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Comparison of Chlorofluorocarbon -Age Dating 
with Particle-Tracking Results of a Regional 
Ground-Water Flow Model of the Portland Basin, 
Oregon and Washington 

By Stephen R H1nkle and Damel T Snyder 

Abstract 

Chlorofluorocarbon ( CFC)-age dating was 
used to determine the presence or absence of 
modem water (water contatntng CFCs) tn samples 
from 54 water wells tn the Portland Bastn. The ac
curacy of the CFC-dating method was confirmed 
by tnttum analyses of water from stx wells CFC
dating results from 51 of the 54 wells were com
pared wtth mtntmum travel times of the water 
estimated ustng parttcle-tracktng-simulation 
techntques. 

Particle tracktng was accomphshed ustng a 
program that combtnes the results of a regtonal, 
ground-water flow model of the Portland Basin 
with an estimated porostty field, In order to deter
mine ground-water flow paths and to calculate 
particle travel times The parttcle tracker can be 
used to dehneate areas that, on the basis of short 
modeled travel times and known or perceived 
upgradtent-contamtnant loadtngs, may be affected 
by contaminants. 

A sensttlvity analysts of vanous parttcle 
densities used tn the simulations tndtcated that 
about 500 parttcles per model cell provides an 
adequate descnptton of the mtntmum ttme of trav
el for water parttcles tracked from the 51 wells 

The CFC results and the parttcle-tracker 
results were comparable at 39 (76 percent) of the 
51 wells, If water that has entered the ground
water system stnce 1944 (the hmtt of detection, 
using CFCs) is constdered modem. Furthermore, 

although the particle-tracker-model results and the 
CFC-model results were not comparable at 12 
sttes, the particle-tracker model appeared to err on 
the conservative stde when compared wtth the 
CFC model If the CFC-model results are correct, 
the particle-tracker results are conservative at 9 of 
the 12 sites At those nine sttes, the parttcle-tracker 
model Indicated the presence of modem water, 
but the CFC-model ages were old (pre-1944) 
At the other three sttes, the parttcle-tracker model 
failed to Indicate the apparent presence of modem 
water. On the basts of thts companson, tt appears 
that parttcle-tracktng techniques can be used to 
tdenttfy parts of the Portland Bastn hkely to yteld 
modem water to wells, and that CFC-age dating 
can provtde a useful check on the rehabthty of the 
parttcle-tracker results 

Results of both particle-tracking simulations 
and CFC-age dating tndicate that modem ground 
water flows to depths of hundreds of feet In the 
Portland Basin Although wells wtth deep open 
Intervals generally yield old water more often 
than wells wtth shallow open intervals, many wells 
with deep open Intervals do produce modem water 
Because many wells wtth deep open Intervals In 
the Portland Basin produce modem water, aquifer 
depth alone Is not a rehable Indicator of the vulner
abihty of ground water to contamination Other 
factors, such as contaminant loadings, and con
taminant transport and fate, need to be considered 
when determtntng ground-water vulnerabthty 

Abstract 



Population-growth pressures m the Portland 
Basm m recent decades have mcreased the potential 
for ground-water contammat10n In order to adequate
ly protect ground-water resources, an understandmg 
of the factors affectmg ground-water vulnerabthty ts 
needed Ground-water vulnerabthty ts a functiOn of 
contammant loadmgs, senstttvtty of the aqutfer to the 
mtroductton of these contammants, and contammant 
transport and fate Contammant loadmgs can be esti
mated by charactenzmg pomt- and nonpomt-pollut10n 
sources Estimates of aqmfer senstttvtty to contami
nant mtroduct10n can be made by usmg a physically 
based model such as DRASTIC-a standardtzed sys
tem for evaluatmg ground-water-pollution potential 
usmg hydrogeologic settmgs (Aller and others, 1987) 
The transport and fate of a contammant can be mod
eled usmg a numencal flow model In recogmt10n of 
the need to protect and manage the ground-water 
resource, the Intergovernmental Resource Center (the 
Council of Governments for Clark County, Washmg
ton) began a cooperative study wtth the US Geo
logical Survey (USGS) m 1990 to deveiop a method
ology to determme the vulnerabthty of ground water 
to contammat10n m the Portland Basm 

The USGS recently completed an extensive 
study of the hydrology of the Portland Basm (McFar
land and Morgan, 1996), whtch mcluded the develop
ment of a three-dimensiOnal, steady-state, numencal 
ground-water flow model of the Portland Basm 
(Morgan and McFarland, 1994) In thts study, the 
ground-water particle-trackmg computer program 
of Pollock ( 1989) was modtfied by L L Orzol (U S 
Geological Survey, wntten commun, 1991) and used 
m conJunctiOn wtth the ground-water flow model for 
the Portland Basm to stmulate parttcle path hnes and 
ages (travel times) 

The age of a ground water IS defined as the 
amount of time that has elapsed smce the water 
became Isolated from the earth's atmosphere (Freeze 
and Cherry, 1979, p 135) Thts age usually approxi
mates the ttme smce recharge of the water occurred 
(Busenberg and Plummer, 1992). When the age of 
a ground water ts determmed from the results of a 
parttcle-trackmg stmulatton, the determmed age ts 
termed flow-model age In thts report, modem 
ground water IS defined as water contammg detect
able concentrations of chlorofluorocarbons (CFCs) 

However, thts defimt10n ts arbttrary and reflects the 
tools bemg used to measure the age of the water In 
general, modem ground water ts more hkely to contam 
anthropogemc contammatton than ts old (pre-1944) 
ground water 

Although the Portland Basm ground-water flow 
model and particle tracker are valuable tools for evalu
atmg regiOnal flow patterns, netther had been used to 
evaluate contnbut10ns of modem water to mdividual 
wells m the Portland Basm CFCs were used m thts 
study to evaluate results of the flow model and parttcle 
tracker The presence of CFCs, whtch Identify modem 
water m water wells, provided a means of determmmg 
the reasonableness of the ground-water flow model 

CFCs are stable, synthetic compounds that have 
been produced smce the 1930s There IS a short lag 
ttme between productiOn and release to the atmo
sphere Once m the atmosphere, CFCs undergo equthb
num partthonmg mto water that ISm contact With the 
atmosphere Thts partttiomng ts a funct10n of tempera
ture Two CFCs that have gamed recent attent10n as 
potential age-datmg tools are tnchlorofluoromethane 
(CCl3F) and dtchlorodtfluoromethane (CC12F2) 

Atmosphenc CC13F and CC12F2 concentrations, as a 
functiOn of time, have been reconstructed by Busen
berg and Plummer ( 1992) Therefore, by measurmg 
CFC concentrations m a ground-water sample and 
determmmg or estnnatmg the recharge temperature of 
the ground water, a CFC-model age can be asstgned to 
the sample Ltke a flow-model age, a CFC-model age 
ts an estimate of the amount of time that has elapsed 
smce the water entered the ground-water system The 
dtfference ts that a CFC-model age ts based on a mea
sured CFC concentration and a calculated or estimated 
recharge temperature, whereas a flow-model age 1s 
based on an estimate of travel ttme simulated by a flow 
model 

Two CFCs--CCl3F and CC12Fz-have been 
successfully used as tracers and as age-datmg tools 
by Thompson and others (1974), Randall and Schultz 
(1976), Schultz and others (1976), Thompson and 
Hayes ( 1979), Busenberg and Plummer ( 1992), 
Dunkle and others (1993), Plummer and others (1993), 
Ekwurzel and others (1994), and Reilly and others 
( 1994) The current ( 1994) CFC-samphng technology 
ts to collect samples on stte m borosthcate glass 
ampules under a mtrogen atmosphere and to weld the 
ampules shut for later analysts by purge-and-trap gas 
chromatography wtth an electron-capture detector 



The current detection hmtt ts less than 1 ptcogram 
ofCCl3F or CC12F2 per ktlogram of water sample 
Thts detectiOn hmtt enables age-datmg of water back 
to 1948 wtth CC13F and back to 1944 wtth CCI2F2 
Busenberg and Plummer ( 1992) provtde a more 
detatled dtscusston of the theory and applicatiOn of 
CFC-age datmg 

Purpose and Scope 

Thts report presents the results of an evaluation 
of the use of CFC analyses to tdentify modem and old 
water m selected wells m the Portland Basm and de
scnbes the com pan son of CFC results wtth travel 
times determmed by a particle tracker for the Portland 
Basm regiOnal ground-water flow model 

The study mvolved a three-stage approach 
( l) Ftfty-four extstmg wells were sampled for CFCs 

dunng the spnng of 1991 m order to determme 
the presence or absence of modem water. Sev
enteen of these wells were resampled m the fall 
of 1991 to determme If there were differences 
m the CFC concentrations Four surface-water 
sttes also were sampled for CFCs m the spnng 
of 1991 Tntmm samples from stx sites were 
analyzed to provide a check on the CFC results 

