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ABSTRACT

With the possble goplication to fluidflow modding, saturation vaues of dense nonagueous phese liquids
(DNAPLS) may be determined and mapped through the use of measurements acquired by noninvasive ground
pendrating redar (GPR). In 1991, a contralled injection of perchloroethylene (PCE), a common DNAPL, was
performed by the University of Waterloo into an isolated, water-saturated, sandy aquifer at Canedian Forces Base
Borden. Onedf the geophydcd techniques employed by the U. S Geologicd Survey to monitor the location and
migration of the subseguent plume was 500-MHz surface GPR acouired on a one meter grid spading across the
nine meter by nine meter cdl over aperiod of 340 hours. This paper describes how full-waveform GPR modding
of these detafor rdative didectric permittivity versus depth may be usad to caculate and mgp spetid distributions of
DNAPL sturaion over time using recursve solutions of the Bruggeman-Hana-Sen (BHS) mixing formula

INTRODUCTION

Dense nonagueous phase liquids (DNAPLS) comprise one of the largest dasses of groundwater contamination
(Ludus ad others 1992, Pankow and others, 1996). Sources of subsurface DNAPL contamingion indude
seepege frominauffidently lined landfills, improper digposd, legkage from Storage or processing eguipment such as
tanks and accidentd spills Relatively smdl concantrations of solvent liquids, on the order of perts per billion, have
the cgpadty to contaminate widesoread amounts of groundweater to unecogptable levds Concantrations of
contaminants & a Ste are commonly monitored by andyzing groundwater samples obtained from wels located
throughout the Ste. The irregular and unpredictale migration petterns of the contaminants meke mapping the
extent of the contaminaion difficult with point messurements. In addition, if an invesve wdl doesintersect apool
of contaminant, it hasthe undesrable patentia of re-makhilizing an atherwise sable system.

One possible complement to this monitoring gpproach isthe use of surface ground penetrating redar (GPR);
anoninvasve geophysicad method sengtive to contrasts in subsurface e ectromagnetic properties, including
relative dieectric permittivity. If DNAPL isintroduced to awater-saturated, sandy aquiifer, for ingtance, the
DNAPL exhibits eectrica properties digtinctly different from the water it digplaces in the pore space, and
the DNAPL-saturated sand may appear as areflector on aradar scan (Redman and others, 1991). Themain
advantage of the use of GPR isits ability to continuoudy and noninvasivey sample 3D data over time,
rather than at discrete point locations, with a better resol ution-to-cost retio than other geophysica methods.

The main goplication of GPR explored in this paper isthe use of full-waveform GPR modding to determine and
mgp changes in DNAPL saturaion vaues over time and space. Results of GPR modding indude the dallity to
resolve rdaive didedtric pemittivity (RDP) versus depth, which may then be used to cdculae pre-sill porosity
and pog-50ill DNAPL saturation vaues. Thisprocess, outlined infigure 1 and discussed in detall bdow, may then
be ussful in developing conoeptua Modds of layering and deriving porogity and saturation input vaues for usein
ather gpplications such asfluid-flow modding.
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GPRDATA
The GPR daa usad in this sudy were acquired in 1991 at Canedian Forces Base Borden by the Universty of
Wateloo in conjunction with the U. S Gedlogicd Survey. Brewder and aothers (1995) provide a generd
destription of the experiment and the various geophysicd methods used to monitor the migration of DNAPL from
theintentiond injection of PCE into an isolated odl within the sturated zone of the naturd sandy Borden aquifer.
Orf thevarious geophydcd dataavalable, the 500-MHz GPR data presanted in Sander and Olhoeft (1994) are usd

inthisstudy.

As destribed by Brewdter and athers (1995), the Borden cdl was 9 x 9 x 3.3 m desp, isolated on the four Sdes by
doublesed shedt piling and underlain by an aquitard of day sze partides (Baumen, 1989). Thesandinthenaturd
aquifer conggs of fine to medium grained partides with St lenses presant, deposited in aprogradaiond foreshore
environment (Bohla, 1986). Thecdl isconddered to have been fully water sturated with the water teble artificdly
mantaned a& 15 cm beneeth the ground surface. The ground surface of the cdl was smoathed prior to data
acouigtion, with surveying dataavailable (Sander and Olhoeft, 1994) for topographic correction.

