sand or finer grained sediments.
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standpipe, thermometer and air relief tube, are inserted into the top

of the core tube.

Step (3)--water is placed in the standpipe with the air relief

valve open to allow air in the top of the core tube to escape. Once all

the air is removed the air relief valve is closed.

Step (4)--record the rate of fall of the water level in the stand-

pipe. Intermittently record the temperature.

Constant Head Permeability

Equipment. Several identical test equipment setups, as pre-

viously described and used in the variable head test, are utilized in

the constant head permeability test. In addition, a continuous water

supply, constant head chamber, and graduate cylinders are required.

This is illustrated in Figure 56.

Procedure. Preparation of core samples is the same as pre-

sented in the variable head test steps (1) to (3). An additional air

relief valve is available to remove air from the water supply lines.

Step (4)--the accumulation of water in the graduate cylinder with

time is recorded. Temperature readings are taken intermittently.

Insitu Permeability Test

Equipment. The primary piece of equipment necessary for

insitu permeability tests is the permeameter cell, illustrated in Fig-

ure 18, Chapter IV. In addition a thermometer (or hydrolab), watch,

field notebook (write-in-the-rain) and scuba gear are required.
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Procedure. Follow the procedure for use of the permeameter

cell as outlined previously in Chapter IV. Steps involving the elec-

tronic equipment can be omitted if interstitial fluid mixing is not to be

monitored at the site. Record the drop in water level within the

treated fluid tank with time, as observed on the scale, #3 on Figure

18, (this is optional step number 13 in the procedure given in Chapter

IV). The pressure head in centimeters of water is read directly off

this scale. This is a variable head permeability test. The permea-

bility, KT in cm/sec, is evaluated by equation (76) as

aL hl
KT A(t2 -t1) In (76)

where a is the cross-sectional area of the treated fluid tank and A

is the cross-sectional area of the sediment cell; the other terms are

as previously defined.

The temperature should intermittently be recorded and the

permeability corrected to standard temperature.

Predictions and Expectations

It was anticipated that (1) permeability would vary with the

length (depth) of the core, (2) swelling of clays when fresh water was

introduced into the sediment within the cores could reduce the permea-

bility, (3) as the pressure head creating fluid flow through the
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sediment increased, clogging of pores from fine grained material or

consolidation could cause a decrease in permeability, (4) stations with

the highest percent fines would have the least permeability and (5) a

relationship between permeability and porosity could be established.

Results

Ins itu permeability in the vertical direction was measured at

each site where interstitial fluid mixing rates were to be monitored.

In addition, divers collected core samples at each field station in the

Coos Bay estuary with the exception of station CH-7. Three to four

core samples were taken at each station. Permeability tests were

conducted by the variable head method on the core samples from all

the test sites with the exception of samples labeled "CD" site. The

core samples with this labeling were collected at the Corps of

Engineers Dock in Isthmus Slough, Coos Bay. The constant head

permeability test procedure was used to evaluate the permeability of

these core samples. Core samples of varying length were extracted

at each station for examination of the permeability-depth dependence.

A preliminary set of core samples were collected at station SS-1 for

examination of swelling and clogging effects.

The mean permeability and the range of permeability measured

for each site were listed in Table 14 and are presented here again.

Permeability values are expressed at the standard temperature of
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Table 14. Average permeability values from core samples.

Station

SS-1

Range

K20 Average K10 Average P20 Average P10 Average

(cm/sec) (cm/sec) (darcy's) (darcy's)

2.19x 10 -4

1.11 x 10 -3 4.96 x 10 -4 3.86 x 10 -4

SS-2 1.82x 10 -2

0.05 0.04

2.76 x 10
-2 2.24x 10 -2 1.74x 10 -2

21 16

SS-3 0.34 x 10-3

1.57 x 10-3 9.05 x 10-4 7.05 x 10-4

SS-4 0.71 x 10-2

0.9 0.7

1.19x 10 -2 8.74x 10-3
6.81 x 10

-3
8 6

SS -5 2.43 x 10-6

9.66 x 10-6 5.24 x 10-6 4.08 x 10-6

SS-6 2.87 x 10-4

5.45 x 10-4 4.53 x 10-4 3.53 x 10-4

IS-10 6.13 x 10-7

3.04 x 10-6 1.83 x 10-6 1.43 x 10-6

IS-CD 5.90 x 10-7

3.42 x 10 -6 2.19x 10 -6 1.71 x 10 -6

IS -8 1.51 x 10-6

IS -9

4.48 x 10-6 2.68 x 10-6 2.09 x 10-6

2.87 x 10-7

6.58 x 10-7 4.57 x 10-7 3.56 x 10-7

0.005 0.004

0.4 0.3

0.0017 0.0013

0.002

0.0025

0.0016

0.0019

0.00043 0.00034
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20°C and at 10°C, the average water temperature in the field when

interstitial fluid mixing rates were monitored. Temperature correc-

tions are according to equation (81) using Figure 57. The results of

the permeability tests upon which these values are based are given in

Tables 31 and 32 at the end of this section. The classification of soils

based on their permeabilities is given in the following table.

Table 29. Soil classification by permeability [Lambe (1959)].

Degree of Permeability K (cm/sec)

High

Medium

Low

Very low

Practically impermeable

over 10-1

10-1 to 10-3

10-3 to 10-5

10-5 to 10-7

less than 10-7

According to this table, permeability in the Coos Bay estuary

ranges from "medium" for clean sands at stations SS-2 and SS-4 to

"practically impermeable" for clays at SS-5 and stations in Isthmus

Slough. Comparison of average permeability values, Table 14, with

mean grain size and uniformity coefficient, Table 13, indicates that

generally permeability decreased with higher percent fines in the

sediment as expected. Core samples for grain size analysis were

collected independently by Sollitt (1974).

Insitu permeability measurements are listed in Table 32 at the

end of this section. These insitu permeability values were found to be
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dependent upon a few large holes in the sediment created by burrowing

organisms. For this reason insitu permeability measurements were

not applied as the true measure of the dampening effect which the sedi-

ments exhibit upon hydrodynamically induced interstitial fluid mixing.

Insitu permeability is seldom measured directly. The procedure

often used is to measure permeability and void ratio on a number of

samples in the laboratory. It has been found that permeability nor-

mally plots as a straight line against one of the following void ratio

functions: e3 /( 1+3 ), e
2 /(1+3) or e

2. Also, a plot of void ratio

versus log of permeability is usually linear. Since the porosity, n,

is related to the void ratio, e, by n = e/(1+e), the porosity

rather than the void ratio can be used as the correlation parameter.

If a correlation exists between porosity and permeability then

porosity values measured by electrical resistivity in the field could be

utilized to evaluate the permeability. A plot of void ratio functions,

from porosity data (see Table 30), versus the permeability, Figure

58, and a plot of the void ratio versus log of permeability, Figure 59,

show that a correlation between permeability and porosity is not avail-

able for the wide range of sediments encountered in the Coos Bay

estuary. Thus, electrical resistivity measurements [Sollitt (1974)]

can not be used to evaluate permeability at these test sites. Permea-

bility values from core samples were applied for evaluation of the



Table 30. Void ratio functions for establishment of void ratio-permeability relationship.

