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" APPLICATION OF THE COU.,OIDAL BO_PE IN A

GROUNDWATER FLOW DEIMqEATION STUDY AT THE
l

MASSACHUSETTS MR,FFARY RI_ERVATION

ABSTRACT

Observations of colloidal movement under natural conditions using the

colloidal bore.scope were conducted at several sites in the vicinity of the Massa-

chusetts Military Reservation (MMR) located on Cape Cod. The purpose of the

study was to assess the reliability of the colloidal borescope and provide additional

hydrogeologic data for site-characterization work. Because of the variability

observed in groundwater flow at other sites, a well-characterized site was needed

to test the borescope. Results of this work indicate that existing hydrologic infor-

. mation specific to the various sites tested at the MMR compares favorably with

the borehole velocity data collected with the colloidal borescope. Direction

• measurements at the MMR, however, appear to be less reliable than at other sites

tested. Most significant among factors potentially affecting direction measure-

ments is the relatively flat hydraulic gradient at the MMR, which is an order of

magnitude less than at other sites. This is due to the gentle topography and the

relatively high permeability of the aquifer. Under these conditions, the geometric

alignment of preferential flow paths could dominate flow direction. If the gradient

is increased, flow will tend to parallel the hydraulic gradient. This report describes

the field site and the colloidal borescope and discusses the results and conclusions

of the field investigations.

vii



1. INTRODUCTION

The colloidal borescope, developed at Oak Ridge National Laboratory
Ib

(ORNL) in Grand Junction, Colorado, is capable of determining groundwater flow

direction and rate/n situ. Unlike conventional hydraulic testing methods, no water

is extracted from the well and disposal costs are avoided. Because of the/n s/tu

advantage of the colloidal borescope, it was selected to measure groundwater flow

rates in the Sandwich area at the Massachusetts Military Reservation (MMR) on

Cape Cod.

Preliminary investigations have indicated that groundwater contamination is

present in the Sandwich area. Because of the prolific aquifer underlying the area,

a conventional pump test for measuring hydraulic properties would require the dis-

posal of large quantities of potentially contaminated water. To avoid these costs

and obtain the necessary hydraulic information, the colloidal borescope was tested

at the site.

Since the colloidal borescope is an experimental instrument, it was necessary

to perform tests at several sites on MMR where conventional hydraulic tests have

been previously conducted. Using calibration data from these sites, flow rates

could then be measured in the Sandwich area.

This report discusses the site background, describes the instrument, and

presents the results of the field investigation.

1



2. SITE BACKGROUND

2.1 srrE _RY

The MMR is located in the western portion (western cape) of Cape Cod

(Fig. 1). Several facilities, including those operated by the U.S. Coast Guard, U.S.

Army National Guard, U.S. Air Force, U.S. Air National Guard, Veterans Admin-

istration, and Commonwealth of Massachusetts, are located within the reservation.

The reservation occupies about 22,000 acres, with the earliest militaryactivity

dating back to 1911. Most militaryoperations, however, have occurred since 1935

and consisted of mechanized army trainingand militaryaircraftoperations.

z1.1 hreasof

The colloidal borescope studies focused on four areas located within and adja-

cent to the reservation. Area selection was based on the inventory of available

hydrologic information and the need for additional hydrologic data. Three areas

had sufficient hydrologicdata available to assess the reliability of the borescope.
u'

The fourth study area (Sandwich area), however, lacked the necessary data to

evaluate instrument reliability.

zl - c,eoio setting

Topographic _eaturesof the Western Cape are controlled by two major

surficial geologic units. Hummocky ridges dominate areas underlain by glacial

moraines such as the Buzzards Bay moraine (BBM) and the Sandwich moraine

(SM) (Fig. 2). Here, rapid changes in elevation of 18 to 30 m are common

(Jordan 1988). In contrast, the topography of the outwash plains is generally

flatter, and changes in elevations are limited to kettle holes that have pitted the

ground surface. This area is called the Mashpee Pitted Plain (MPP).
m,
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MPP sediments range in approximate thickness from 69 m near the moraines

to 30 m near the shore of Nantucket Sound. They are characterized by well-sorted

sand and gravel, known as outwash, or stratified drift deposited by glaciofluvial

transport in a proglacial environment (Jordan 1988). The MPP was deposited

between the two adjacent glacial lobes as the sediment-laden meltwater from the

two lobes flowed seaward (Oldale 1981). After the deposition of the MPP, the

glacial lobes advanced creating the BBM and SM. Discontinuous sedimentary

structures and other stratigraphic variations such as cross-bedding suggest that the

geometry of the two advancing glacial lobes had a significant effect on the

depositional environment of the MPP (Jordan 1988).