(2) Backward parttcle trackmg was performed on 
51 of the 54 wells sampled for CFCs Because 
two of these wells were shallow wells (87 and 
128 feet deep) located near the Columbta Rtver, 
stable Isotopes of ground water were analyzed to 
provide Isotopic constramts on parttcle sources 
that could be compared wtth particle4rackmg 
results for these two wells 

(3) The results of the CFC samphng were compared 
with the results of the backward parttcle track
mg, to evaJuate results of the particle tracker 
m detectmg the contnbutton of modem water to 
wells wtth the Portland Basm Model 

Location and Description of the Portland Basin 

The Portland Basm ts a structural basm, about 
1,280 mt2 (square miles) m area, located m south
western Washmgton and northwestern Oregon The 
boundanes of the Portland Basm and locattons of 
some of the maJor phystcal features m the basm are 
shown m figure 1 The maJor aqutfers m the basm are 
consohdated and unconsohdated Mtocene, Pliocene, 
and Pletstocene sedtmentary matenals deposited on 

older, pnmanly volcamc, bedrock The bedrock ts also 
an aqutfer (the "older rocks umt"), but ts utthzed to 
a much lesser extent than the sedimentary aqmfers 
(Colhns and Broad, 1993) A descnptton of the basm 
topography, chmate, and populatiOn can be found m 
McFarland and Morgan (1996) and m Snyder and 
others (1994), a descnpt10n of the hydrogeology of the 
study area can be found m Swanson and others (1993), 
McFarland and Morgan (1996) and Morgan and 
McFarland (1994) The usage of hydrogeologic umt 
names m thts report ts consistent wtth that of Morgan 
and McFarland ( 1994) 

Acknowledgments 

Eurybtades Busenberg and L N Plummer, 
USGS, developed the CFC-age-datmg methodology 
used m thts study, developed and provtded the 
equtpment for samphng for chlorofluorocarbons, 
and performed the CFC and dtssolved-gas analyses 
M A Uhnch, USGS, provtded dedtcated assistance 
m sample collectiOn acttvtttes 

CHLOROFLUOROCARBONS AS AGE
DATING TOOLS AND TRACERS IN THE 
PORTLAND BASIN 

Definition of Modern Water 

The defimt10n of modem water ts a function 
of the age-datmg tool used The detectiOn hmit of 
less than 1 ptcogram per ktlogram for CFCs provtdes 
a measure to age-date water back to approximately 
1948 wtth CC13F and back to approximately 1944 wtth 
CC12F2 Thus, ground water contammg any amount 
ofCC13F and CC12F2 contams at least a component 
of modem water, where modem water has a recharge 
date no older than approximately 1948 or 1944 for 
CC13F or CC12F2, respectively 

The presence of htgh concentrations of tntmm 
also Is frequently used as an mdicator of modem 
water Htgh tntmm concentratiOns m natural water 
represent tntmm associated wtth above-ground testmg 
of hydrogen bombs, thts tntmm first entered the 
global-water cycle m stgmficant concentratiOns m 
1953 When usmg tntmm as a tracer, the term modern 
water ts apphed to water contammg bomb tntmm, and 
thus tmphes that at least a portiOn of water ts no older 
than 1953 (Drever, 1988, p 379) 
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Tnttum and CFCs, therefore, can be used m a 
stmtlar manner for tracmg modem water, wtth only a 
small dtfference m thetr respecttve defimt10ns of old 
and modem water CFCs have certam advantages over 
tntmm because CFCs are detectable m lower concen
trations than ts tnttum, and are, therefore, more senst
ttve mdtcators of modem water where modem and old 
water mtx In addttiOn to actmg as tracers of modem 
water, CFCs can yteld actual recharge ages when mtx
mg, environmental contammation, and mctdental CFC 
contnbutions are mstgmficant Incidental CFC contn
buttons would be additiOns of CFCs to a water sample 
after the water left the ground-water environment 

Limitations of Chlorofluorocarbons 
in Tracer and Age-Dating Studies 

Hydrodynamic Dispersion and Mixing 

A CFC-model-determmed ground-water age 
represents a compostte age because of the hydro
dynamic dtspersiOn m an aqmfer and the mtxmg of 
dtfferent flow components m a well A CFC-model
determmed age of a mtxed ground-water sample ts not 
a wetghted mean age because of the effects of hydro
dynamic dtsperston and because atmosphenc concen
tratiOns of CFCs do not mcrease through ttme m a 
hnear manner Thts ts especially true when part of 
the mtxture ts old ground water; that ts, ground water 
recharged before 1944 For example, a small quantity 
of modem ground water that obtamed CFCs from 
atmosphenc exchange, before and dunng recharge, 
may mix wtth a large quantity of old (CFC-free) 
ground water The resultmg mixture wtll have a low 
concentratiOn of CFCs, and the CFC-model age wtll 
represent a recharge date between 1944 and the date 
of recharge of the modem water m the mixture It may 
be that most of the water was recharged before 1944, 
but the small addttton of modem water wtll result 
m a modem CFC-model age Ground-water ages, 
as determmed by CFC analyses, do not necessanly 
represent the wetghted mean age of a ground-water 
sample, and for thts reason may be mtsleadmg m some 
ground-water systems For these reasons, CFC-model
determmed ages should be considered model ages 
(herem called CFC-model ages) In the absence of 
mctdental CFC contributiOns, the presence of CFCs 
mdtcates at least a component of modem water m the 
water sample 

Sorption and Biodegradation 

CFCs have some affimty for sorption to organtc 
matter, but the degree to whtch they sorb ts not well 
charactenzed Sorption of CC13F appears to be stron
ger than CC12F2 (Busenberg and Plummer, 1992, 
Lovley and Woodward, 1992) B10degradat1on of 
CFCs may occur m reducmg environments (Busen
berg and Plummer, 1992) Sempnm and others (1990) 
studted the m-sttu btotransformatton of several halo
genated aliphatic compounds m an anoxtc aqutfer and 
found that biOdegradation ofCC13F occurred after bto
stimulatton wtth acetate, CC12F2 was not studted The 
CFC tnchlorotnfluoroethane (C2Cl3F3) and carbon 
tetrachlonde (CC14) were studted, and biOdegradation 
mcreased wtth decreasmg fluonde content CC12F 2 
would seem less hkely to undergo biOdegradatiOn than 
would CC13F (Busenberg and Plummer, 1992) A 
stgmficant lack of agreement between CC13F- and 
CC12Frmodel ages may, therefore, mdtcate sorptiOn 
and (or) btodegradatton 

Sorption and biOdegradation of CFCs m the 
Portland Basm does not appear to be stgmficant The 
more frequent absence ofCC12F2 than ofCC13F m 
samples, assummg that CC13F sorbs and biOdegrades 
at a faster rate and (or) more thoroughly than CCI2F2 
(m sptte of the fact that the detectton hmtt for CC12F2 
reqmres older water), contramdicates sorption and 
biodegradation CFC-model recharge dates, of waters 
from the populatton of wells wtth below-detection
limit data removed, are generally slightly older for 
CC12F2 than for CC13F, also contramdtcatmg sorptton 
and biOdegradatiOn Sorption and btodegradatton of 
CFCs cannot be ruled out, as CC13F may be predomi
nant because of greater CCI3F contammat10n and be
cause much of the ground water m the Portland Basm 
ts reducmg--31 percent of the 54 wells sampled yteld
ed water contammg less than 1 mg/L (mtlhgram per 
hter) of dissolved oxygen The data suggest, however, 
that netther sorptiOn nor biOdegradation ts stgmficant 
m the Portland Basm 

Environmental Contamination and Incidental 
Chlorofluorocarbon Contributions 

CFCs may be present m ground water because 
of environmental contammat10n from sources such as 
landfill leachate or sewage effluent CFC concentra
tions as htgh as 1 3 parts per mtlhon have been found 
m ground water (US Agency for Toxic Substances 
and Dtsease Regtstry, 1989), much greater than the 
detection hmtt of 1 pi co gram of CFCs per ktlogram of 
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water (1 part per quadnlhon) Followmg the example 
of Busenberg and Plummer ( 1992), CFC concentra
tions greater than those which would be expected for 
water that Is m equthbnum with average global air at 
the time of sampling are labeled as bemg at contami
nant levels There are no U S Environmental Protec
tion Agency maximum contammant levels (MCLs) 
for CC13F or CC12F2 (US Environmental Protection 
Agency, 1991) The presence of contammant levels of 
CFCs could mdicate the presence of other anthropo
gemc orgamc compounds, and these other compounds 
may have MCLs and (or) be harmful to human health 
When discussmg the contammant levels of CFCs m 
some of the water sampled m this study, the labehng 
of some CFC concentrations as bemg at contammant 
levels does not Imply a violatiOn of U S Environmen
tal Protection Agency MCLs Rather, CFCs at contam
mant levels means CFC concentratiOns were higher 
than expected m water receivmg CFCs solely from at
mosphenc partttlomng from average, global, 1991 air 