Approximatdy 770 liters of PCE over aperiod of 70 hourswereinjected under condtant heed into the center of the
cdl with an outlet located 0.6 m bdow the ground surface. Sander and others (1992) destribe deta acquigtion and
processng. Usng aGSS SR-7 radar system, surface GPR data were acouired over atotd period of 340 hours
meesured from thetimetheinjection began. Datapresented in thisreport were acquired within thefirg 22 hours, by
which time the GPR data show thet the PCE formed a sscond and third layer within the odl. Continuous surface
datawere collected dong agrid of lines goaced 1 m gpart and arelater horizontaly corrected by rubbershedting and
vaticdly corrected for topogrgphic variaions and vdodty. For this report, other processing of the data induded
binning and smoathing.

A gredt ded of quditative information on the migration behavior of the DNAPL in the Borden odl may be
asoatained from visud ingpection of the GPR profiles over time and is provided by Sender and athers (1992) as
wel asby Sander (1994). Additiond interpretation isaso provided by Brewster and others (1995) and Greenhouse
and others (1993). Hgure 2 demondrates how an accumulation of DNAPL isssen asabright reflector inthe GPR
record. Comparing pre- to pod-goill images and traces helps determine which fegtures are pre-exigent and which
aredueto the migraion of the DNAPL. The most prevaent festure governing DNAPL flow above 2 misthe soll
horizon occurring & goproximatdy 1 m in depth, seen as an incresaingly bright reflector as the harizon fills with
DNAPL over time. This harizon bows dightly upward just under the injection point and dipsin the form of a
peleochannd trending roughly pardld to the southeest edge of the cdl. For more quantitative information on
porasty, DNAPL podl thickness and fluid ssturation, full-waveform GPR modding is required. Sender (1994)
destribesinitid atemptsat such modding, and providesaframework for the research presented here

ONE-DIMENSONAL FULL-WAVEFORM GPR MODELING TO DETERMINE

RELATIVEDIELECTRICPERMITTIVITY VERSUSDEPTH
Onedmengord full-waveform GPR modding can provide informetion on geologic layers and thar assodated
dectromagnetic properties. GPR modding entallsthe cdculaion of changesin the transmitted and reflected waves
asfunctions of dectromagnetic proparties such as RDP, dectricd conductivity, and megnetic permestility, aswell
aslayer thickness and depth asthe pulseis propagated through user-defined layering. Solutionsare non-unique, but
may be condrained by the user with prior knonedge of the medium. Inthis case, ranges of conductivity and RDP
were avalable from many of the dted rferences The GPR full-waveform modding software goplied to the
Borden datain thisresserch isamodule of GRORADARO version 8.99 (Olhosft, 1998), which is an extension of
GPRMODEL by Powersand others (1992).
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Haure 2a Pre-5pill radar imege dong line 4E, located 4 m from, and pardld to, the southwest edge of the odll. In
thisimage, thehorizontal disance 0 m corregpondsto 1 minward from the northwest edge of theodl. A
snglevadueof RDP=25was usad to providethe esimeted depth scle
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Faure 2b: Radar imegein same location asthet in Figure 2a, messured 22 hours pod-spill. DNAPL, identified as
the bright reflector not seen in the pre-ill image, has migrated laterdly and begun to fill the
paleochannd located a roughly 5m horizonta diganceand 1.2 min depth.

To pattern the effects as DNAPL wasinjected into the odl, modd vaues of RDP, dectrical conductivity, and depth
were varied to indicate DNAPL digolacing water in the pore goaces As PCE has amuch lower RDP (2.3) then
water (80), and dightly lower then the dry sand of the aquifer (4.5), it is expected that the bulk permittivity of a
water-sAurated layer will decreese with the infiltration of DNAPL (Ludus and othes 1992). Magnetic
permeshility was assumed to be that of free gpace and did nat vary withtime. Themeesured dectrical conductivity
of the Borden water was gpproximatdy 50 mS'm (Redmean, 1991), while the dry sand and the DNAPL have
conductivity values lessthan 1 mSm. The measured dedtrical conductivity of the water-saturated sand was 9-10
mSm. Therdfore, inthe modds thededrica conductivity decressesincrementally inarange of 95t00.25 mSim
asthe bulk RDP decreases from 25 to 9 to modd the effects of the more conductive and higher permittivity water
bang digilaced by the resdive and lower pamittivity DNAPL. It isa S0 expected that the goparent thickness of a
given layer (corresponding to the depth) will vary as migrating DNAPL encounters alayer of lower permeghillity,
oreeds |aerdly, then thickens upward into the higher permestility horizon (seefigure 6 to obsarve thisthickening
ove time). A Ricker wavdet with a center frequency of 273 MHz (gpproximating the output of a 500 MHz
antenna after downloading due to ground coupling) was used as the darting modd wavdet, and again of 60 dB
wasgppliedtodl modd traces