The fluvial processes that controlled the dcpositional environment of the

Western Cape resulted in well-sorted sediments with relatively uniform grain-size

distribution that are typically very permeable. The MPP is considered a relatively

homogenous stratigraphic unit on a regional scale. However, local investigations

of areas on the MMR suggest heterogcneities are present in the MPP. These

heterogencities result in variations in the permeability and in the ability of the

sediments to conduct groundwater.

Previous geologic investigations beneath the MPP have encountered either

" fine-grained glaciolacustrine stratum or dense basal till beneath the outwash

sediments. More information of the geology of Cape Cod is presented in publi-

cations by Oldale (1981) and Oldale and Barlow (1986).

2.13 Site Hydrology

It has been established in the literature that the thickness of the aquifer in

the vicinity of the MMR is approximately 100 m of unconsolidated sediments.

LeBlanc et al (1991) determined that the upper 30 m of the aquifer consist of

permeable, stratified, sand and gravel outwash that is underlain by 70 m of fine-

grained sand and silt. According to these investigators, the median grain size of

the outwash is approximately 0.5 mm, and silt and clay content is less than 1%.



6

Based on the number of hydrologic investigations conducted in the area, there

is a wide range of hydraulic conductivity (K) values for the outwash aquifer

material (10 to 244 m/day). The range is attributable not only to the variabilityof

measurement techniques but to the heterogeneity of the aquifer sediments as weil.

Review of the literature suggests a K value in the range of 110 m/day provides a

realistic conductivity that can be applied to three of the study areas in this report.

Analysis of the colloidal boresc_pe data for the fourth site indicates the permea-

bility for this area is considerably higher. This is supported by pumping test data

from a nearby well that estimate a K value approaching 250 m/day in this area.

The literature reports effective porosity (n) values for the outwash sediments

ranging from 0.20 to 0.40. Based on small-scale tracer tests and spacial moments

analysis in a large-scale tracer test, LeBlanc et al. (1991) estimated an effective

porosity of 0.39, which was used in the calculations presented in this report.

The hydraulicgradient (i) for each study area was determined using water-

level and well-location information. The gradient values calculated are ali within

the range reported in the literature with one exception. The gradient calculated

for the fourth study area is lower by one order of magnitude. Increased permea-

bility in this area, as suggested by pumping test results in a nearby weil, may
4"

account for the lack of influence this flatter gradient had on the observed borehole

flow velocities. The general direction of flow for the aquifer is to the south, which

is affected locally by kettle ponds.

2.2 INSTRUMENT DEVELOPMENT AND DI_CRIFTION

The colloidal borescope was developed at ORNL as part of the Exploratory

Studies Program. The instrument consists of two stainless steel housings that are

connected by a threaded, multi-pin coupling. The upper housing or compass

module contains a charge-coupled device (CCD) camera, an illumination source,

and a fluid-filled ball compass. The lower housing or instrument module contains a

second CCD camera, an optical magnification lens, and illumination sources. A
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diagramof the colloidal borescope is provided in Fig. 3. The device is approx-

imately 100 cm long and has a diameter of 44 mm, facilitating insertion into a

5-cre-diameter observation weil. After insertion into the observation weil, the

electronic image is transmitted to the surface by a 62-m fiber optic umbilical cable,

where it is viewed on a 25-cm monitor and recorded on VI-IS tape for further

analysis. The magnified image recorded on the VHS tape corresponds to a field of

view of approximately 1 x 1.44 x 0.1 mm.