CFC concentrations above current equthbnum 
levels (CFC levels that would be found m water m 
equthbnum with air contammg the current, global
average-CFC concentratiOns) mdicate environmental 
contammat10n However, environmental contamma
tion of water cannot always be Identified because the 
amount of environmental contammation mtroduced 
may have been so small that the concentratiOns are 
below current equihbnum levels For mstance, water 
recharged enttrely m 1960 may have received some 
CFC contammat10n m the recharge area If the con
tammattOn was such that the CFC-model age corre
sponded to a recharge date more recent than 1960, 
but was older than the date of sample collection, the 
sample would not be Identified as bemg contammated 
Because of the possibility of CFC contammation, 
CFC-model ages should be treated as mimmum ages 
In other words, the age of the bulk of a water m a 
sample may be greater than that mdtcated by the CFC
model age 

Incidental CFC contnbutions (additiOns of 
CFCs to a water sample after the water leaves the 
ground-water envuonment) also can occur For 
mstance, small bubbles of modern air can become 
mtroduced through leaky plumbmg connectiOns Into 
water travelling through a water-supply system dunng 
sampling, or CFCs can be mtroduced mto ground 
water cascadmg through modern air wtthm a well 

When mterpretmg multiple samples from a site, 
the oldest CFC-model age Is chosen to represent the 

ground water, because of the possibility of environ
mental contammat10n and (or) Incidental CFC 
contnbut10ns 

Methods 

Field 

Sixty-six existmg wells, pnmanly domestic and 
pubhc-supply wells, were VISited m the sprmg of 
1991 Twelve of these sites could not be sampled for 
CFCs Difficulties encountered were ( 1) air bubbles 
migratmg through the existmg plumbmg system, 
thought to have been mtroduced by a pump mtake 
pomt located above the production water level m the 
well bore or through a leak m the plumbmg system, 
and (2) excessive silt and (or) sand m the pumped wa
ter that could potentially clog or damage the sampling 
apparatus Fifty-four wells were sampled for CFCs 
Although the emphasis of this study was the part of the 
Portland Basm m Clark County, Washmgton, several 
wells m Oregon were sampled In order to compare the 
results of the CFC-age datmg with the results of the 
flow model m an area greater than that encompassed 
by Clark County A total of 46 wells m Clark County, 
Washmgton, 6 wells m Multnomah County, Oregon; 
and 2 wells m Columbia County, Oregon, were sam
pled Additionally, four surface-water sites m Clark 
County, Washmgton, were sampled as grab samples 
dunng this time penod In the fall of 1991, 17 of the 
ground-water sites were resampled 

Stnct cntena for well selectiOn were Implement
ed Each well had to have an existmg dnller's well log 
wtth well construction mformation so that hydrogeo
logic mterpretat10n could be made Each well had to 
be open across only one hydrogeologic umt m order to 
simplify the mterpretat10n and particle-tracker defim
tion of the zone-of-contnbution to those wells One 
well, open m two hydrogeologic umts, was madvert
ently sampled To preserve sample mtegnty, water had 
to be obtamed usmg submersible- or vertical-turbme 
pumps, or artesian pressure Fmally, selected wells 
had to be more than 1 ,000 feet from a known land-
fill or mumcipal dump m order to mmimize con
tammatton of samples from leachate Locations of 
known landfills and waste dumps were provtded by 
R.D. Swanson, Intergovernmental Resource Center, 
Washmgton (wntten commun, 1991) The process for 
assignmg site-location numbers ts shown m figure 2, 
sampled sites are located m figure 3; stte data, well 
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Figure 2. Site-location system. 

data, and measured field parameters are listed in 
table 6 (at back of report). 

Ground-water samples were usually collected 
after a minimum of three well-bore volumes of water 
had been purged and readings of field parameters 
(temperature, pH, specific conductance, and dissolved 
oxygen) had stabilized. Ground-water samples were 
collected from existing water-supply systems upgradi
ent from pressure tanks, chlorinators, filters, and (or) 
water softeners. Procedures for collection and process
ing of samples for CFCs are given by Busenberg and 
Plummer (1992). 

Samples for stable isotopes of ground water 
also were collected at the ground-water sites in the 
spring of 1991 to aid in interpretation of ground
water flow and age; five samples were analyzed for 
deuterium (D) and oxygen-18 ci 80), and six were 
analyzed for tritium. The locations of these sites are 
shown in figure 4. 

The procedure for collection of samples for 
analyses of isotopes was: 

(1) a piece of silicone or teflon tubing was connect
ed to a hose bibb affixed at the wellhead or as 
close to the wellhead as possible; 

Last Modified: 1124/97-12:18:44 

R. 2 E. R. 4 E. 

4 3 2 

9 10 11 12 

16 15 14 13 

22 23 24 

28 27 26 25 

33 34 35 36 

(2) the tubing was placed at the bottom of a glass 
bottle; 

(3) the bottle was filled and several volumes were 
allowed to overflow; 

( 4) enough sample volume was removed to leave a 
small air bubble (about 0.5 cubic centimeters) in 
the bottle when capped, allowing the sample to 
expand upon exposure to thermal and pressure 
changes without breaking the bottle or cap; and 

(5) bottles were capped with conical-seal caps and 
sealed with electrical tape. 

In the spring of 1991, 11 samples for dissolved
nitrogen and -argon gas analyses were collected so 
that recharge temperature calculations for CFC-age 
dating could be made. Samples were collected at nine 
sites in Clark County, Washington; and at one site 
in Multnomah County, Oregon; in addition, one repli
cate sample was collected to verify reproducibility. 
The locations of these sites are shown in figure 4. 
Sample-collection flasks and sample-collection proce
dures were identical to those used by Hobba and 
others (1977) and Pearson and others (1978) to collect 
dissolved-gas samples. 
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Laboratory 

Samples for CFCs were analyzed m tnphcate by 
purge-and-trap gas chromatography wtth an electron
capture detector, see Busenberg and Plummer ( 1992) 
for detatls of the analytical techmques Tntmm was 
analyzed by electrolytic ennchment with gas countmg 
and ts reported m umts of picocunes per hter Dis
solved mtrogen and argon were analyzed by gas 
chromatography, analytical procedures are descnbed 
m Hobba and others ( 1977) Deutenum and 180 were 
analyzed by mass spectrometry The amount of stable 
Isotopes of water (D and 180) m a water sample ts 
expressed as a devtattOn from the reference standard, 
Standard Mean Ocean Water, (SMOW) [Cratg, 
1961 b] usmg the delta (8) value 

8 = [ (Rsamp le I Rstandard) - 1 ] X 1 000 ( 1) 
Where 

8 = %o (per mtl or parts per thousand) for D or 180, 
and 

R= DIH or 180/160 

Results 

Chlorofluorocarbon Concentrations 
and Recharge Temperatures 

CFC concentrations for the 54 ground-water 
sttes sampled are gtven m table 7 (at back of report) 
These concentrations can be related to CFC-model 
ages usmg the solubility relations of Warner and 
Wetss ( 1985) and reconstructed atmosphenc CFC data 
as a functiOn of ttme, as discussed m Busenberg and 
Plummer ( 1992) A measurement or estimate of re
charge temperature ts reqmred because water entenng 
an aqutfer undergoes final equthbratton wtth atmo
sphenc CFCs durmg recharge, and thts eqmhbrat10n 
ts a functton of water temperature 

Recharge temperatures were calculated from 
dtssolved-mtrogen and -argon gas concentrations 
usmg equatiOns ofWtlhelm and others (1977) One 
sample, whtch ytelded htgh dtssolved-mtrogen and 
-argon gas concentratiOns that may represent the 
presence of excess atr (Heaton and Vogel, 1981) or 
may mdtcate a leaky sample contamer, was not used m 
recharge temperature calculatiOns 

Results of the recharge-temperature calculations 
are presented m table 1, along wtth mtmmum- and 
maximum-recharge altttudes above sea level as 
calculated by the parttcle-tracker model. (The recharge 

altitude for a gtven particle ts the altitude of the parti
cle at the pomt where the parttcle entered the water 
table ) The mean recharge altitude, also presented m 
table 1, Is calculated by summmg the recharge alti
tudes for all of the particles and dtvtdmg the total by 
the number of parttcles Recharge temperatures calcu
lated from dtssolved-mtrogen and -argon gases ranged 
from 5°C (degrees Celsius) to 12°C, both the mean
and medtan-recharge temperatures were 8°C The 
uncertamty of thts method ts ± 2 °C 