Station
Permeability

K
Porosity

n
Void Ratio

e
2

e e2 /(1+e) e
3 /(1+e)

SS-1

SS-2

SS -3

SS-4

SS-5

SS-6

CH-7

IS-8

IS -9

IS-10

5 x 10-4

2 x 10-2

1 x 10-3

1 x 10-2

5 x 10-6
-45 x 10

7 x 10

3 x 10 -6

5 x 10-7

2 x 10-6

0.42

0. 46

0. 50

0. 50

0. 79

0. 44

0.37

0.82
0. 78

0.87

0. 74

0.82

1. 00

1. 00

4. 00

0. 79

0.59

4. 56

3.35

7.33

O. 55

0. 66

1.00

1.00

16. 00

O. 62

0. 35

20. 79

11.22

53. 73

O. 31

-0.37

0. 50

0. 50

3. 20

0.35
0. 22

3. 74

2. 58

6. 45

0. 23

0. 30

0. 50

0. 50

12.8

0. 28

0. 13

17. 05

8. 64

47. 28

4jEstimated value.
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sediments dampening of hydrodynamically induced fluid flow at the field

test sites.

Core samples of varying lengths were collected in the field to

evaluate whether a permeability-depth dependence existed. It was

anticipated that permeability would decrease with increased depth in

the sediment bed. Examination of core samples SS -1 -A through

SS-1-H, Table 34 at the end of this section, indicate what was gen-

erally found to be true; that no consistent dependence between

permeability and sediment depth could be found.

Swelling effects were examined by allowing freshwater and

saltwater to flow through various lengths of core samples. The flow

of saltwater was replaced with freshwater in successive tests. If a

discrepancy between freshwater and saltwater permeabilities were

observed, it could be stated that swelling effects occurred. The

effect of freshwater upon the permeability was expected to increase

with an increase of clay particles in the sediment. Although the

percent fines, indicative of the clay fraction, is not highest at station

SS-1 (refer to Table 13, Chapter V), the permeability of SS-1 is suf-

ficiently high that significant variations in permeability could be

detected. Comparison of freshwater permeabilities, labeled SS1-F1,

F2, and F3 to saltwater permeabilities, labeled SS1 -S1, S2 and S3,

Table 35, indicate that freshwater had no effect upon the permeability.
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Tests were performed on core samples to see if clogging of the

pores by fine grained material or consolidation of the sediment could

result from pressure heads up to 150 cm of water acting upon the

sediment. Clogging of the pores is of particular interest because of

the method used for injecting the treated fluid into the benthic sedi-

ment at the field test sites. If the permeability of a core sample were

found to decrease with the volume of fluid passing through the core,

then clogging of the pores is occurring. No decrease in permeability

with the volume of fluid passed through the core sample was observed

for any of the permeability tests conducted. Pressure heads were

varied from 9 to 147 cm of water. This indicates that pressure heads

which are a maximum of 80 cm of water in the treated fluid tank should

have little effect upon the sediment structure when the treated fluid is

injected into the benthic sediment at the field test sites.

In summary, the results of the permeability tests showed that

(1) a wide range of permeability, ranging from 0. 0004 to 21 darcys,

exists in the estuary, (2) Insitu permeability measured with the

permeameter cell is primarily a function of holes created by large

burrowing organisms and is therefore not considered an accurate indi-

cator of the sediment dampening effect upon hydrodynamically induced

fluid mixing, (3) a relationship between permeability and porosity

could not be found for the wide range of sediment permeability in the

estuary and therefore, insitu permeability could not be evaluated from
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electrical resistivity measurements, (4) no consistent variation in

permeability with sediment depth (for shallow depths) exists at the

test sites, (5) the introduction of freshwater into the sediment does

not effect the permeability and (6) structure of the sediment is not

significantly altered at pressure heads up to 147 cm of water.



Table 31. Permeability calculations for core samples: variable head tests.

Sample

L

(cm)

a

(cm2)

A

(cm2)

t
1

(min)

t
0

(min)

tl -t0

(sec)

h
0

(cm)

h
1

(cm)

K
t

(10-4 cm/sec)

Temp.

(°C)

P. /1.1 K20

(10-4 cm/sec)

1A 6.0 1.21 18.49 5 0.00 300 35.0 29.5 2.24 16 1.11 2.49
1A 6.0 1.21 18.49 10 5 600 29.5 19.6 2.68 16 1.11 2.97
1B 11.0 1.21 18.49 1 0 60 31.3 26.2 19.5 16 1.11 21.6
1B 11.0 1.21 18.49 5 0 300 26.6 9.1 25.7 16 1.11 28.5
1C 10.0 1.21 18.49 5 0 300 89.9 53.9 11.2 16 1.11 12.4
1C 10.0 1. 21 18. 49 10 5 300 53. 9 36. 9 8. 27 16 1. 11 9.81
1D 16.5 1.21 18.49 5 0 300 122 111.5 3.24 16 1.11 3.60
1D 16.5 1.21 18.49 10 5 300 111.5 103.8 2.58 16 1.11 2.86
1D 16.5 1.21 18.49 20 10 600 103.8 91.0 2.37 16 1.11 2.63
1E 24.0 1.21 18.49 5 0 300 106 86.2 10.8 16 1.11 12.0
1E 24.0 1.21 18.49 10 5 300 86.2 72.4 9.13 16 1.11 10.1
1E 24.0 1.21 18.49 20 10 600 72.4 51.2 9.07 16 1.11 10.1
1F 22.5 1.21 18.49 5 0 300 75.0 71.7 2.21 16 1.11 2.45
1F 22.5 1.21 18.49 10 5 300 71.7 69.0 1.56 16 1.11 1.73
IF 22.5 1.21 18.49 20 10 600 69.0 63.2 2.15 16 1.11 2.39
1G 35.0 1.21 18.49 5 0 300 68.0 63.5 5.23 16 1.11 5.80
1G 35.0 1.21 18.49 10 5 300 63.5 61.1 7.94 16 1.11 3.26
1G 35.0 1.21 18.49 20 10 600 61.1 56.4 3.06 16 1.11 3.40
1H 37.5 1.21 18.49 5 0 300 66.5 63.7 3.52 16 1.11 3.91
1H 37.5 1.21 18.49 10 5 300 63.7 61.5 2.88 16 1.11 3.19
1H 37.5 1.21 18.49 20 10 600 61.5 57.4 2.82 16 1.11 3.13

isec i isec ) (10-2 cm/sec) (10-2 cm/sec)

2A 18 1.21 18.49 5 0 5 136.0 124.7 2.04 19 1.02 2.08
2.A 18 1.21 18.49 10 5 5 124.7 113.7 2.17 19 1.02 2.22
2A 18 1.21 18.49 15 10 5 113.7 103.8 2.15 19 1.02 2.19
2A 18 1.21 18.49 20 15 5 103.8 95.1 2.06 19 1.02 2.10
2A 18 1.21 18.49 25 20 5 95.1 86.9 2.12 19 1.02 2.17

EN)
2B 14 1.21 18.49 5 0 5 141.0 124.0 2.35 19 1.02 2.40 -..]

.1)



Table 31. Continued.

Sample

L

(cm)

a

(cm
2)

A

(cm
2)

1

(sec)

to

(sec)

t
1
-t
0

(sec)

h
0

(cm)

1

(cm)

Kt

(10-2 cm/sec)

Temp.