23 MErHODS

2.3.1 Initial Setup of Equipment

' The umbilical fiber optic cable is removed from the shipping container and

" uncoiled to remove any kinks and twists. It is important to keep the multi-pin

connectors at both ends of the cable clean during this process. After the cable has

been straightened, the multi-pin connector unions of the cable, the compass

module, and the instrument module are inspected before connections are

" attempted. The cleanliness and integrity of the electrical pins, O-ring seals,

alignment slots, and threaded couplings should be assessed to promote proper

alignment and seal during assembly.

Following inspection of the multi-pin connectors, the compass module is

attached to the male end of the umbilical cable. The instrument module is then

attached to the male end of the compass module. If the multi-pin connectors are

clean and aligned properly, they should slide together under moderate hand

pressure. Threaded couplings should be hand tightened only; wrenching of the

threaded couplings should not be attempted. If the threaded couplings become

tight, the connector union is gently jiggled by hand while pressing the male/female

. couplings together. This should facilitate further tightening of the threaded

coupling. If resistance is still apparent, the connection is disassembled and the pin

" alignment and cleanliness of threads reinspected, lt is most important that these

connections are not forced.
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COLLOIDAL BORESCOPE
" Assessment of Colloid Movement and Groundwater Velocity in

Monitoring Wells using Video Optic Techniques

TECHNOLOGY DATA SHEET

TECHNICAL Pete M.KeLr! Scott I._t
CONTACTS EnvironmentalScienceDivision _/Env_t SystemsDivision

OakRidgeNat_onaJLaboratory Oak Ridge[n.s_mmforScienceandEducation
P.O. Box2567 P.O.Box2657
GrandJunction,CO 81502 GrandJunction,CO 81502
(3(13)248.-6211 (303) 248-6190
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TECHNOLOGY coupleddevice(CCD)camera,anoptical tnmsmJmedtothesurfacebya33m fiberopUc

magnificationlens,an illml_n source, cable.Theimageisviewedon• high resolution25
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Theborescopemeuuremm_t_ uses flow rneB_ts.

CAPABILITIES The colloidal bomcope is capableof cally based groundwater flow and mmsport
theverticalandspatial mode[that moreaccuratelydescribesthemove-

distributionoflocalgrounchvam'vekx:ity, bothin mintofconlammantainthesubsurface.The
. magnitude and direction. The obse_stional imlz_n_t altoprovides the capability,of observ-

capabilibesprovide thepolml_alform_mcing an ing flowproceumat theporescale.Theinstru-
unclmlmnclingof porous flow at the rnoetbasic mint iscal_bleof aumemnglocalflowveiocmes
level. Itiscapableo6mmsuringdirK_onandvek_ nm_fromOtolSmmtsec, whichgreatly
citiesinlow-andhiSh-_le matm_ The exceedseventhefastestgroundwa'm'flowveioo-
immunmt couldprovidethebuis for • stoch_- tiesin monitoring wells.

APPLICATIONS The bomsmpe ii usedasin-_itu radiusof inllum_eof Ipoundwsterextraction
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_mndwatm' flow_ andme. Curt_t evaluabt_ theeffectsof samplb_on colloidal
applicstlm_induckr sl_ d_sc_xxal_c_ by concm_'abon_ Po_m_l_alapplica_m include

p_.fenmba]flowpathsandfraclunm; providingphysicalobserva_oncapabilibes
auaumn8_tim aumiamd with porous n,cm,_ mdevdopandconfirmnew,more
mmdi_ amblishi_ the mmtmce o_ inuniscible accurate_ mx_s c_ the porous media
conmmimmntlayers and their m_x_md flow flow pmce_ and asmessin_theeffects of water
propertim; messing the efrx-im_ o_gmundwam" samplin_ m:hn_m on natural colioid_ comm-
mmdmUon pna'mm by ck.mnmU¢_ the e[fecUve umtmm.
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ColloidalBorescope

LIMITATIONS Colloidaldensityisgreatlyaffectedby requiredfortransientturbulencetodecline.Flow
perturbationscausedbyinstrument underlowgradientconditionsisnotinauniform,

insertion.A periodof30rain.isgenerally consistentdirection.