Although there ts a general trend toward cooler 
recharge temperatures with higher mean-recharge alti
tude, the 7°C range m recharge temperatures cannot be 
explamed by differences m altitude alone Effects of 
urbamzatton may play a part m the observed recharge 
temperatures However, accountmg for the effects 
of changmg urban stze over ttme and that effect on re
charge temperatures IS not feastble, and the mean cal
culated recharge temperature of 8°C was asstgned to 
all ground water bemg modeled wtth CFC-age-dattng 
techmques 

The vahdtty of the 8°C recharge temperature 
ts supported by recharge-temperature estimates calcu
lated for three representative subbasms m the Portland 
Basm Salmon and Cedar Creeks m Clark County, 
Washmgton, and Johnson Creek m Multnomah 
County, Oregon These three subbasms were used 
to model recharge m the Portland Basm (Snyder and 
others, 1994). The monthly mean-recharge tempera
tures m these three subbasms were calculated for the 
penod of record and then wetghted by monthly prectp
ttatton to arrtve at a prectpttattOn-wetghted recharge 
temperature of 8°C 

Any errors mtroduced to CFC-model ages 
through uncertamty m recharge temperature would be 
small For mstance, an error of 2°C m the recharge
temperature estimate would result m the followmg 
errors m the CFC-model ages 3 years for a 1990 
water, 1 year for a 1970 water, and 0 years (for CC13F) 
or 1 year (for CC12F2) for a 1950 water 

Chlorofluorocarbon-Model Ages 

CFC-model ages for the ground-water sttes, cal
culated for an 8°C recharge temperature, are presented 
m table 7 (at back of report) as CFC-model recharge 
dates. Because the samples were collected m 1991, 
the CFC-model age ts stmply the dtfference between 
the CFC-model recharge date and the year 1991 Each 
stte has several CFC-model recharge dates, hsted In 
table 7 (at back of report) Because of the posstbthty 
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Table 1. Recharge temperatures from dissolved-gas analyses 
[Stte-locatton number see figure 2, date ts date of sample collectiOn, dtssolved gas concentrations gtven m mtiiigrams of gas per liter of so Iutton, recharge 
temperatures calculated usmg the equattons of Wtlhelm and others. ( 1977). gtven m degrees Celstus, parttcle-tracker model backward parttcle trackmg 
esttmates of mtmmum, maxtmum and mean recharge altttude gtven m feet above sea level, altttudes m brackets [ ] represent altttudes of parttcles that 
reached model cells adjacent to the model boundary before reachmg the water table] 

Site- Dissolved 
location Dissolved Dissolved Dissolved carbon Recharge Particle- tracker-recharge altitude 
number Date nitrogen argon oxygen dioxide temperature Minimum Mean Maximum 

I N/2E-15DAAA I (J) 5/16/91 18 32 0 7011 0 37 0 102 10 345 436 728 
I N/3E-12CAB2(L) 4/24/91 20 50 7664 55 19 5 6 20 [297] [624] 

I N/4E-2AAA (A) 4/22/91 18 68 7384 96 II 7 5 981 981 981 
2N/I E-1 AAD (A) 5/15/91 19 12 7215 28 9 51 8 248 260 266 

2N/2E-33ADB (H) 5/16/91 17 55 6653 61 15 I 12 182 207 251 
2N/3E-3BBA (D) 5115/91 19 19 7212 29 472 8 (I) (I) (I) 

2N/3E-31 DBA (K) 4/23/91 17 36 6788 44 I 59 10 198 237 248 
2N/4E-33CAC (L) 4/22/91 24 77 8583 95 20 0 (2) 479 526 635 

2N/4E-36CCA2 (N) 4/24/91 19 88 7429 98 18 9 5 891 903 981 
4N/I E-21 DBC (K) 5/16/91 20 16 7666 32 II I 5 [23] [233] [556] 

4N/I E-21 DBC (K) <3> 5/16/91 20 33 7744 24 114 5 [23] [233] [556] 

1 Thts well ts located m a model cell that lies adjacent to the model boundary Parttcles could not be reliably backtracked from thts well 
2 The dtssolved mtrogen/argon ratto ofthts sample mdtcates that the sample contamed excess atr, and thus tt should not be used to esttmate recharge 

temperature 
3 Senal replicate 

of environmental contammat10n and (or) mctdental 
CFC contnbuttons, the oldest CFC-model recharge 
date for any gtven stte Is considered the most reliable 
and was used for analysts m thts study Thtrty-five of 
the sites yield modem CFC-model recharge dates, and 
19 have old CFC-model recharge dates Of the 17 sttes 
resampled, neghgtble differences are seen between the 
sprmg-season and fall-season samples Seventeen of 
the 54 Sites that were sampled ytelded one or more 
samples With contaminant levels of CFCs, and 11 of 17 
yielded contammant levels of both CC13F and CC12F2 
for all three samples Contammant levels of CFCs, 
when present, were usually at levels significantly 
above those that would be m equihbnum with 1991 air 
In those cases where contammant levels were close to 
those that would be expected for 1991 water, usmg a 
recharge temperature of 5°C m calculatmg the CFC
model recharge dates would not change the number of 
sites yieldmg contammant levels of CFCs 

Comparison with Tritium Results 

Samples analyzed for tntmm at six of the 
ground-water Sites provide partial, mdependent venfi
catiOn of the usefulness of CFCs as tracers of modem 

water The com pan son of the CFC-model recharge 
dates with tntmm results IS shown m table 2 Three 
samples with CFC-model recharge dates pnor to 1944 
also had pre-bomb tntmm concentrattons, and three 
samples wtth modem CFC-model recharge dates also 
had modem tntmm concentrations 

Surface-Water Chlorofluorocarbon Data 

In addttton to the 54 ground-water sttes, grab 
samples were collected tn the spnng season of 1991 at 
four surface-water sites as a part of this study (table 7 
at back of report) Three sttes were on the Columbia 
and Washougal Rivers; the fourth stte was located at 
an ephemeral pond located about 1,000 feet from 
Cedar Creek m Clark County, Washmgton, at the edge 
of a flat field lymg at the foot of a hill (fig 3). The 
ephemeral pond appeared after a heavy ramstorm, 
was sampled wtthm 48 hours of the end of the rams, 
and disappeared wtthm 6 days of samphng All four 
sites ytelded contammant levels ofCCl3F and some 
sttes also ytelded contammant levels ofCCl2F2. 

The presence of contammant levels of CFCs m these 
surface-water samples exemphfies the pervastve 
extent of contammant levels of CFCs m natural water 
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Table 2. Tnt1um concentrations at s1x ground-water s1tes w1th corresponding chlorofluorocarbon-model recharge dates and 
max1mum particle-tracker-model recharge dates 
[S1te-locat1on number see figure 2 , tntmm concentratiOns and standard dev1at10ns are m p1cocunes per hter and md1cate modem or old t1me frame for recharge, 
where modern water con tams "bomb" tntmm and con tams at least a port1on of water recharged smce 1953, chlorofluorocarbon-model dates calculated based 
upon 8 degrees Cels1us recharge temperature est1mate, "< 1944" md1cates older than 1944] 

Site- Well Sample 
location depth collection Tritium 
number (feet} date concentration 

2N/2E-33ADB(H) 277 5/16/91 304 

3N/I E-20BAD(C) 183 4/29/91 I 3 
4N/I E-14BDC(F) 320 4/30/91 I 0 
4Nil E-19BDA2(F) 208 4/08/91 -0 3 

4N/2E-23DBA(K) 370 4/09/91 43 5 
5Nil E-34ACD3(G) 257 4/10/91 25 9 

CFC-model recharge dates were calculated usmg the 
field-water temperatures measured at the ttme of sam
pling, and are presented m table 7 (at back of report) 
Most of the samples contamed CC12F2 at concentra
tiOns close to 1991 levels--when concentrations 
were not at contammant levels Pre-1991 CFC-model 
recharge dates could reflect non-eqmhbnum between 
water and atmosphere, maccuractes m field-tempera
ture measurements or laboratory analytical measure
ments, or the presence of ground-water discharge to 
these surface-water bodtes 