(SC)

N tip, 20 K20

(10-2 cm/sec)

2B 14 1.21 18.49 5 0 5 124.0 110.0 2.19 19 1.02 2.24
2B 14 1.21 18.49 15 10 5 110.0 97.8 2.15 19 1.02 2.20
2B 14 1.21 18.40 20 15 5 97.8 86.5 2.25 19 1,02 2.30
2B 14 1.21 18.49 25 20 5 86.5 76.9 2.16 19 1,02 2.20
2B 14 1.21 18.49 30 25 5 76.9 68.9 2.01 19 1.02 2.05
2C 16 1.21 18.49 5 0 5 132.0 120.58 1.90 19 1,02 1.93
2C 16 1.21 18.49 10 5 5 120.58 109.00 2.12 19 1,02 2.16
2C 16 1.21 18.49 15 10 5 109.00 99.18 1.98 19 1.02 2.02
2C 16 1.21 18.49 20 15 5 99.18 89.78 2.08 19 1.02 2.13
2C 16 1.21 18.49 25 20 5 89.78 81.78 1.95 19 1.02 1.99
2C 16 1.21 18.49 30 25 5 81.78 73.58 2.21 19 1,02 2.26
2C 16 1.21 18.49 35 30 5 73.58 66.58 2.09 19 1.02 2.13
2D 26 1.21 18.49 5 0 5 134.0 123.0 2.92 19 1.02 2.97
2D 26 1.21 18.49 10 5 5 123.0 113.5 2.74 19 1,02 2.79
2D 26 1.21 18.49 15 10 5 113.5 104.5 2.81 19 1.02 2.87
2D 26 1.21 18.49 20 15 5 104.5 96.7 2.63 19 1.02 2.69
2D 26 1.21 18.49 25 20 5 96.7 89.3 2.71 19 1,02 2.77
2D 26 1.21 18.49 30 25 5 89.3 82.9 2.53 19 1.02 2.58
2D 26 1.21 18.49 35 30 5 82.9 76.7 2.63 19 1.02 2.69

ni,,Liji Diii.1, -3
(10 cm/sec) (10-3 cm/sec)

3A 11.5 1.21 18.49 1 0 60 151.0 142.2 0.753 19 1.02 0.768
3A 11.5 1.21 18.49 3 1 120 142.2 126.7 0.724 19 1.02 0.738
3A 11.5 1.21 18.49 5 3 120 126.7 113.2 0.701 19 1.02 0.715
3A 11.5 1.21 18.49 7 5 120 113.2 101.2 0.703 19 1,02 0.718
3A 11.5 1.21 18.49 9 7 120 101.2 90.5 0.701 19 1.02 0.715
3B 16 1.21 18.49 2 0 120 149.0 143.2 0.346 19 1,02 0.353
3B

3B

16

16

1.21

1.21
18.49

18.49

4

6

2

4

120

120

143.2

137.6

137.6

132.4

0.348
0.335

19

19

1.02

1.02

0.355
0.342

N
ooc



Table 31. Continued.

Sample

L

(cm)

a

(cm
2)

A

(cm2)

t
1

(min)

to
0

(min)

t-tl 0

(sec)

h
0

(cm)

h i

(cm)

K
t

(10-3 cm/sec)

Temp.

('C)

110
20

1 K
20

(10-3 cm/sec)

3B 16 1.21 18.49 8 6 120 132.4 127.4 0.335 19 1.02 0.342
3B 16 1.21 18.49 10 8 120 127.4 122.5 0.343 19 1.02 0.350
3B 16 1.21 18.49 12 10 120 122.5 117.8 0.340 19 1.02 0.347
3C 32 1.21 18.49 2 0 120 157.0 147.5 1.09 19 1.02 1.11
3C 32 1.21 18.49 4 2 120 147.5 139.2 1.01 19 1.02 1.03
3C 32 1.21 18.49 6 4 120 139.2 131.6 0.980 19 1.02 1.00
3C 32 1.21 18.49 8 6 120 131.6 124.4 0.982 19 1.02 1.00
3C 32 1.21 18.49 10 8 120 124.4 117.8 0.952 19 1.02 0.971
3C 32 1.21 18.49 12 10 120 117.8 111.6 0.944 19 1.02 0.963
3D 28 1.21 18.49 2 0 120 147.0 132.9 1.54 19 1.02 1.57
3D 28 1.21 18.49 4 2 120 132.9 119.9 1.57 19 1.02 1. 60
3D 28 1.21 18.49 6 4 120 119.9 108.3 1.55 19 1.02 1.58
3D 28 1.21 18.49 8 6 120 108.3 97.7 1.54 19 1.02 1.57
3D 28 1.21 18.49 10 8 120 97.7 88.3 1.55 19 1.02 1.58
3D 28 1.21 18.49 12 10 120 88.3 79.8 1.55 19 1.02 1.58
3D 28 1.21 18.49 14 12 120 79.8 72.3 1.51 19 1.02 1.54

_Luc) isec) (10-2 cm/sec) (10-2 cm/sec)

4A-1 11.43 1.21 18.49 5 0 5 155.00 146.34 0.860 19 1.02 0.877
44-1 11.43 1.21 18.49 10 5 5 146.34 137.64 0.916 19 1.02 0.934
4A-1 11.43 1.21 18.49 15 10 5 137.64 131.34 0.701 19 1.02 0.715
4A-1 11.43 1.21 18.49 20 15 5 131.34 125.04 0.734 19 1.02 0.749
4A-1 11.43 1.21 18.49 25 20 5 125.04 119.64 0.660 19 1.02 0.673
44-2 11.43 1.21 18.49 30 25 5 119.64 112.84 0.875 19 1.02 0.892
4A-2 11.43 1.21 18. 49 35 30 5 112. 84 107. 34 0. 747 19 1.02 0. 762
4A-2 11.43 1.21 18.49 40 35 5 107.34 102.34 0.714 19 1.02 0.728
44-2 11.43 1.21 18.49 45 40 5 102:34 97.54 0.719 19 1.02 0.733
4A-2 11.43 1.21 18.49 50 45 5 97.54 93.04 0.706 19 1.02 0.720

N44 -2 11.43 1.21 18. 49 55 50 5 93.04 89. 04 0.658 19 1.02 0.671 oo



Table 31. Continued.

Sample

L

(cm)

a

(cm
2)

A

(cm
2)

t
1

(min)

to

(min)

tl-t
0

(sec)

110

(cm)

h
1

(cm)

K
t

(10-2 cm/sec)

Temp.

(°C)

1.1 }-1.ti 20
K20

(10-2 cm/sec)

4A-2 11.43 1.21 18.49 60 55 5 89.04 85.04 0.688 19 1.02 0.702
4A-2 11.43 1.21 18.49 65 60 5 85.04 81.44 0.647 19 1.02 0.660
4B 21.0 1.21 18.49 10 0 10 156.00 143.61 1.14 19 1.02 1.16
4B 21.0 1.21 18.49 20 10 10 143.61 131.61 1.20 19 1.02 1.22
4B 21.0 1.21 18.49 30 20 10 131.61 120.61 1.20 19 1.02 1.22
4B 21.0 1.21 18.49 40 30 10 120.61 110.91 1.15 19 1.02 1.17
4B 21.0 1.21 18.49 50 40 10 110.91 101.71 1.19 19 1.02 1.21
4C 30.0 1.21 18.49 10 0 10 157.50 152.08 0.688 19 1.02 0.702
4C 30.0 1.21 18.49 20 10 10 152.08 146.58 0.724 19 1.02 0.738
4C 30.0 1.21 18.49 30 20 10 146.58 141.38 0.709 19 1.02 0.723
4C 30.0 1.21 18.49 40 30 10 141.38 136.38 0.706 19 1.02 0.720
4C 30.0 1.21 18.49 50 40 10 136.38 131.68 0.688 19 1.02 0.702
4D 29.0 1.21 18.49 10 0 10 143.50 137.11 0.865 19 1.02 0.882
4D 29.0 1.21 18.49 20 10 10 137.11 132.31 0.676 19 1.02 0.690
4D 29.0 1.21 18.49 30 20 10 132.31 128.31 0.583 19 1.02 0.595
4D 29.0 1.21 18.49 40 30 10 128.31 127.51 0.118 19 1.02 0.120
4D 29.0 1.21 18.49 50 40 10 127.51 122.21 0.806 19 1.02 0.822
4D 29.0 1.21 18.49 60 50 10 122.21 117.11 0.808 19 1.02 0.825
4D 29.0 1.21 18.49 70 60 10 117.11 112.01 0.844 19 1.02 0.861
4D 29.0 1.21 18.49 80 70 10 112.01 107.31 0.813 19 1.02 0.830
4D 29.0 1.21 18.49 90 80 10 107.31 102.71 0.831 19 1.02 0.848
4D 29.0 1.21 18.49 100 90 10 102.71 98.41 0.811 19 1.02 0.827