REQUIREMENTS Completewell records,a th.o_ough operationof theinslruma'ltanddata interpreta-
understandingofwell constructionand tionisstraightforward.

developmenttechniquesareessential.The

USER Jc_RosMbi RobertPub

REFERENCES wm_gou._,SavannahRiver EnvironmentalPromctsonAgency
Building773-42A, l_bertS.Ken,Environmental
Ailum,SC 29802 R,uarch laboratory
(803)725-5220 P O.Box1198

Ada,OK 74820
(405)332-2262
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After connecting the female end of the cable to the video monitor/control

" console, the video recorder may be connected. The video in/out signal from the

video recorder is connected to the video monitor/control console via the video

signal cables supplied with the video recorder.

Finaly, the measuring tape is attached to the instrument module to assess the

depth of the field of view in the weil. The zero markof the measuring tape is

positioned at the focal point of the instrument, approximately midway between the

back lighting source and the optic window of the instrument. The measuring tape

is then secured to the cable approximately 1 m above the cable/compass module

union. The lower end of the measuring tape is folded back and secured to the

cable. Any loose folds or loops in the measuring tape that may catch on protru-

sions extending into the well bore must be secured.

Once electrical power is connected to the video monitor/control console and

the video recorder, the instrument is readyfor insertion into the observation well

to record flow data.

Prior to insertion into the observation weil, the compass module and instru-

. ment module are aligned with the top of the instrument camera corresponding to

magnetic north as indicated by the compassmodule. A notch has been scribed in

• the instrument housing that corresponds to the top of the instrument camera.

Once the alignment is completed, a mark is made on the compass module that

matches the notch on the instrument module. A toggle switch on the monitor

allows the operator to change between "compassview" and "forwardview" to verify

the alignment procedure. The multi-pin union connecting the compass and instru-

ment modules is tightened to prevent any further rotation of the modules. The

alignment of the modules is periodically checked during use to prevent the collec-
-

tion of erroneous directional data.

2.3.2 Recording Field Measurements

d

After locating the observation weil, a water-level measurement is taken and

recorded in the field notebook. The borescope instrument is lowered into the well

to the desired depth and secured at the surface with a clamp. The monitor is
_
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turned on and the "compassview" switch is toggled. The borescope is then rotated

by turning the cable until the compass needle points to the top of the monitor.

The "forwardview"switch is toggled, and flow is observed until steady, consistent

movement is obtained. The recorder is turned on, the prenumbered VI-IS tape

inserted, and approximately 15 rain.of data recorded. Before the recording of

colloids begins, the "compassview" switch is toggled, and the compass direction is

recorded for approximately 30 s. Then, without turning off the recorder, the

"forwardview"switch is toggled, and the recording of colloids begins. After the

colloid recording is complete: the "compassview" is toggled, and the compass

direction is recorded again without stopping the tape. The field notebook is used

to record the date of colloid measurement, the VHS tape number, the well

number and location, the depth of the interval being recorded, the depth to water,

and the time recording begins and ends for each well or depth interval measured.

Also noted are the general direction of flow, degree of observed vertical flow, any

changes of flow direction observed while recording, and any other observations

useful to the analysisof the data. Any changes in procedures are also recorded in

the field notebook.

G

2.3.3 Data Analysis

Measurement of colloid velocity in the well bore is accomplished by analysis of

the recorded images. This analysisbegins by connecting the video monitor/control

console to a VHS recorder equipped with a jog/shuttle that permits a frame-by-

frame analysis. Data recorded in the field notebook are used to verify which VHS

tape is being analyzed by comparing the VHS tape number, the observed flow

directions, and the recording lengths of specified intervals. Once the verification is

complete, the actual data analysis begins by viewing the recorded compass direc-

tion at the beginning of the recording. A straightedge and a felt-tip pen are used

to record the compass direction on the video monitor screen. The tape is then

fast-forwarded to the compass recording at the end of that particularrecording
q

segment to determine if there was any movement of the instrument during the

= recording. If these directions do not coincide, the compass direction recorded at

-
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the end of the segment is marked on the monitor screen, and the first compass
a

direction markis erased.