Interpretation of General Trends 
in Chlorofluorocarbon Data 

When mterpretmg CFC data, tt ts somettmes 
useful to separate the results mto modern and old 
ground-water groups In thts report, an old ground 
water as dated by the CFC-age-datmg techmque IS 
defined to be one m whtch CC13F and (or) CCl2F2 
were not detected m at least one sample, and thus has 
a CFC-model age pnor to 1944 (for CC12F2) or pnor 
to 1948 (for CC13F) For these data, all but one of 
the wells yteldmg old water have CFC-model ages of 
pnor to 1944 Stmtlarly, the data were separated mto 
groups on the basts of the presence or absence of con
tammant levels of CFCs If one or more samples from 
a well contamed contammant levels ofCC13F and (or) 
CC12F2, the well was constdered to be contammated 
wtth respect to CFCs 

CFC data for water from wells were related to 
depths to the tops of the open mtervals of those wells 
m order to determme the relatton between depth to top 
of open mterval and the presence of modern or old 
water (fig 5) It ts evtdent that of the wells sampled, 

Tritium Tritium Chlorofluorocarbon Maximum 
standard time model particle-tracker-model 
deviation frame recharge date recharge date 

23 modem 1978 1983 

I 9 old <1944 1906 
I 6 old <1944 1736 
I 9 old <1944 1948 

29 modem 1970 1957 
26 modem 1966 1987 

water from deep zones (from deep open mtervals) 
tends to be free of modem water more often than water 
from shallow zones Wtth mcreasmg depth of open m
terval, there Is an mcrease m the percentage of wells 
wtthout modem water. More than one-half of the wells 
wtth open mtervals greater than 300-feet deep do not 
contam modem water A stmt1ar relatiOn also ts seen 
wtth respect to the occurrence of contammant levels of 
CFCs (fig 6), Most of the wells wtth open mtervals 
less than 100-feet deep contam water wtth contami
nant levels of CFCs, whereas fewer than one-half of 
the wells wtth open mtervals greater than 1 00-feet 
deep con tam water wtth contammant levels of CFCs 
Ground-water vulnerability ts a function, m part, of 
ground-water age. Phystcal charactensttcs of aqutfers, 
as they relate to flow paths and flow rates, are Impor
tant controls on ground-water vulnerabthty Because 
modem water ts more frequently absent m water from 
wells wtth deep open mtervals (open mtervals several 
hundreds of feet deep) than m water from wells wtth 
shallow open mtervals, water from wells wtth deep 
open mtervals may be better protected at present from 
potenttal contammation 

The results mdicate, however, that Portland 
Basm wells with the greatest open-mterval depths 
often produce modem water Four out of the mne 
wells (44 percent) wtth open mtervals greater than 400 
feet below the land surface yielded modem water 
Although the physical properties of these aqutfers do 
not seem to greatly Impede movement of modem 
water to depth m at least some parts of the Portland 
Basm, It ts possible that well constructiOn and well 
abandonment practtces m the Portland Basm could 
have some effect on movement of modem water to 
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depth Regardless of the pathway, however, stgmficant 
vertical flow ts mdtcated by the CFC data Because 
modem water ts present m at least some of the deep 
parts of the Portland Basm, contammant loadmgs and 
contammant transport and fate are Important factors to 
constder m assessmg ground-water vulnerabthty m the 
Portland Basm. 

PARTICLE TRACKING 

Parttcle tracktng ts a method of §tmulatmg 
ground-water movement by calculatmg parttcle flow 
paths on the basts of mformatton about the dtstnbut10n 
of hydrauhc gradtent, hydraulic conductivity, and 
effective porostty Information descnbmg particle 
paths---startmg, mtermedtate, and endmg positions, 
travel times, and veloctties--can be determmed 

The method can be used to start and follow a parttcle 
forward m ttme from any pomt as It moves downgradt
ent towards a dtscharge area, thts ts defined as forward 
parttcle trackmg Conversely, a parttcle can be tracked 
backward m time from any pomt upgradtent towards a 
recharge area, thts ts defined as backward (or reverse) 
particle trackmg Thts mformatton can then be used 
to estimate the age of the ground water that might be 
discharged from a well 

Methods 

The parttcle-tracker software used m th1s study 
Is the USGS three-dimensional, particle-trackmg, 
post-processmg program developed by Pollock ( 1989) 
and 1s referred to as MODPA TH MODPA TH 1s 
designed to utthze mput data and results from the 
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USGS modular three-dimensiOnal, fimte-dtfference, 
ground-water flow model by McDonald and Harbaugh 
( 1988) The plottmg portton of MODPA TH, called 
MODPATH-PLOT, was modtfied by L L Orzol 
(US. Geological Survey, wntten commun, 1991) to 
facilitate the output of data and results m ARC/INFO 
data files and coverages ARC/INFO ts a geographic 
mformation system which IS capable of displaymg 
and performmg operations on spatial features and 
associated attnbutes The modified version of 
MODPATH-PLOT, known as MODTOOLS, does 
not change the method used to calculate parttcle path 
lines or attnbutes, but does enhance the abtlity of 
ARC/INFO to dtsplay and analyze the results of the 
particle-trackmg simulations 

The particle-trackmg analyses used the mput 
data and results of a regiOnal ground-water flow model 
developed for the Portland Basm by Morgan and 
McFarland ( 1994) The three-dimensiOnal, time
averaged, steady-state model encompasses an area 
of 981 mt2 The model consists of etght layers each 
contammg 3,040 active gnd cells whtch are 3,000 feet 
on a stde and of vanable thickness (see fig 7) 

Effective Porosity Distribution 

Effective porosities for the model gnd cells are 
used along wtth the results of MODFLOW m the 
parttcle-trackmg simulatiOns to calculate the veloctty 
dtstnbutton of the ground-water flow system whtch 
can then be used to determine ground-water flow paths 
and travel times The effective porosity values will not 
have any effect on the locatton of the path lines or the 
pomts of recharge. The three-dimensiOnal distnbutiOn 
of effective porosity for the model was estimated m 
thts study usmg an emptncal relation between hydrau
lic conductivity and effective porosity developed 
by Ahuja and others (1989) and modtfied usmg mfor
matton avatlable from Morrts and Johnson ( 1967) 

Many parttcle-trackmg studtes asstgn a smgle 
value of effective porostty for each hydrogeologic umt 
on the basts of values for vanous lithologies published 
m the literature such as Cohen (1963), Davts and 
DeWiest (1966), Johnson (1967), and Morris and 
Johnson ( 1967) Because the model for the Portland 
Basm simulates a layered, three-dtmensiOnal aqutfer 
system wtth an area of nearly 1,000 mt2, a method was 
sought that would yteld a spatial dtstnbutton of effec
tive porostty for each of the mne hydrogeologic umts 

AhuJa and others ( 1989) utilized effective 
porosity data to evaluate the spatial distnbutton of 
hydraulic conducttvtty Usmg a regressiOn analysts of 
4 73 soil samples across a wide vanety of soil types 
they denved an empincal relation between effecttve 
porosity and hydraulic conductivity The regression 
equation denved by Ahuja and others ( 1989) was 

K = 764 5<J> 3 29 
s e 

Where, 

Ks IS saturated hydraulic conductivity, 

m centimeters per hour, 

<f>e ts effective porosity (dtmenstonless) 

(2) 

Ahuja and others (1989) reported that there
gressiOn resulted man R2 (the coefficient of determi
nation) ofO 67 and a root mean square error (log1oKs) 
ofO 613 Solvmg for <f>e ytelds. 

( 
K

5 
)1 /3 29 

764 5 
(3) 

Thts relation was applied to the modeled hydro
geologic umts m the Portland Basm to solve for effec
tive porosity usmg hydraulic conducttvtty values for 
each model gnd cell as calculated from the cell thick
ness and the calibrated transmtsstvtty values The 
pnnciple advantage of thts method ts that tt uttlizes 
the transmisstvtttes calibrated by the flow model to 
estimate the spattal distnbutiOn of effective porostty 
The calibrated transmtsstvtttes are the best source of 
mformation regardmg the regional hydraulic charac
tenstlcs of the aqmfer matenals m the Portland Basm 
and are directly proportional to effective porostty 

The regression was developed usmg hydraulic 
conducttvtttes wtth a range of over five orders of 
magnitude, however, the linear regression begms to 
devtate from the data for large values of hydraulic 
conducttvtty For this reason, an effective porosity 
of 0 31 was asstgned to any cells havmg a hydraulic 
conductivity greater than or equal to 15 feet per day. 
Maps of the spattal dtstnbutton of porosity for each of 
the mne hydrogeologic umts defined by Morgan and 
McFarland (1994) and used m the ground-water flow 
model are provtded m the Appendix, figures Al-A9 
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Particle-Density Sensitivity Analysis 

An infinite number of possible starting posi
tions exist for particles that could be located on the 
faces of the model grid cells to be tracked backwards. 
Ideally, as many particles as possible should be start
ed to increase the probability of modeling all possi
ble flow paths. However, hardware and software 
limitations, as well as the logistics of handling very 
large data sets, require the utilization of some subset 
of starting particles. To enable the selection of the 
density of starting particles on the faces of the model 
grid cells, a sensitivity analysis was performed. The 
goal of the sensitivity analysis was to determine the 
effect of different particle densities on the distribu
tion of minimum travel times between the model grid 
cells representing the wells sampled for CFCs and 
the points at which the particles were recharged. For 
the purposes of this report, the point of recharge is 
defined as the point at an inflow boundary at which 
the particle enters the ground-water-flow system. 