(hrs) (hrs) (104 sec) (10-5 cm/sec) (10-6 cm/sec)
5A 14 1.21 18.49 19:13 14:30 1.70 146.0 122.7 0.937 19 1.02 9.56
5A 14 1.21 18.49 08:55 19:13 4.93 122.7 75.5 0.902 17 1.08 9.75
5B 24.5 1.21 18.49 13:44 13:00 0.264 168.0 167.9 0.351 19 1.02 0.358
5B 24.5 1.21 18.49 19:14 13:44 1.98 167.9 159.5 0.417 19 1.02 4.25 IN)

5B Z4.5 1.21 18.49 08:53 19:14 5.29 159.5 137.5 0.450 17 1.08 4.86 N
N



Table 31. Continued.

Sample

L

(cm)

a

(cm2)

A

(cm
2)

1

(hrs)

to

(hrs)

t
1
-t

0

(104 sec)

h
0

(cm)

1

(cm)

Kt

(10-5 cm/sec)

Temp.

(C )

µt /µ . 20
K20

(10-6 cm/sec)

5C 29.5 1.21 18.49 13:45 13:00 0.27 110.5 110.0 0.325 19 1.02 3.32
5C 29.5 1.21 18.49 19:15 13:4S 1.98 110.0 107.6 0.215 19 1.02 2.19
SC 29.5 1.21 18.49 08:55 19:15 S.29 107.6 100.6 0.246 17 1.08 2.66
5D 24.0 1.21 18.49 13:45 13:00 0.27 103.0 101.85 0.648 19 1.02 6.61
5D 24.0 1.21 18.49 19:15 13:45 1.98 101.85 96.85 0.396 19 1.02 4.04
SD 24.0 1.21 18.49 08:55 19:15 5.29 96.85 83.85 0.425 17 1.08 4.59

mini limin l (sec). (10-3 cm/sec) (10-4 cm/sec)

6A 22 1.21 18.49 2 0 120 150 146.3 0.229 19 1.02 3.05
6A 22 1.21 18.49 4 2 120 146.3 142.9 0.281 19 1.02 2.87
6A 22 1.21 18.49 6 4 120 142.9 139.6 0.281 19 1.02 2.87
6A 22 1.21 18.49 8 6 120 139.6 136.4 0.279 19 1.02 2.84
6A 22 1.21 18.49 10 8 120 136.4 133.3 0.276 19 1.02 2.82
6A 22 1.21 18.49 12 10 120 133.3 130.3 0.274 19 1.02 2.80
6B 17 1.21 18.49 2 0 120 160.0 151.3 0.519 19 1.02 5.30
6B 17 1.21 18.49 4 2 120 151.3 142.9 0.530 19 1.02 5.40
6B 17 1.21 18.49 6 4 120 142.9 135.4 0.499 19 1.02 5.09
6B 17 1.21 18.49 8 6 120 135.4 128.2 0.507 19 1.02 5.17
6B 17 1.21 18.49 10 8 120 128.2 120.6 0.565 19 1.02 5.77
6B 17 1.21 18.49 12 10 120 120.6 114.3 0.496 19 1.02 5.06
6C 37 1.21 18.49 2 0 120 145 142.2 0.394 19 1.02 4.02
6C 37 1.21 18.49 4 2 120 142.2 139.0 0.461 19 1.02 4.70
6C 37 1.21 18.49 6 4 120 139.0 136.0 0.440 19 1.02 4.49
6C 37 1.21 18.49 8 6 120 136.0 133.0 0.450 19 1.02 4.59
6C 37 1.21 18.49 10 8 120 133.0 130.1 0.445 19 1.02 4.54
6C 37 1.21 18.49 12 10 120 130.1 127.2 0.455 19 1.02 4.65
6D 33.5 1.21 18.49 2 0 120 159 154.2 0.560 19 1.02 5.71
6D 33.5 1.21 18.49 4 2 120 154.2 149.7 0.542 19 1.02 5.53 N.)

6D 33.5 1.21 18.49 6 4 120 149.7 145.4 0.532 19 1.02 5.43 Co
(..,..)



Table 31. Continued.

Sample

L

(cm)

a

(cm
2)

A

(cm
2)

tl

(min)

to

(min)

tl-t

(sec)

h
0

(cm)

h1
1

(cm) (10-3 cm/sec)

Temp.

(eC)

fit/ 11
20 K20

(10-4 cm/sec)

6D 33.5 1.21 18.49 8 6 120 145.4 141.2 0.547 19 1.02 5.58
6D 33.5 1.21 18.49 10 8 120 141.2 137.3 0.512 19 1.02 5.23
6D 33.5 1.21 18.49 12 10 120 137.3 133.5 0.512 19 1.02 5.22

(hr) 112L1 (104 sec) (10-6 cm/sec) (10-6 cm/sec)

8A 33.05 1.21 18.49 09:20 17:45 5.67 156.36 149.35 1.86 13 1.188 1.56
8A 35.05 1.21 18.49 15:00 17:45 9.52 156.36 125.88 5.22 14 1.167 4.48
8A 35.05 1.21 18.49 17:45 17:45 17.10 156.36 110.64 4.63 14 1.167 3.98
8A 35.05 1.21 18.49 17:30 17:45 25.80 156.36 98.84 4.17 14 1.167 3.57
8A 35.05 1.21 18.49 16:00 17:45 42.60 156.36 89.00 3.03 16 1.11 2.74
8B 12.88 1.21 18.49 09:30 17:45 5.67 99.06 87.78 1.80 13 1.138 1.51
8B 12.88 1.21 18.49 15:00 17:45 9.52 99.06 69.80 3.10 14 1.157 2.66
8B 12.88 1.21 18.49 17:15 17:45 17.10 99.06 56.39 2.78 14 1.167 2.38
8B 12.88 1.21 18.49 17:30 17:45 25.80 99.06 46.63 2.46 14 1.167 2.11
8B 12.88 1.21 18.49 16:00 17:30 8.10 106.68 90.53 1.71 16 1.11 1.54
8C 17.68 1.21 18.49 09:30 17:45 5.67 93.27 81.99 2.63 13 1.188 2.21
8C 17.68 1.21 18.49 15:00 17:45 9.52 93.27 64.31 4.52 14 1.167 3.87
8C 17.68 1.21 18.49 17:15 17:45 17.10 93.27 51.21 4.06 14 1.167 3.48
8C 17.68 1.21 18.49 17:30 17:15 8.73 106.68 89.00 2.40 14 1.167 2.06
8C 17.68 1.21 18.49 16:00 17:15 16.80 106.68 76.20 2.32 16 1.11 2.09
9A 19.20 1.21 18.49 09:30 17:45 5.67 103.3 96.29 1.56 13 1.188 1.31
9A 19.20 1.21 18.49 15:00 17:45 9.52 103.3 83.18 2.86 14 1.167 2.45
9A 19.20 1.21 18.49 17:15 17:45 17.1 103.3 72.21 2.63 14 1.167 2.25
9A 19.20 1.21 18.49 17:30 17:45 25.8 103.3 64.29 2.31 14 1.167 1.98
9A 19.20 1.21 18.49 16:00 17:45 42.6 103.3 57.27 1.74 16 1.11 1.57
9B 18.29 1.21 18.49 09:30 17:45 5.67 102.7 100.89 37.5 13 1.188 31.6
9B 18.29 1.21 18.49 15:00 17:45 9.52 102.7 96.62 77.0 14 1.167 65.8
9B 18.29 1.21 18.49 17:75 17:45 17.1 102.7 92.66 72.0 14 1.167 61.7 N.,
9B 18.29 1.21 18.49 17:30 17:45 25.8 102.7 89.31 64.8 14 1.167 55.5 Cc