. The tape is then rewound tO the first compass recordingand allowed tO play

at normal speed. After a colloidal particle is selected, the tape is stopped using

the jog shuttle, the position of the colloid is noted on the screen, and the tape is

advanced 40 frames. The position of the colloid is again noted on the screen. The

distance between the colloid's initial position and final position is measured and

recorded in centimeters. To determine the direction of colloid movement, a

straight line connecting the initial and final colloid positions is drawn to intersect

the compass direction line previously marked on the screen. A protractor is used

to measure the angle, and the bearing is recorded. The bearing recorded should

then be adjusted for the known magnetic declination applicable to the location.

To obtain representative data on colloid velocity and direction for that particular

recorded interval, the above procedure is repeated eight to twelve times by

advancing the tape 1 to 2 min between individualcolloid measurement. The mean

¢,f the distances recorded is calculated and then divided by the number of frames

. used (40 frames) duringeach measurement to obtain a value in cm/frame. To

obtain a value in cm/s and to correct for the magnification factor of 140X, the

cm/frame value is multiplied by 0.214 frames/s. This latter coefficient is derived by

multiplying the speed of the tape (30 frames/s) by the inverse of the magnification

factor (1/140).

While observed colloidal movement has been generally uniform, some

slight perturbations do exist. In order to smooth out these perturbations and

obtain a more representative value of the macroscopic average flow velocity,

numerous colloid velocity measurements at specific flow depths are needed.

Therefore, the representativeness of the macroscopic average for a particular area

is generally a function of the number of measurements made at a specific flow

depth. Colloid velocity is thus expressed as the mean of a specific set of measure-

. ments.
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2.3.4 CalibrationCoemcient
as

Because groundwater flowsfrom a porous mediumof finitepermeabilityand

porosity to a cylinderof _anite permeability anda porosity of one, potential flow

theoryindicateshigherflowvelocities in the boreholeby a factorof two. Drostet

al. (1968)predictedflowvelocitiesin the boreholefourtimes higherthan the

adjacentporousmedium. Cronk(1992) has proposeda continuumapproachthat

canexplainflow velocitieshigherthenthose predictedeither byDrost et al. (1968)

or bypotentialflow theory. Previousfieldmeasurementshaveshownborehole

velocitiesto be 15 to 25 times higherthanthose of the adjacentporous medium.

To date,no obviousexplanation,for the observedhighvelocity field in the well

bore has been developed;however,valuableinsighthasbeen gainedconcerning

the physicalmechanismsgoverningtlowat the pore scale.

In orderto equatebore hole velocitywithseepage velocity,a calibration

coefficientis needed. Obtainingthe coefficientwas a majorgoal of this invest-

igation. The calibrationcoefficient (Ft) is calculatedbycombiningEqs. (1)

(Darcy'sLaw)and(2) to produceEq. (3):

(__Ki (1)
PI

(2)

Solvingfor FcyieldsEq.(4):

(4) "

+,
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J

The variables in the above equations are defined as follows:

_B) = average velocity in borehole,

K = hydraulicconductivity,

i = hydraulicgradient,

n = effective porosity,

Fc = cal_ration factor relating borehole velocity to seepage velocity,

) = average seepage velocity.

2.4 NJESULTSAND DISCUSSION

2.4.1 F'midMcasu_mcnm

Field measurements at the four study areas were collected in September and

" December 1991. These areas are known as the CS-4Nicinity area, the Sewage

Treatment Plant (STP), the Sandwich area, and the 603 Wells/Crane Wildlife area

and are illustrated in Fig. 4.

Colloid measurements were collected from 53 depth intervals in 28 wells.

Several measurements were collected in the same well bore at different depths.

Colloid measurements were attempted on an additional 29 intervals in 25 wells but

were not achieved for various reasons, including bad recordings (too dark), swirling

or vertical flow, lack of measurable colloids, and sediment-filled screens in wells.

Water-level data collected from 44 wells were used to construct study-area

potentiometric maps (Figs. 5 through 8) and to calculate area-specific hydraulic

gradients. Hydraulic borehole colloid velocity and seepage conductivity measure-

ments and well logs were provided by Hazardous Waste Remedial Actions

" Program (HAZWRAP).
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2.4.2 Data Analysis
4'

Results from the colloid measurements performed at the four study areas are

presented in the Tables 1, 2, 3, and 4. Data presented include the well number,

the depth of the interval measured below casing level (BCL), the elevation of the

interval measured above mean sea level, the bearing of the observed flow direc-

tion, and the observed borehole colloid velocity in cm/s. At the bottom of each

table are the means and standard deviations of the borehole colloid velocities for

the specific study area.