The sensitivity analysis used the cells repre
senting the 54 wells sampled for CFC-age dating. 
Each well location consisted of one to eight model 
layers representing the hydrogeologic unit(s) to which 
the well is open. Six modeling runs were made using 
either 1, 4, 9, 16, 25, or 81 particles on each of the 
6 faces per model cell. The result was 6, 24, 54, 96, 
150, and 486 particles per cell, respectively, for the 
cell in each model layer representing the well. The 
particles were uniformly distributed on the cell faces 
as described by Pollock (1989, p. 32-33). The particles 
were tracked backwards in time, upgradient to their 
recharge points, to determine the time of travel from 
recharge point to model cell. Particles were stopped if 
they encountered a model cell adjacent to a no-flow 
boundary, resulting in a more conservative estimate 
of minimum travel times (refer to "Limitations and 
Factors Contributing to Uncertainties" in subsequent 
section of this report). For example, younger travel 
times would be estimated than if the particles were 
allowed to continue. Travel times that are under
estimated provide a greater measure of protection 
from erroneously designating the age of water within 
a model cell as being older; older water would be 
less likely to contain anthropogenic contamination. 
Three of the 54 wells (2N/3E-3BBA, 2N/3E-24DBC, 
and 4N/2E-11 ACC) were located within the cells 
adjacent to the model boundary, and were not used in 
the sensitivity analysis. 

The minimum travel times for each well were 
determined for each model run. The data were statis
tically analyzed using the Kruskall-Wallis test, to test 

the null hypothesis that the mean ranks of the minimum 
travel times between each particle-density distribution 
were equal. This robust test, a one-way analysis of 
variance on rank-transformed data, is not sensitive to 
outlying values or to the assumptions of equal variance 
or normality. 

If the null hypothesis was rejected by the 
Kruskall-Wallis test, indicating that at least one mean 
rank minimum time of travel value differed, Tukey's 
"honest significant difference test" was performed to 
determine which means differed. The alpha value (level 
of significance) for all hypothesis testing was 0.05. 

The results of the model runs from the backward 
tracking of 51 wells using distributions of starting 
particles of either 6, 24, 54, 96, 150, or 486 particles per 
cell are summarized in figure 8 and presented in table 3. 
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Figure 8. Distribution of particle-tracking-indicated minimum 
travel times for 51 wells in the Portland Basin sampled for 
chlorofluorocarbons, by the number of particles per cell. 

The mean values of the minimum travel times for the 
51 wells decrease exponentially with increasing 
particle density. However, the Kruskall-Wallis test 
fails to reject the null hypothesis that the mean rank 
minimum travel times are equal and, therefore, there 
is no evidence to suggest that any of the mean rank 
minimum travel times differed from one another. 
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Table 3. M1mmum particle-tracker-model travel t1mes, 1n years, for ground water Intercepted by 51 wells 1n the 
Portland Basm sampled for chlorofluorocarbons 
L"~" mdtcates less than] 

Number of ~articles ~r cell 
Location 6 24 54 96 150 486 

0 I N/02E-13CDCC I 596 555 526 507 494 478 
0 I N/02E-15DAAA I 355 330 323 323 330 320 
0 I N/02E-34ABD I 10 9 9 9 9 9 
OIN/03E-08ABC <I <I <I <I <I <I 
0 I N/03 E-12CAB2 18 10 9 9 8 <I 

01 N/03E-27CBB2 147 24 18 15 13 12 
01 N/03E-35ACADI 274 214 213 220 218 213 
01 N/03E-35BDB 121 108 106 105 104 104 
01 N/04E-02AAA <1 <I <1 <I <1 <I 
01N/04E-02DDD 19 18 18 18 18 18 

01N/04E-IOABD 6 6 6 6 6 6 
OIN/04E-11 DCB 15 14 14 14 14 7 
01 N/04E-24BAA <I <I <I <I <I <I 
02N/01 E-01 AAD <1 <I <1 <I <1 <1 
02N/01 E-04BAD1 217 202 189 168 156 144 

02N/01 E-IIAABI 87 87 53 46 42 35 
02N/01 E-11 BACt 49 33 30 27 27 23 
02N/01 E-27CBC1 <I <I <I <I <I <I 
02N/02E-07 AAB I 13 12 II 11 10 9 
02N/02E-07CAA 16 13 12 12 II II 

02N/02E-14DDC I <I <I <I <I <I <I 
02N/02 E-20AAA 9 7 7 6 6 <I 
02N/02E-27BBC I 12 II 10 9 9 9 
02N/02E-33ADB 14 9 9 9 8 8 
02N/03E-21 DDB <I <I <I <I <I <I 

02N/03E-25ABB <I <I <I <I <I <I 
02N/03E-31 DBA II 10 10 10 10 9 
02N/04E-33CAC <I <I <I <I <I <I 
02N/04E-36CCA2 <I <I <I <I <I <I 
03N/01 E-08DCBI 13 12 II II II <I 

03N/01 E-20BAD 151 108 100 95 90 85 
03N/OI E-27CDA I <I <I <I <I <I <I 
03N/OI E-35ABA I 7 5 5 5 5 <I 
03N/02E-01 BAB 251 212 201 189 187 184 
03N/02E-03ABA I <I <I <I <I <I <I 

03N/02E-23CBC 81 76 74 71 70 70 
03N/03E-18ABC <I <I <I <I <I <I 
04N/O 1 E-07CBC <I <I <I <I <I <1 
04N/O I E-14BDC 355 301 287 280 276 256 
04N/01 E-17ACC 44 36 34 33 33 33 

04N/01 E-19BDA2 48 45 45 44 44 44 
04N/O 1 E-21 DBC 93 89 87 86 86 85 
04N/01 W-17CAA I 4,405 4,056 3,929 3,866 3,834 3,771 
04N/02E-09CAC <I <I <I <I <I 6 
04N/02E-1 OCCB 15 13 12 12 12 II 

04N/02E-23DBA 57 45 40 37 36 34 
04N/02W-24ABB I 2,139 1,813 1,714 1,667 1,638 1,591 
05N/01 E-08DCA <I <I <I <I <1 <1 
05N/O 1 E-34ACD3 18 12 II 11 11 4 
05N/02E-08ABA <I <I <I <I <I <I 
05N/02E-19ABA 12 II II II 10 <I 

Mean 190 167 159 156 154 149 
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The results 10dicate that 10creased particle den
Sities (from among those tested) do not result 10 sam
ple populations with sigmficantly different mimmum 
travel times Any of the distnbutions of start10g parti
cle densities tested will adequately descnbe the popu
lation of m10Imum travel times for all 51 wells With 
only a few exceptiOns, however, the m10Imum travel 
times for 10d1vidual wells decreased with 10creased 
particle dens tty, the magmtude of change also de
creased with 10creased particle density It was expect
ed that particle densities greater than 486 particles 
per cell would yield only small differences 10 the 
m10Imum travel times for 10dividual wells For these 
reasons, the m10Imum travel times determ10ed us10g 
486 particles per cell were used for companson with 
the ground-water ages determ10ed us10g CFCs 

Limitations and Factors Contributing 
to Uncertainties 

The results of the parttcle-track10g simulations 
are based on specific limitations and assumptions 
Some spectfic limitatiOns and assumptiOns anse from 
the use of the results of the regiOnal ground-water 
flow model, while others are Inherent 10 the method 
of particle track10g 

Portland Basin Ground-Water Flow Model 

Morgan and McFarland (1994) Identified the 
maJor simphfytng assumpttons for the Portland 
Bas10 ground-water flow model as ( 1) steady-state 
simulation of ttme-averaged condittons for the penod 
1987-88, (2) transmtssivtties of hydrogeologic umts 
do not change when the saturated thickness of the 
umts change, and (3) simplificatiOn of some boundary 
conditions as "no-flow" The most restnctive limita
tiOns for this study that result from the above assump
tiOns are that the model cannot be used to evaluate the 
transient response of the flow system and that some 
boundanes form a barrier to ground-water flow whtch, 
though the flux across may be 10Sigmficant relative to 
the model as a whole, may affect the track10g of parti
cles near that boundary Because of the hmttation of 
us10g a steady-state model, It IS not possible to 10cor
porate the effects of changes 10 spr10gs, streamflow, 
recharge, and pumpage 10 the modeled area s10ce 
predevelopment However, tt IS more appropnate to 
use the 1987-88 time-averaged conditions for compar
Ison with CFC-model ages because these are, perhaps, 
more representative of the prevathng condtttons s10ce 