4=,



Table 31. Continued.

Sample

L

(cm)

a

(cm
2)

A

(cm
2)

t
1

(hr)

t
0

(hr)

t -tl0
(104 sec)

h
0

(cm)

1

(cm)

K
t

(10-6 cm/sec)

Temp.

CC)

41't20 K
20

(10-6 cm/sec)

9B 18.29 1.21 18.49 16:00 17:45 42.6 102.7 86.87 47.0 16 1.11 42.4
9C 19.20 1.21 18.49 09:30 17:45 5.67 159.4 156.97 34.0 13 1.188 28.7
9C 19.20 1.21 18.49 15:00 17:45 9.52 159.4 152.40 59.2 14 1.167 50.8
9C 19.20 1.21 18.49 17:15 17:45 17.1 159.4 148.13 53.9 14 1.167 46.2
9C 19.20 1.21 18.49 17:30 17:45 25.8 159.4 144.17 48.9 14 1.167 41.9
9C 19.20 1.21 18.49 16:00 17:45 42.6 159.4 141.12 35.9 16 1.11 32.4
10A 21.5 1.21 18.49 13:45 13:00 0.27 55.6 55.2 3.76 19 1.02 3.84
10A 21.5 1.21 18.49 19:15 13:45 1.98 55.2 53.1 2.73 19 1.02 2.79
10A 21.5 1.21 18.49 09:00 19:15 5.32 53.1 47.0 3.22 17 1.08 3.29
10B 20.0 1.21 18.49 13:45 13:00 0.27 89.54 89.34 1.08 19 1.02 1.10
10B 20.0 1.21 18.49 19:15 13:45 1.98 89.34 88.44 0.665 19 1.02 0.678
10B 20.0 1.21 18.49 8:55 19:15 5.29 88.44 86.54 0.537 17 1.08 0.548
10C 19.5 1.21 18.49 13:45 13:00 0.27 126.37 125.92 1.69 19 1.02 1.72
10C 19.5 1.21 18.49 19:15 13:45 1.98 125.92 122.92 1.56 19 1.02 1.59
10C 19.5 1.21 18.49 9:00 19:15 5.32 122.92 112.92 2.04 17 1.08 2.08



Table 32. Permeability calculations for core samples: constant head tests.

L A h t t Q 9/tave Kt Temp. 1.1 /t 20
K20

Station (cm) (cm
2) (cm) (hrs) (104 sec) (cm

3)
(10

-4
cm

3
/sec) (10-6 cm/sec) CC) (10-6 cm/sec)

CD-la 22.86 18.49 116.84 2.5 0.9 -- 20
CD-la 22.86 18.49 116.84 24.0 8.64 9.8 20
CD-la 22.86 18.49 116.84 42.0 15.12 37.0 20
CD-la 22.86 18.49 116.84 49.0 17.64 10.2 19.5

3. 23 3. 418 19. 9 1.00 3.42

CD-2a 30.48 18.49 116.84 2.5 0.9 -- 20
CD-2a 30.48 18.40 116.84 24.0 8.64 6.4 20
CD-2a 30.48 18.49 116.84 42.0 15.12 9.8 20
CD-2a 30.48 18.40 116.84 49.0 17.64 10.6 19.5

1.52 2. 145 19. 9 1.00 2. 15

CD-3a 30.48 18.49 116.84 2.5 0.9 20
CD-3a 30.48 18.49 116.84 24.0 8.64 0.5 20
CD-3a 30.48 18.49 116.84 42.0 15.12 0.5 20
CD-3a 30.48 18.49 116.84 49.0 17.64 1.5 19.5

0.417 0.588 19.9 1.00 0.59

CD-4a 22.86 18.49 116.84 2. 5 0. 9 -- 20
CD-4a 22.86 18.49 116.84 24.0 8.64 1.0 20
CD-4a 22.86 18.49 116.84 42.0 15.12 22.2 20
CD-4a 22.86 18.49 116.84 49.0 17.64 19.8 19.5

2.44 2. 582 19. 9 1.00 2.58

CD-lb 30.40 18.49 115.82 8 5.36 20
CD-lb 30.40 18.49 115.82 12 3.29 20
CD-lb 30.40 18.49 115.82 24 8.64 5.75 20

1.667 2.366 20 1.00 2.37



Table 32. Continued.

Station

L

(cm)

A

(cm
2)

h

(cm)

t

(hrs)

t

(104 sec)

Q

(cm
3)

co/tave

(10
-4

cm
3 /sec)

K
t

(10-6 cm/sec)

Temp.

(°C)

20
K20

(10-6 cm/sec)

CD -2b 22.86 18.49 115.82 8 2.49 20
CD-2b 22.86 18.49 115.82 12 1.72 20
CD -2b 22.86 18.49 115.82 24 8.64 3.45 20

0.887 0.947 20 1.00 0.947

CD -3b 30.48 18.49 115.82 8 2.87 20
CD -3b 30.48 18.49 115.82 12 1.92 20
CD -3b 30.48 18.49 115.82 24 8.64 3.83 20

0.998 1.420 20 1.00 1.42

CD-4b 22.86 18.49 115.82 8 3.45 20
CD-4b 22.86 18.49 115.82 12 2.30 20
CD-4b 22.86 18.49 115.82 24 8.64 4.48 20

L 184 1.264 20 1.00 1.26



Table 33. Insitu permeability: variable head tests.