The variability in flow directions suggests that certain hydrologic parameters

may present significant problems for the instrument's reliability. The relatively flat

hydraulic gradient at the site, which is up to two orders of magnitude less than at

other sites, may potentially affect direction measurements. Considering the rela-

tively gentle topography and high permeability of the aquifer, geometric alignment

of preferential flow paths may be dominating flow direction. If the gradient were

increased, the preferential flow paths should parallel the hydraulic gradient.

. Gradient calculations for each of the areas are presented in Table 5. Cali-

bration coefficients (Ft) calculated by comparing borehole flow velocities deter-

mined by the instrument with existing hydrologic information from the site are in

good agreement. The Fc is determined by dividing the product of the mean bore-

bore colloid velocity (_a) and the effective porosity (n) by the product of the

hydraulic conductivity (K) and the hydraulic gradient (i) as shown in Eq. (4). The

Fc is a particularly sensitive number because it expresses the relationship between

velocities of adjacent porous media. The accuracy and reliability of the instrument

are protoundly affected when incorrect values for K_ n, and i are used. Therefore,

basic assumptions relating to the validity of the existing hydrologic data are made

in the reliability testing of the colloidal borescope.

A review of the literature indicated that a K value of 110 m/day and an n

• value of 0.39 should be used to represent three of the study areas. The hydraulic

gradient was calculated using water-level data gathered at each site. It should be

noted that the gradient values for three of the four study areas are in good
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Table 1. Dmammmavysheet: CS4andvkinityarem

Well number Interv_ Interval Flow _ vek_ty,
BCL', m etevb, m dinmioa m/s

FSlg-MWI 21.33 17.24 Sl lE S03W 0.00?2
FS18-MW1 21.64 16.93 $67W $32E 0.0(_
FS18-MW1 21.94 16.63 N87W $67W 0.0080

FS18-MW2 21.,'69 17.58 $89W $66W 0.0039
FS18-MW2 21.79 17.28 S20W S30W 0.0065
FS18-M-_2 22.09 16.98 S04W $35W 0.00_

?'S7-MWI 23.32 17.08 $23E S61E 0.0041
FS7-MW1 23.47 16.93 N70E N87E 0.014
F"S7-MW1 23.62 16.78 EAST $59W 0.0064
FS7-MW1 23.93 16.47 No distinct flow NI)

CS4-MW1 23.16 16.57 S15W S04W 0.0094
CS4-MW3 23.16 16.57 N08W N04E 0.014
CS4-MW4 23.16 17.73 N06E N21E 0.010
CS4-MW9 22.58 16.33 N21E N20E 0.0074
(2S4-MW10 23.77 17.48 $66E N43E 0.013
CS4-MW11 22.55 17.02 N31E N20E 0.013

FS9-MW3 21.64 16.35 $46W $35W 0.012

FS19-MW1 19.81 ",6.07 N05E S5TE 0.018

CS5-MW1 22.25 16.11 $58E $64E 0.018

mean = 0.011 cm/s
o = 0.004 ,_a/s

" BCL = below casing level.
b elev = elevation above mean sea leveL

ND = not detectecL
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• Table 2. Data summaryslmet: Sewage _t Plant (STP)

" Well number Interval Interval Flow Flow ve,k_ty,
BCL', m e,im_, m direakm un/s

W2 8.2.3 13.20 S73W $87W 0.034
W2 10.97 10.46 N35W N01W 0.009
W2 12.50 8.93 $69W $78W 0.029
W2 14.02 7.41 $65W $46W 0.014
W2 15.54 5.89 $66E $48W 0.017
W2 17.07 4.36 $77E S60E 0.013
W2 18.59 2.84 $27E $23E 0.010
W2 20.12 1.31 S20E $35E 0.0062