Whilethetrue layering of coarse and fine-grained unitswithin the cell islikely complex and locally varigble,
in modeling onetriesto use the Smplest modesto match the data. Though athree-layer modd adequatdly
described the portion of the cdll modded by Sander (1994), further modeling throughout the cell indicated
the necessity for a least afive-layer modd for agood match with broad congstency. GPR modding of data
over a4 x 4 mportion of the odl & a 1 m spading surrounding the injection paint led to the five-layer conogptud
modd describing the cdl in terms of RDP versus depth over time: Figure 3 showss an example of five-layer
model results a a node point located 5 m dong line 4E measured from the northwest edge of the cdll at
times 0, 14, and 22 hours post-spill (s Table 1 for pre-spill conditions).  As expected, the amplitude of the
fidd trace increases with the introduction of DNAPL into the more permegble zone located a
goproximately 1 min depth. The zone above these layersishdd congtant a ardative permittivity of 25, the
background for the cdll (Sander and others, 1992), because comparison of the traces indicates that this zone
does not change appreciably within thefirg 22 hours. Further layers may be indicated in the zone below the
threeintermediate layers, but were not modeled a thistime and were assumed to remain roughly congtant &
areative permittivity of 25 within thefirst 22 hours.

DETERMINING POROSTY AND DNAPL SATURATION VALUES THE BHSMIXING FORMULA
The rdationship of porosty to the complex didedtric parmittivity of two materids may be destribed by the
Bruggeman-Hanai-Sen (BHS) formula(Sen and others, 1981):

_ (e:natrix - e:;orrp) (e*ﬂuid /e’::omp)C

(en‘atrix - efluid)

where
] = fractiond porogity
€ maix = complex rdativedidectric parmittivity of themeatrix
€nig = complex rddivedidedtric parmittivity of thefluid
Eomp = complex raivedidectric permittivity of thecomposite
C = dhapefactor (1/3for pheicd grans).

TheBHSisavaumetric mixing formuladesribing aphydcd mixture assuming no interaction betwean the metrix
and the fluid and no scattering (eg. long wavdength compeared to pore and partide Szes). These assumptions are
vdidfor the quartz Slicasand of the Borden aquifer, which does not reect withweter or PCE. In addition, PCE does
not reect withwater.

Thefirg gep in gpplying the BHS formula to the GPR modd reauitsis to determine the porasity of the pre-spill,
water-saturated Borden sand (figure 1) & five main soil horizons of the odl where vaiaionsin the pre-ill radar
data are assumed to be dueto vaiaionsin porogty. Inthisgep, € ik refersto the rdaive pamittivity of the dry
Borden sand (e* ) & agiven depth horizon (gpproximeatdy 4.5); €qiq istherdaive permittivity of the Borden water
(¢*w) (approximatdy 80 with aconductivity of 50 mSim); and € .y, refersto the rdative permittivity of the sand-
water compasite (€% swee) Modded from the pre-ill GPR dataa each horizon (varidble from goproximatdy 19to
27). Assuming sphericd marix partides and full ssturation of the aquifer, the fractiond porasty of the pre-sall
wate-saturated sand is caaulaed for every GPR modd locdion (figure 1, curve A-B). Table 1 summarizes the
results of these pre-spill fractiond porogity caculaions, and figure 4 shows the pre-saill porasity digribution in the
modded areaof thecd for layer 11. Depth to bottom of agiven layer varies according to location withinthe cdll.
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Table 1: Conoeptud modd of pre-saill odl conditions

Didectric Permittivity | Depth to Bottom (m) Description Fractiona Porosity (%)
I 25 0.63—-1.00 average cdl layer 40
[l 19-23 0.70—1.05 finer than average 31-37
11 2-27 0.74-1.10 coarser than average 35-41
\Y% 20-23 089-1.17 finer than average 33-37
Vv 23-25 ¥ average cdl layer 37-40