L a A t
1

to t
1
-t

0
h

0
h

1
Kt Temp. P. ith 20

K20 K20

Station (cm) (cm2) (cm
2)

(sec) (sec) (sec) (cm) (cm) (cm
2/sec)

CC) (cm
2/sec)

(darcys)

SS-1 25 143 434 1320 0 1320 68 49 2.05 x 10
-3

10 1.284 2.63 x 10 -3
2.49

SS-1 25 143 434 3660 0 3660 68 30 1.81 x 10-3 10 1.284 2.32 x 10-3 2.20

SS-1 25 143 434 3960 0 3960 68 28 1.81 x 10-3 10 1.284 2.32 x 10-3 2.20

SS-1 26 143 434 1275 0 1275 72 63 8.65 x 10-4 10 1.284 1.11 x 10-3 1.05

SS-1 26 143 434 1500 0 1500 72 59 1.10 x 10-3 10 1.284 1.41 x 10-3 1.33

SS-1 26 143 434 2340 0 2340 72 53 1.08 x 10-3 10 1.284 1.39 x 10-3 1.31

SS-1 26 143 434 3000 0 3000 72 49 1.06 x 103 10 1.284 1.36 x 10-3 1.29
SS-1 26 143 434 4140 0 4140 72 43 1.03 x 10-3 10 1.284 1.32 x 10-3 1.25

SS-1 26 143 434 4800 0 4800 72 40 1.01 x 10-3 10 1.284 1.30 x 10-3 1.23

SS-1 26 143 434 5460 0 5460 72 37 1.01 x 10-3 10 1.284 1.29 x 10-3 1.22

SS-2 15 143 434 55 0 55 24 22 1.31 x 10-2 10 1.284 1.68 x 10-2 15.9

SS-2 15 143 434 105 0 105 24 20 1.43 x 10-2 10 1.284 1.84 x 10-2 17.4
SS-2 15 143 434 130 0 130 24 19 1.48 x 10-2 10 1.284 1.91 x 10-2 18.0

SS-2 15 143 434 170 0 170 24 18 1.40 x 10-2 10 1.2,84 1.79 x 10-2 17.0
SS-2 15 143 434 210 0 210 24 17 1.36 x 10-2 10 1.284 1.74 x 10-2 16.5

SS-2 20 143 434 40 0 40 23 22 9.18 x 10-3 10 1.284 1.18 x 10-2 11.1

SS-2 20 143 434 70 0 70 23 21 1.07 x 10-2 10 1.284 1.38 x 10-2 13.2

SS-2 20 143 434 100 0 100 23 20 1.15 x 10-2 10 1.284 1.48 x 10-2 14.0
SS-2 20 143 434 145 0 145 23 19 1.09 x 10-2 10 1.284 1.40 x 10-2 13.2



Table 33. Continued.

L a A t1 to t1 -t0 h
0

hl Kt Temp. p.t/ µ20 K20 K20

Station (cm) (cm
2)

(cm
2)

(sec) (sec) (sec) (cm) (cm) (cm
2/sec)

(*C) (cm
2/sec)

(darcys)

SS-2 20 143 434 183 0 183 23 18 1.11 x 10-2 10 1.284 1.42 x 10-2 13.4

SS-2 20 143 434 229 0 229 23 17 1.09 x 10
-2

10 1.284 1.40 x 10-2 13.2

SS-2 25 143 434 40 0 40 27 26 7.79 x 10-3 10 1.284 1.00 x 10-2 9.46

SS-2 25 143 434 75 0 75 27 25 8.47 x 10-3 10 1.284 1.09 x 10-2 10.3

SS-2 25 143 434 110 0 110 27 24 8.84 x 10
-3

10 1.284 1.14 x 10-2 10.7

SS-2 25 143 434 149 0 149 27 23 8.87 x 10-3 10 1.284 1.14 x 10-2 10.8

SS-2 25 143 434 190 0 190 27 22 8.89 x 10-3 10 1.284 1.14 x 10-2 10.8

SS-3 14 143 434 85 0 85 41 40 2.40 x 10-3 8 1.357 3.26 x 10-3 3.08

SS-3 14 143 434 175 0 175 41 39 2.36 x 10-3 8 1.357 3.20 x 10-3 3.03

SS-3 14 143 434 270 0 270 41 38 2.32 x 10-3
8 1.357 3.15 x 10-3 2.98

SS-3 14 143 434 180 0 180 54 52 1.73 x 10-3 8 1.357 2.35 x 10 3- 2.22

SS-3 14 143 434 395 0 395 54 50 1.61 x 10-3 8 1.357 2.18 x 10-3 2.07

SS-3 14 143 434 515 0 515 54 49 1.56 x 10-3 8 1.357 2.11 x 10-3 2.00

SS-3 24 143 434 475 0 475 52 50 5.09 x 10-4 8 1.357 6.90 x 10-4 0.653

SS -3 27 143 434 540 0 540 72 70 4.31 x 10-4 8 1.357 5.84 x 10-4 0.553

SS-3 27 143 434 980 0 980 72 68 4.82 x 10
-4

8 1.357 6.53 x 10-4 0.618

SS-3 27 143 434 1265 0 1265 72 67 4.70 x 10 -4
8 1.357 6.38 x 10-4 0.603

SS-3 27 143 434 1730 0 1730 72 65 4.88 x 10-4 8 1.357 6.62 x 10-4 0.627

SS-3 26 143 434 600 0 600 75 70 9.0 x 10-4 10 1.284 1.16 x 10
-3

1.09 tv



Table 33. Continued.

Station

L

(cm)

a

(cm2)

A

(cm
2

)

t
1

(sec)

to

(sec)

t
1
-t
0

(sec)

h
0

(cm)

h
1

(cm)

Kt

(cm
2
/sec)

Temp.

('C)

lut/la
20

K
20

(cm2 /sec)

K
20

(darcys)

SS-3

SS-4

SS-4

SS-4

SS-4

SS-4

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

SS-6

26

11

11

11

11

11

15

15

20

20

25

25

26

26

26

26

26

26

26

143

143

143

143

143

143

143

143

143

143

143

143

143

143

143

143

143

143

143

434

434

434

434

434

434

434

434

434

434

434

434

434

434

434

434

434

434

434

740

95

170

385

410

580

27

60

60

106

55

100

25

170

13

33

50

74

116

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

740

95

170

385

410

580

27

60

60

106

55

100

25

170

13

33

50

74

116

70

52

52

52

52

52

32

32

72

72

72

72

62

62

62

62

62

62

62

68

47

42

37

32

27

22

12

32

12

32

12

42

32

52

42

32

22

12

1.17 x 10
-3

8.79 x 10
-3

1.04 x 10
-2

7.30x 10
-3

9.78 x 10
-3

9.33 x 10
-3

1.15 x 10
-1

1.35 x 10
-1

1.12 x 10
-1

1.40x 10
-1

1.22 x 10
-1

1.48 x 10
-1

1.29x 10
-1

3.21 x 10
-2

1.11 x 10
-1

9.74x 10
-2

1.09x 10
-1

1.18 x 10
-1

-1
1.17 x 10

10

8

8

8

8

8

8

8

8

8

8

8

7

7

7

7

7

7

7

1.284

1.357

1.357

1.357

1.357

1.357

1.357

1.357

1.357

1.357

1.357

1.357

1.397

1.397

1.397

1.397

1.397

1.397

1.397

1.50 x 10
-3

1.19 x 10
-2

1.41 x 10
-2

9.90 x 10
-1

1.32x 10
-2

1.27 x 10
-2

1.55 x 10
-1

1.83 x 10
-1

1.51 x 10
-1

1.89x 10
-1

1.65 x 10
-1

2.01 x 10
-1

1.80x 10
-1

4.49 x 10
-2

1.56 x 10
-1

1.36 x 10
-1

1.53 x 10
-1

1.62x 10
-1

-1
1.63 x 10

1.42

11.3

13.3

9.37

12.6

12.0

147

173

143

179

156

190

170

42.5

148

129

144

153

155
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Table 34. Variation of permeability with core length.