W3 13.11 11.43 $89W N63W 0.011
W3 14.63 9.91 N25E N35E 0.024
W3 16.15 8.39 SSOWWEST 0.014
W3 17.68 6.86 $67W $55W 0.024
W3 22.25 2.29 S50E S70E 0.022

W4 16.15 12.20 $69E N89E 0.014
W4 17.68 10.67 $75E NS1E 0.0069

- W4 2?_25 6.10 N55E N75E 0.019
W4 23.77 4.58 N24W N37W 0.016
W4 25.30 3.05 N71W N85W 0.012
W4 26.82 1.53 $63W $76W 0.012

W5 22.86 6.73 N07E N15E 0.015
W5 24.39 5.20 NllE NI5E 0.013
W5 25.91 3.68 N42E N21E 0.0082

mean = 0.016 cm/s
o = 0.007 cm/s

° BCL = below casing level.
s elev - elevation above mean sea level.

z
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Table 3. Data summaryshee_ .MW603SiteYCraneW'ddIif©area

We.linumber Interval Inum_ Flow Flow _loc/ty
BCL", m ek.v', m direction cm/s

MW1202D 20.73 11.61 N53E N73E 0.0106
MWl202E 17.98 14.39 N05W N45E 0.0103
MW603B 32.00 -0.53 N49E S06W 0.011
MW603C 25.91 5.67 N84W N46W 0.00974
MW603E 17.83 13.88 N69E N29E 0.0113
MW1213 42.37 -12.81 No distinct flow ND

mean - 0.011 cm/s
o - 0.00061 cm/s

° BCL - below casing level.
b elev -- elevation above mean sea level.

NI) = not detected
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• Table4. Datasummmy sheet:SandwichGateandCamp Good News area

Well number Interval Interval _ Flow velocity
BCL', m clc_, m dira:tion cm/s

GMW23 48.77 -0.35 N29E N69E 0.0113
GMW22 35.66 -2.32 $66E N54E 0.00515
GMW1 41.76 7.31 S16W $48E 0.0094
GMW2 28.65 20.36 N15W N32W 0.0136
GMW7 56.39 -7.40 N40E North 0.0093
GMW13 26.21 19.98 No distinct flow ND

mean - 0.0098 cm/s
o = 0.00311 cm/s

° BCL = below casing level.
b elev = elevation above mean sea level.

ND - not detected
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&

Table 5. Cnadient cakulations

Gradient for CS-4/vicinityareas:

17.92 m - 17.19 m _ 0.0015
495.28 m

Gradient for STP:

14.17 m - 13.87 m _ 0.0026
117.34 m

Gradient for the Sandwich area:

20.88 m - 20.42 m _ 0.000431066.75 m

Gradient for the 603 Wells/Crane Wildlife area:
I,

14.65 m - 12.16 m = 0.00191341.1 m
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agreement with the literature. The gradient in the Sandwicharea, however, is
4

lower by an order of magnitude. Continuity would dictate that if a groundwater

system exhibits different hydraulicgradients, then the permeability must vary

proportionally in these areas. Evidence of a higher K value is provided by

pumping-test data from a well located within a few miles of the Sandwich area.

Therefore, a K value of 244 m/daywas used for Fc calculations in the Sandwich

area.

Borehole logs for ali wells in the four areas of study relative to this report

were examined to determine the measurement interval depth and verify that the

sediments adjacent to the screened intervals corresponded to the outwash sedi-

ments. The elevation of the intervals measured (Tables 1, 2, 3, and 4) ranges from

a high of 20.36 m above mean sea level to a low of 12.81 m below mean sea level.

3. CONCLUSIONS

,lr

Mixed results in measured groundwater flow direction and velocity were

- obtained from the field tests conducted at the MMR using the colloidal borescope.