1944 when measurable quantities of CFCs became 
present 10 the atmosphere The limitatiOn relatmg to 
the boundary conditions IS discussed m the subsequent 
"Particle Tracker" section of this report 

Another limitation of the regiOnal flow model 
for the Portland Bas10 ts spattal dtscrettzatton The 
model gnd cells are 3,000 feet on a stde and are of a 
vanable thickness Each model gnd cell conta10s a 
typtcal value for charactensttcs such as the altttude of 
land surface, hydrogeologic umt thickness, depth to 
water, and hydraulic conducttvtty However, heteroge
neities 10 some parameters, such as geologtc frame
work and hthology, may result 10 vanattons 10 the 
actual range of values present for a parttcular parame
ter with10 a model gnd cell These heterogeneities are 
not reflected 10 the model mput data In addttion, the 
gnd-cell size may be large enough that local flow 
system charactensttcs, whtch can affect CFC concen
tratiOns, may not be discernible 

AddttiOnal hmttattons may anse from uncerta10-
ties assoctated with the data used to construct the flow 
model for the Portland Bas10, 10cluding aqutfer geom
etry, hydraulic charactenstics, heads, and stresses. 
These hmttattons can result m modeled heads and 
fluxes which differ from observed values and could 
mfluence esttmated travel ttmes determmed by the 
parttcle-trackmg simulations 

Particle Tracker 

The use of the particle tracker ts subject to the 
hmttattons of the ground-water flow model as well as 
hmitattons m the parttcle-trackmg methodology The 
hmttatiOns ofMODPATH (Pollock, 1989, p 19-21) 
10clude two that requtre further dtscusston---bound
anes, and spattal dtscretizatiOn and the representatiOn 
of mtemal smks 

Care must be used mterpret10g the results of 
particle-trackmg stmulatiOns when particles, which 
are tracked backwards towards thetr recharge pomts, 
encounter model cells adJacent to a no-flow model 
boundary If the boundary ts represented as a no-flow 
boundary, the parttcle ts unable to pass through that 
cell face However, boundartes that are stmulated as 
no-flow may actually have small ground-water fluxes 
entenng from outside the model This Situation anses 
along the eastern boundary of the ground-water flow 
model m Clark County (see Morgan and McFarland, 
1994) The effect of not modehng these fluxes may 
be msigmficant for most uses of the regiOnal ground
water flow model; however, tt may cause deflection or 
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truncation of path hnes Parttcles that enter cells adja
cent to no-flow boundanes at depth may, therefore, 
move laterally unttl they reach the surface-resultmg 
m parttcle paths and travel ttmes that are not represen
tative of actual ground-water flow. For these reasons, 
parttcles were stopped tf they encountered a model 
cell adjacent to a no-flow boundary 

A problem m parttcle-trackmg simulatiOns may 
anse m the representatiOn of mtemal smks, such as 
dtschargmg wells, spnngs, gaming streams or nvers, 
and general-head boundanes due to spatial discretiza
tiOn Pollock ( 1989 p. 19-20) descnbes this problem 

The effect of spat1al d1scret1zat1on on 
the representation of Internal s1nks 1s espe
Cially Important for part1cle-track1ng analy
ses because of the amb1gu1ty assoc1ated 
w1th the movement of particles through weak 
s1nk cells These cells contain s1nks that do 
not discharge at a large enough rate to con
sume all of the water entenng the cell The 
net result 1s a flow-through cell 1n wh1ch wa
ter enters the cell across some faces and 
leaves 1t across others Path lines computed 
for these cells are consistent w1th the as
sumption of a uniformly d1stnbuted s1nk With
In the cell, however, 1t 1s d1ff1cult to Interpret 
the results of particle track1ng analyses 1n 
systems w1th weak s1nk cells because 

1 There IS no way to know whether a specif
IC particle should discharge to the s1nk or 
pass through the cell That means IndiVId
ual particles w111 not correspond to a f1xed 
volume of water, nor w1ll flow tubes de
fmed by adJacent path lines represent a 
fixed quantity of flow 

2 Path lines through weak s1nk cells may not 
accurately represent the path of any water 
1n the system 1f they contain po1nt s1nks 
that cannot be represented accurately as 
bemg uniformly d1stnbuted throughout the 
cells 

In thts study, all smks were treated as weak smks, thus 
allowmg any particle which entered a cell wtth a smk 
to pass through that cell 

Uncertamty m travel ttmes also may result from 
representation of the wells sampled for CFCs as model 
gnd cells The open mterval along a wellts repre
sented by parttcles populated along the faces of a 
model cell or cells, rather than along a hne segment 
Unless the wellts located along a cell face, the travel 
time between the cell face and the actual position of 
the wellts not accounted for, resultmg man under-

estimate of the travel ttme Additionally, wells whtch 
partially penetrate a hydrogeologic umt are repre
sented as fully penetratmg. Thts representation would 
most hkely result m underesttmatmg the travel ttme, 
however, overesttmatmg the travel ttme also ts 
posstble 

An addttiOnal hmttatiOn m usmg the parttcle
trackmg simulatiOns to esttmate posstble flow hnes 
and travel times for chemtcal constituents ts that 
the constituents are assumed to be conservative A 
conservative constituent ts defined as a nonreactive, 
dtssolved constituent These constituents also are 
assumed to move as a particle of water and are not 
subject to the effects of hydrodynamic dispersiOn or 
retardation 

Results 

The backward parttcle-trackmg results for 51 
wells are presented m maps A-D on plate 1 (Note that 
the wells were arbitranly divided mto four groups and 
plotted on separate maps to prevent overlappmg of 
flow hnes from adjacent wells ) Because of the large 
number of particles used m the particle-trackmg 
stmulattons, plottmg all of the parttcle flow paths 
for display was not possible Instead, a subset of 
backward-tracked particles was selected for plottmg 
on plate 1 The subset of parttcles for each cell consist
ed of five of the ongmal 81 particles on each face of 
the cell. The five parttcles selected were those closest 
to each of the four comers on each face, plus the 
center-most particle on each face Because each well 
ts represented by usmg between one and eight model 
cells, the resultant subset of particles for plottmg 
ranged from 30 to 240 parttcles per well 

Path hnes for particles tracked backward from 
the 51 wells Illustrate the presence of local, Inter
mediate, and regiOnal ground-water flow systems and 
emphasize the three-dimensiOnal nature of the ground
water flow system m the Portland Basm. For the 
purposes of this report, the characterization of local, 
mtermediate, and regtonal flow systems as descnbed 
by Fetter (1988, p 221-225) will generally be apphed 
Fetter charactenzes a local ground-water flow system 
as havmg Its recharge area at a topographtc htgh spot, 
and tts dtscharge area at an adjacent topographic low 
Intermediate flow systems have at least one local flow 
system between thetr recharge and dtscharge areas Re
giOnal flow systems have the recharge area m the basm 
divide and the discharge area at the valley bottom 
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Local flow systems are generally shallower, wtth 
shorter flow paths, and more raptd circulatiOn of 
ground water compared wtth regiOnal flow systems 
Intermediate flow systems have properties falhng 
between those of local and regiOnal flow systems 

The well located at 2N/1E-1AAD (map B, plate 
1) ts an example of a well that wtthdraws water from a 
local ground-water flow system Thts shallow well, 
completed wtthm the unconsolidated sedtmentary 
aqmfer to a depth of 65 feet, ts located about four 
mtles east of Vancouver Lake m an area of low rehef 
The path hnes to recharge areas for parttcles tracked 
from thts well range from near 0 to 0 6 mtles m length 
and are contamed enttrely wtthm the unconsohdated 
sedtmentary aqmfer, the surfictal umt m thts area 

Well 1N/2E-13CDCC1 (map B, plate 1) ts lo
cated east of the Portland InternatiOnal Atrport along 
the Columbta Rtver and wtthdraws ground water from 
an mtermedtate flow system, as dehneated by parttcle 
path hnes Thts wellts 569 feet deep and ts screened 
m the sand and gravel aqmfer umt The parttcle path 
hnes for thts well are from 7 1 to 17 8 mtles long, 
traverse as many as seven dtfferent hydrogeologic 
umts, and ongmate m topographically htgh areas 
between the Johnson Creek and Clackamas River 
dramages 