Sample L (cm) K
20

(cm/sec) Sample L (cm) K20 (cmsec)

SS1-F
3

SS1-F
1

SS1-F
2

SS1-S
2

SS1-S1

SS1-F3

SS-1-A

SS-1-B

SS-1-C

SS-1-D

SS-1-E

SS-1-F

SS-1-G

SS-1-H

SS-2-A

SS-2-B

SS-2-C

SS-2-D

SS-3-A

SS-3-B

SS-3-C

SS-3-D

30.0 6.40 x 10

35.0 1.26 x 10

29.0

33.5

43.0

-4

-4

8.95 x 10
-4

8.04 x 10-4

2.75 x 10-5

45.7 2.11 x 10

6.0

11.0

10.0

16.5

24.0

22.5

35.0

37.5

18.0

14.0

16.0

26.0

11.5

16.0

32.0

28.0

-4

2.58 x 10-4

2.50 x 10-4

1.11 x 10-3

3.03 x 10-4

1.07 x 10-3

2.19 x 10-4

4.15 x 10-4

3.41 x 10-4

2.15 x 10 -2

2.23 x 10
-2

1.82 x 10-2

2.76 x 10-2

0.717 x 10

0.341 x 10-3

0.993 x 10-3

-3

1.57 x 10-3

SS-4-A

SS-4-B

SS-4-C

SS-4-D

SS-5-A

SS-5-B

SS-5-C

SS-5-D

SS-6-A

SS-6-B

SS-6-C

SS-6-D

IS-10-A

IS-10-B

IS-10-C

IS-CD
1

-1

IS-CD
1
-2

IS-CD
1

-3

IS
1
-4

IS-CD
2

-1

IS -CD2 -2

IS-CD 2-3

IS-CD
2

-4

11.4 0.790x 10

21.0

- 2

1.19 x 10 -2

30.0 0.717 x 10

29.0 0.797 x 10

14.0

24.5

29.5

24.0

22.0

17.0

37.0

33.5

21.5

20.0

19.5

22.9

30.5

30.5

23.9

30.4

22.9

22.9

30.5

- 2

- 2

9.66 x 10 -6

4.56 x 10 -6

2.43 x 10-6

4.32 x 10
-6

2.87 x 10-4

5.30 x 10
-4

4.50 x 10
-4

5.45 x 10-4

3.04 x 10 5-

6.13 x 10-7

1.84 x 10-6

3.42 x 10-6

2.15 x 10-6

S. 90 x 10-7

2.58 x 10-6

2.37 x 10-6

9.47 x 10-7

1.26 x 10-6

1.42 x 10 -6



Table 35. Saltwater versus freshwater permeability calculations for core samples: variable head tests.

Sample

L

(cm)

a

(cm
2)

A

(cm
2)

t
1

(min)

to
0

(min)

t
1
-t

0

(sec)

h
0

(cm)

h
I

(cm)

K

(10-5 cm/sec)

Temp.

('C)

P. /N.
t 20

K20

(10-5 cm/sec)

SSI -F
2

28.96 1.21 18.49 5 0 300 46.33 41.13 1.25 17 1.08 1.35

SSI -F
2

28.96 1.21 18.49 10 5 300 41.13 37.23 1.05 17 1.08 1.13

SSI -F
2

28.96 1.21 18.49 15 10 300 37.23 33.13 1.23 17 1.08 1.33

SS1-F2 28.96 1.21 18.49 20 15 300 33.13 29.63 1.17 17 1.08 1.27

SSI-F
2

28.96 1.21 18.49 25 20 300 29.63 26.33 1.24 17 1.08 1.34

SS1-F2 28.96 1.21 18.49 30 25 300 26.33 23.33 1.27 17 1.08 1.37

SS1-F2 28.96 1.21 18.49 35 30 300 23.33 20.33 1.45 17 1.08 1.57

SSI -F2 28.96 1.21 18.49 40 35 300 20.33 17.63 1.50 17 1.08 1.62

SS1-F2 28.96 1.21 18.49 45 40 300 17.63 14.93 1.75 17 1.08 1.75

SS1-F2 28.96 1.21 18.49 50 45 300 14.93 12.33 2.01 17 1.08 2.18

SS1-S
2

33.53 1.21 18.49 5 0 300 51.51 48.21 0.807 17 1.08 0.872

SS I -S
2

33.53 1.21 18.49 10 5 300 48.21 44.91 0.864 17 1.08 0.934

SS1-S2 33. 53 1.21 18.49 15 10 300 44. 91 41.61 0. 930 17 1.08 1.00

SS1 -S2 33.53 1.21 18.49 20 15 300 41.61 38.31 1.01 17 1.08 1.09

SS I -S
2

33.53 1.21 18.49 25 20 300 38.31 35.01 1.10 17 1.08 1.19

SS1-S2 33.53 1.21 18.40 30 25 300 35.01 31.71 1.20 17 1.08 1.30

SS1-S
2

33.53 1.21 18.49 35 30 300 31.71 28.51 1.30 17 1.08 1.40

SS1-S2 33.53 1.21 18.49 40 35 300 28.51 25.21 1.50 17 1.08 1.62

SS 1 -S
2

33.53 1.21 18.49 45 40 300 25.21 21.91 1.71 17 1.08 1.85

SS1-S2 33.53 1.21 18.49 50 45 300 21.91 18.61 1.98 17 1.08 2.14



Table 35. Continued.

Sample

L

(cm)

a

(cm
2)

A

(cm
2)

t
1

(min)

t
0

(min)

tl-t0

(sec)

h
0

(cm)

h1

(cm)

Kt

(10-5 cm/sec)

Temp.

(C)
4/1120 K20

(10-5 cm/sec)

SS1-S
3

30.0 1.21 18.49 5 0 300 60.00 54.80 0.989 14 1.167 1.15

SS1 -S3 30.0 1.21 18.49 10 5 300 54.80 50.80 0.827 14 1.167 0.965

SS1 -S
3

30.0 1.21 18.49 15 10 300 50.80 46.80 0.895 14 1.167 1.04

SS1 -S3 30.0 1.21 18.49 20 15 300 46.80 43.30 0.848 14 1.167 0.989

SS1-S3 30.0 1.21 18.49 25 20 300 43.30 40.05 0.851 14 1.167 0.993

SS1 -S3 30.0 1.21 18.49 30 25 300 40.05 36.95 0.879 14 1.167 1.02

SS1 -S3 30.0 1.21 18.49 35 30 300 36.95 33.95 0.924 14 1.167 1.08

SS1-S
3

30.0 1.21 18.49 50 35 300 33.95 31.15 0.939 14 1.167 1.10

SS1-S
3

30.0 1.21 18.49 45 40 300 31.15 28.45 0.989 14 1.167 1.15

SS1-5
3

30.0 1.21 18.49 50 45 300 28.45 25.95 1.00 14 1.167 1.17

SS1-F
1

35.0 1.21 18.49 5 0 300 70.00 69.00 0.183 14 1.167 0.213

SS1-F
1

35.0 1.21 18.49 10 5 300 68.00 67.10 0.170 14 1.167 0.198

SS1-F
1

35.0 1.21 18.49 15 10 300 67.10 66.20 0.172 14 1.167 0.201

SS1-F
1

35.0 1.21 18.49 20 15 300 66.20 65.30 0.174 14 1.167 0.203

SS1-F
1

35.0 1.31 18.49 25 20 300 65.30 64.40 0.177 14 1.167 0.206

SS1-F
1

35.0 1.21 18.49 30 25 300 64.40 63.50 0.179 14 1.167 0.209

SS1 -F
1

35.0 1.21 18.49 35 30 300 63.50 62.60 0.182 14 1.167 0.212

SS1 -F
1

35.0 1.21 18.49 40 35 300 62.60 61.70 0.184 14 1.167 0.215

SS1-F
1

35.0 1.21 18.49 45 40 300 61.70 60.80 0.187 14 1.167 0.218



Table 35. Continued.