Once the injection of DNAPL begins the aguifer becomes a three-phase system of sand, water, and DNAPL.
Assuming fluid type, movement, and replacement does not change the sail porogity, and that sand is dways the
métrix, another iteration of the BHS is gpplied to determine € oy, Which now refersto the rative permittivity of
the ssnd-DNAPL compasite (€*sonar ) (figure 1, curve B-C). At agiven porosty determined from the pre-spll
BHS water-sand curve (figure 1, curve A-B), € suae @ € spnap. define the end members of € i ad €,
respectively, for adaitiond iterations of the BHS (figure 1, curve D-E). Thenew € oy, of the sandiwiater-DNAPL
compasite (€° swae-onar) 1S detlermined from modding the GPR reponse as DNAPL isinjected into the odl and
digolaceswater, asauming the cdl isdill fully sturated. Vaiaionsin the vaues of the post-oill composite € sye-
onar. e now assumed to be dueto the introduction of DNAPL rather then to variaionsin porasity and solving for
1-f isthen equivdent to solving for DNAPL sturdion (figure 1, find BHS plat). Fgures 5a.and 5b show the
goatid didribution of caculated PCE saturation for the uppermod of theintermediate threelayers

CONCLUSIONS

Within thefirgt 22 hours DNAPL flow in themodded portion of the Borden od| gppearsto have been governed by
intid pre-saill fractiond porodty and geometry of the layering.  The injection paint to the odl was located
goproximatdy aboveapesk inthe gentledope of the 1 m horizon dlowing for injected DNAPL toflow *downhill”
todther Sdeof thepesk. Zonesaf initidly lower porasity, to dther Sdeof the pesk, exhibit thefirg increasein PCE
suration pog-qaill (figure4 and figures5aand 5b). By 22 hours DNAPL hasbegun tofill thesmdl channd tothe
southeedt of the injection point and thickened upward (figure 2, figures 6a:6¢). Basad on the caculaions of thar
initid poragty, layersil and IV may be destribed asfiner then the average cdl layer, adting asfurther laterd control
for the DNAPL flow peth (table 1 and figure 2). AsDNAPL migrated through the cdll, it gppearsto havefilled and
thickened primarily within these layers (figure 3). In the fird 22 hours; layer 111 did not exhibit any gopreddde
increesein saturation or thickness, though layersil and 1V thickened into theintermediate layer (figure 4).

For input data to gpplications such as 3D, muitiphase, fluidHflow, modding programs quartitaive vaues of
DNAPL saturation versustime and padition are reguired, and thisinformation is avaladle from themodding. The
generd desription of DNAPL migration given in the preceding paragraph is a result of modding the GPR data
from a grid of locations over ime. Smply viewing the GPR data of the cdl in a 3D sense and wetching the
changesinthe dataover timeasthevolume of injected DNAPL increasad, leedsto thissame generd undersanding
of the DNAPL migration pathways (Sander and Olhoeft, 1994), but without the quentitative informetion. The
metch between the two generd destriptions of DNAPL migration pathways confirmsthat the guantitative DNAPL
suration va ues produced by the modding method ared o redidic resuits



Figure 4: Contours are spatial distribution of
calculated fractional porosity

layer 11, pre-spill;

Figure 5a: Contours are spatial distribution of
calculated fractional PCE saturation
layer 11, 14 hours post-spill;

Figurebb: Contours are spatial distribution of
calculated fractional PCE saturation
layer 11, 22 hours post-spill.
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Figure 6a: Contours are spatial distribution of
combined layer thickness (m)
layersil, I, 1V, pre-spill;

Figure 6b: Contours are spatial distribution of
combined layer thickness (m)

layersil, 11, IV, 14 hours post-spill;

Figure 6¢: Contours are spatial distribution of
combined layer thickness (m)
layers|l, 11, IV, 22 hours post-spill.
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Reaults show the successful use of full-waveform modding of continuous GPR data followed by an
iterative gpplication of the BHS mixing formula to determine pre-spill porosity and DNAPL saturation
vaues over time and goace. A possible goplication of results such asthese isfor use asinput parametersto
fluid-flow modeling programs. Recommendations for further work include the modding of afiner st of
grid pointsover alarger areaof the cdl, with the addition of deeper layersto fully describethe cdl.
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