The goal of obtaining a calibration coefficient for flow in the borehole venus flow

in the adjacent porous medium was met with partial success. Calibration coeffi-

cients in areas where the hydraulicconductivity is relatively uniform were in

excellent agreement (Table 6). The Sandwich area showed a significant variance

when compared to the other areas. There is evidence, specifically a pumping test

in an adjacent area, of a higher hydraulicconductivity that, when incorporated into

Eq. (4), would yield a calibration coefficient comparable to those of the other sites

tested at the MM. This would indicate that groundwater flow velocity in the

Sandwich area is similar to velocities at the other sites across the MMR. In fact,

. hydraulic conductivity values based on borescope measurements may be 30%

higher than the pump test value for the Sandwich area. Assuming that the

- hydraulicconductivity values from nearby areas used to determine the calibration

coefficients are realistic, field tests at the MMR are encouraging with respect to
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Table & Velocity csh'brafionco_x_mt mlcul_om
6

The cah'orationcoefficient (Ft) is calculated by combining equations 5 and 6 to
produce equation 7:

(_=_ (1)
lPll

6.)-(;_+ (2)

(;'_=._F,, (3)

Solving for Fc yields equation 8:

F (_,)" (4)-_--_-

where:

.a

(v'j) = average velocity in borehole, cm/s

E = hydraulicconductivity, m/d

i = hydraulic gradient, ft/ft

a = effective porosity,

Fc = calibrationfactorrelatingboreholevelocityto seepagevelocity,

(v-') = average seepage velocity, m/d
w
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Tab_ _ (continued)
G

• Calibration coefficient calculation for CS-4 and vicinity areas:

_0.010 cnrs) f0.39) (9)
a (0.0026)F_ffi (110m/d)(100cm/s)(S6,_0s)

F¢ =20

Calibration coefficient calculation for STP:

(0.016 cm/s) (0_9)
F_ = (110 m/d) (100 m/s) ( 86,400s ) (0.0026)

(10)

F_= 19

Calibration coefficient calculation for the Camp Good Nvws/Sandwich Gate area:

' F¢ ffi (0.0098 cnrs) (0.39) (11)
(244 m/d) (100 cm/s) ( 86,_J0s ) (0.00043)

Fc =31

Calibration coefficient calculation for the 603 Area/Crane Wildlife area:

(0.011 cnrs) (0_.39) (12)L
(110 m/d) (100 cre/s) ( 86,_ ) (0.0019)

Fc=18
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measuring groundwater velocity.

As encouraging as the groundwater velocity data are, groundwater flow

directions are equally puzzling. For all sites tested, there is no discernable direc-

tion for groundwater flow as observed using the colloidal borescope. Ground-

water flow directions did not match flow directions predicted from area potentio-

metric maps. These results contradict earlier tests conducted at field sites in

Kansas City, Mo, Portland, Maine, and Georgetown, S.C. Measurements taken in

Oak Ridge, Tenn., however, did not yield expected groundwater flow directions.

This discrepancy in flow direction suggests that the relatively flat hydraulic gradient

at the MMR results in the geometric alignment of preferential flow paths that

could dominate flow direction. If the gradient is increased, flow will tend to

parallel the hydraulic gradient.

It is apparent from the tests conducted at the MMR that there is variability

in the results obtained by the colloidal h_rescope. This variability may be due to

the natural heterogeneities inherent in a porous medium, the influences of well

construction, and the microscopic scale of flow measurements in describing a

macroscopic flow system. The agreement of flow velocities and the reliability of

flow directions measured at other field sites strongly indicate that flow observations
_s

of colloids in a wellbore are representative of groundwater flow in the adjacent

porous medium. The variability in measurement, however, suggests that many

measurements, statistically analyzed, are necessary for reliably predicting ground-

water flow and velocity.

At present, laboratory tests are underway to assess the influences of well

construction, varying lithologies, and measurement depths of observed flow. Plans

have been made to obtain funding to automate data analysis using image

processing technology. With rapid data analysis, it will be possible to obtain the

amount of data needed to statistically analyze the variability in measurements,

thereby assessing the reliability of the colloidal borescope as an effective field

instrument for measurements of groundwater flow direction and velocity.

Q
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" ACRONYMS AND ABBREVIATIONS

BBM - Btumuds Bay moraine

BCL - below casing level

CCD - charge.coupled device

HAZWRAP - Hazardous Waste Remedial Actions Program

MMR - Massachus_ts Military Reservation

MPP Mashpee Pitted Plain

ORNL - Oak Ridge National Laboratory

SM - Sandwichmoraine

STP - Sewage Treatment Plant
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