Sample

L

(cm)

a

(cm
2)

A

(cm
2)

ti to

(min) (min)

t1 -t0

(sec)

h
0

(cm)

h
1

(cm)

Kt

(10
-5

cm/sec)

Temp.

(°C)

µt /µ 20 K20

(10-5 cm/sec)

SS1 -F3 45.7 1.21 18.49 S 0 300 53.34 52.34 0.315 17 1.08 0.340
SS1-F3 45.7 1.21 18.49 10 5 300 52.34 51.34 0.321 17 1.08 0.346
SS1-F

3
45.7 1.21 18.49 15 10 300 51.34 50.34 0.327 17 1.08 0.353

SS1-F
3

45.7 1.21 18.49 20 15 300 50.34 49.34 0.334 17 1.08 0.360
SS1-F

3
45.7 1.21 18.49 25 20 300 49.34 48.34 0.340 17 1.08 0.368

SS1-F
3

45.7 1.21 18.49 30 25 300 48.34 47.34 0.348 17 1.08 0.375
SS1-F

3
45.7 1.21 18.49 35 30 300 47.34 46.44 0.319 17 1.08 0.345

SS1-F3 45.7 1.21 18.49 40 35 300 46.44 45.54 0.325 17 1.08 0.351
SS1-F

3
45.7 1.21 18.49 45 40 300 45.54 44.64 0.332 17 1.08 0.358

SS1-F
3

45.7 1.21 18.49 50 45 300 44.64 43.74 0.339 17 1.08 0.367
SS1-S

1
43.0 1.21 18.49 5 0 300 60.0 59.85 0.0391 14 1.167 0.0455

SS1 -S1 43.0 1.21 18.49 10 5 300 59.85 59.70 0.0392 14 1.167 0.0458

SS1 -S1 43.0 1.21 18.49 15 10 300 S9.70 59.55 0.0393 14 1.167 0.0459

SS1 -S1 43.0 1.21 18.49 20 15 300 59.55 59.40 0.0394 14 1.167 0.0460
SS1-S1 43.0 1.21 18.49 25 20 300 59.40 59.25 0.0395 14 1.167 0.0461

SS1-5
1

43.0 1.21 18.49 30 25 300 59.25 59.10 0.0396 14 1.167 0.0463

SS1-5
1

43.0 1.21 18.49 35 30 300 59.10 58.95 0.0397 14 1.167 0.0464
SS1 -S1 43.0 1.21 18.49 40 35 300 58.95 58.80 0.0398 14 1.167 0.0465

SS1-51 43.0 1.21 18.49 45 40 300 58.80 58.65 0.0399 14 1.167 0.0466

SS 1-5 43.0 1.21 18.49 50 45 300 58.65 58.50 0.0400 14 1.167 0.0467 NJ
1

4=,



Table 36. Dimensionless concentration versus time data.

Station SS-1: Initial time, Oct. 25 @ 10:30 a. in.
Date: 10/25 10/26 10/27 10/28 10/29 10/30
Time (hrs): 0.00 1.0 4. 33 7.67 21.67 28. 25 30.5 72.5 77. 63 99.33 122 126.5
Probe:

1 . 292 . 275 . 292 . 292 . 298 . 327 . 339 Meter . 719 . 673 . 877 . 982 . 994
2 .200 .337 .395 .405 .426 .458 .468 quit .632 .639 .658 .763 .689
3 .180 .180 .185 .185 .185 .210 .210 .325 .328 .510 .710 .750
4 .200 . 163 . 175 . 175 . 180 . 185 . 185 . 245 . 253 . 340 .470 .450

Station SS-2: Initial time, Oct. 16 @ 8:00 a. m.
Date: 10/16 10/17 10/18 10/19
Time (hrs): 0.00 1. 7 5 10.5 25. 7 30. 7 33.75 47 56. 8 58. 7 72. 75 81. 7
Probe:

1 . 138 . 165 . 215 . 325 . 675 . 760 .815 . 905 . 965 . 953 . 958 . 963
2 . 140 . 153 . 195 . 285 . 595 . 710 . 775 . 840 . 890 . 905 . 925 . 945
3 . 163 . 168 . 245 . 330 . 678 . 853 . 890 . 935 . 935 . 930 . 935 . 955
4 . 190 . 210 . 273 . 370 . 685 . 890 . 853 . 988 . 983 . 983 . 983 . 988

Station SS-3: Initial time, Oct. 21 © 11:00 a. m.
Date: 10/21 10/23 10/24 10/25 10/26
Time (hrs): 0. 00 1. 0 6. 0 23.5 31. 25 48. 75 51. 75 55.5 72 76 79. 33 93. 0 100 103.
Probe:

1 .267 .276 .276 .343 .343 .429 .419 .429 .595 .571 .548 .576 .586 .562
2 . 158 . 166 . 166 . 218 . 210 . 300 . 263 . 242 . 274 . 263 . 253 . 268 . 329 . 329
3 .205 .211 .211 .223 .232 .386 .337 .341 .459 .459 .441 .500 .545 .536
4 .222 .222 .222 .280 .311 .493 .584 .676 .889 .898 .907 .956 1.00 1.00
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Table 36. Continued.

Station SS -3 (continued): Station SS-4: Initial time, Oct. 16 p 8:35 a. m.
Date: 10/27 10/28 10/29 Date: 10/16 10/17 10/18
Time (hrs): 144 148.5 170 Time (hrs): 0.00 1. 7 5. 0 10.6 25. 7 30. 7 33. 75 47. 0
Probe: Probe:

1 Meter .619 .581 .609 1 .125 .262 .545 .813 .995 1.00 1.00 1.00
2 quit .500 .379 .400 2 .125 .238 .520 .755 .945 .988 .995 1.00
3 .636 .641 .682 3 . 188 .250 .535 .830 . 950 .980 .985 1.00
4 1.00 .933 .956 4 .210 .315 .570 .835 1.00 1.00 1.00 1.00

Station SS-6: Initial time, Oct. 22 p 11:30 a. m.
Date: 10/22 10/23 10/24 10/25 10/26
Time (hrs): 0.00 4.67 22.5 30.5 48.0 51.0 54.5 71. 25 75.0 77.5 92.5 98.0 102.5
Probe:

1 . 180 . 180 .425 .445 675 .675 .650 .765 . 760 .760 .760 .755 . 750
2 . 200 . 203 . 240 250 . 438 . 460 .550 . 640 .675 . 690 . 660 . 650 . 675
3 .100 .190 .200 .213 .252 .255 .255 .470 .470 .560 .700 .700 .710
4 . 210 .210 . 210 . 220 . 235 . 235 . 225 . 310 . 305 . 305 . 335 . 345 . 345

Date: 10/27 10/28 10/29 10/30
Time (hrs): 143.0 144.5 171.0 191.5
Probe:

1 Meter . 695 . 730 . 850 .810
2 quit .725 .785 .900 .890
3 . 725 . 740 . 900 . 875
4 .430 .438 .510 .600