RegiOnal ground-water flow ts Illustrated by the 
path hnes for the well at 4N/1 W-17CAA1 (map B, 
plate 1) located m a low-lymg area between St Helens 
and Scappoose, Oregon This well Is screened wtthm 
the older rocks hydrogeologic umt and has a com
pleted depth of 327 feet The path hnes for particles 
tracked from this well range from 5 4 to 7 6 mtles 
long, travel entirely withm the older rocks, and ongi
nate along the northwestern boundary of the Portland 
Basm m the Tualatm Mountams 

Well4N/1E-19BDA2, located near Ridgefield, 
Washmgton (map A on plate 1), provides an example 
of a well that withdraws water from multiple but dis
tmct source areas This well may receive components 
of water from a local flow system ongmatmg from 
the east and southeast, an mtermediate flow system 
that recharges m the vtcmtty of Bald Moun tam to the 
northeast, and a regional flow system that recharges 
along the eastern boundary of the Portland Basm along 
the western flank of the Cascade Range The path hnes 
from the vanous source areas range m dtstance from 
0 8 to 13.6 mtles and Illustrate that local, mtermedtate, 
and regional flow systems can all contnbute to the 
discharge from a well Thts well also demonstrates the 

three-dtmenswnal nature of the ground-water flow 
system The well ts screened m the undtfferenttated 
fine-gramed umt whtch, at thts locat10n, ts represented 
by five model layers each populated wtth parttcles. 
The traJectones for these particles are calculated usmg 
the hydraulic parameters for each model layer, whtch 
can vary wtth depth. Path hnes wtthm the undiffer
entiated fine-gramed umt that appear to cross each 
other m map vtew actually occur at dtfferent depths 
wtthm the umt and are calculated on the basts of the 
hydrauhc condtt10ns present at that depth 

Comparison of Particle-Tracking Results 
with Stable-Isotope Data at Two Sites 

Most ground water m the Portland Basm ts 
stgmficantly less depleted m D and 180 than ts water 
from the Columbta Rtver. These dtstmct tsotoptc sig
natures allow stable Isotopes of water to be used to 
calculate the fractiOn, tf any, of ground water that has 
traveled through the ground-water envtronment to a 
gtven well from the Columbta Rtver. McCarthy and 
others ( 1992) used stable Isotopes of water m thts 
manner m thetr analysts of several Ctty of Portland 
pubhc-supply wells m Multnomah County, Oregon, 
and these techmques were used m a stmtlar manner 
m thts study 

Samples for stable Isotopes of ground water 
were collected from two shallow wells (2N/1E-
27CBC1 and 1N/3E-12CAB2) located tn Clark 
County, Washmgton, near the Columbta Rtver 
(table 4) Values from three ground-water sttes 
(2N/1E-1AAD, 2N/2E-33ADB and 4N/1E-21DBC), 
that are located far from the Columbta River m 
Clark County, Washmgton, are hsted m table 4. Ten 
values from the Columbta Rtver at the USGS Nattonal 
Stream Quahty Accountmg Network (NASQAN) 
statton at Warrendale, Oregon (gagmg number statton 
14128910), located 6 miles upstream from the eastern 
edge of the study-area boundary, also are hsted m 
table 4 The 3 ground-water sttes located far from 
the Columbta Rtver were sampled as part ofthts study, 
and the 10 Columbta Rtver samples were collected 
as depth-mtegrated samples by USGS personnel 
dunng routme NASQAN samphng (T B Coplen, 
U.S. Geologtcal Survey, wntten commun, 1991). 
The three values of stable Isotopes of ground water, 
for sttes located far from the Columbta Rtver, 
represent one end member for mtxmg calculations 
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Table 4. Stable Isotopes of ground water and Columbia R1ver surface water 
Analyses run at the U S Geologtca/ ~urvey laboratory m Reston, Vtrgmta, are reported to the nearest 0 5 o/oo (per mtl, or parts per thousand) 
forD (deutenum) and 0 I o/oo for 0 (oxygen-18) 1 ~nalyses run at the US Geologtcal Survey laboratory m Menlo Park, Cahfomta, are 
reported to the nearest I o/oo forD and 0 I o/oo for 0 Results of analyses are reported relative to the reference standard, Standard Mean 
Ocean Water (Cratg, 1961 b) 

Sample 
Site date 

I N/3E-12CAB2 (L) 4/24/91 
2N/I E-1 AAD (A) 5/15/91 
2N/I E-27CBCI (M) 5/07/91 
2N/2E-33ADB (H) 5/16/91 
4N/I E-21 DBC (K) 5/16/91 

Columbta Rtver at Warrendale, Oregon 1/12/85 
Columbta Rtver at Warrendale, Oregon 4/17/85 
Columbta Rtver at Warrendale, Oregon 7/25/85 
Columbta Rtver at Warrendale, Oregon 11/05/85 
Columbta Rtver at Warrendale, Oregon 3/26/86 
Columbta Rtver at Warrendale, Oregon 9/04/86 
Columbta Rtver at Warrendale, Oregon 11/19/86 
Columbta Rtver at Warrendale, Oregon 3/18/87 
Columbta Rtver at Warrendale, Oregon 5/12/87 
Columbta Rtver at Warrendale, Oregon 9/09/87 

Columbta Rtver water samples collected at the 
Warrendale stte represent the other end member The 
10 Columbta Rtver samples cover a range of seasons, 
m order to descnbe the seasonal vanabihty m the 
staJ:>le-water Isotopes of the Columbia River A plot of 
the tsotoptc values ts shown graphically m figure 9, 
along wtth the meteonc water hne (Cratg, 196la) 

Well2N/1E-27CBC1, an industrial well located 
0 2 mtles from the Columbia Rtver, ts pumped contin
uously throughout the year and the Isotopic composi
tion of tts water should represent steady-state mtxmg 
The Isotope results mdtcate that approximately 60 per
cent of the water pumped from this well comes from 
the Columbia River 

The Isotopic results from well 1 N/3E-12CAB2 
(a pub he-supply well located about 0 4 miles from the 
Columbia Rtver) show that thts well was not, at the 
time of samplmg, drawmg sigmficant water from the 
Columbta Rtver Under penods of long pumpmg, tt 
ts posstble that thts well could draw water from the 
Columbta Rtver It ts also posstble that the well draws 
water from the nearby Washougal Rtver. 

The results from the parttcle-trackmg stmula
ttons mdtcate that well 2N/1F-27CBC 1 may draw 
water from the Columbta Rtver, and that well 1N/3E-
12CAB2 does not draw water from the Columbta 
Rtver. The results from the tsotoptc analyses are 

o1so 80 
(o/oo) (o/oo) 

Ground water 
-9 6 -67 0 
-8 5 -62 

-13 4 -99 5 
-9 6 -70 
-9 6 -70 

Surface water 
-16 7 -127 0 
-16 6 -124 0 
-16 4 -120 5 
-16 4 -124 5 
-16 2 -122 0 
-16 5 -126 5 
-16 6 -126 0 
-16 7 -125 5 
-16 4 -123 5 
-16 6 -125 5 

consistent wtth the results from the parttcle-trackmg 
stmulattons and further demonstrate the utthty of 
stable Isotopes of water m determmmg the contnbu
tton of water from the Columbia Rtver to pumpmg 
wells m the Portland Basm 
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F1gure 9. Stable 1sotopes of water from ground- and 
surface-water s1tes 1n the Portland Basm 
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COMPARISON OF 
CHLOROFLUOROCARBON-MODEL AGES 
WITH PARTICLE-TRACKER-MODEL AGES 

For each group of parttcles backtracked from a 
gtven well wtth the parttcle-trackmg simulatiOns, there 
was usually a wtde range m the calculated particle
recharge ages Because wells usually produce water 
from multtple zones wtth multtple water ages, a CFC
model age does not, as previOusly dtscussed, represent 
a wetghted mean age of the water Stmtlarly, a dts
charge-wetghted mean, parttcle-tracker-model age 
from backward-tracked parttcles cannot be determmed 
because detailed mformatton regardmg the contnbu
tiOn to well dtscharge from every posstble flow path ts 
not available due to large gnd stze and the parameter-

averagmg procedures used m the model Although 
It ts not feastble to compare CFC-model ages wtth 
dtscharge-weighted mean, parttcle-tracker-model 
ages, there ts one valtd method of companng results 
from the two models 

The presence ofCFCs m water samples mdt
cates the presence of at least a component of modern 
water Because this ts equtvalent to havmg at least 
one parttcle of modern water contnbutmg to a water 
sample, the youngest parttcle-tracker-model age 
(least ttme of travel from recharge pomt to well) for 
each well was chosen to represent that well for com
panson to CFC-age datmg The CFC-model ages, 
and the youngest parttcle-tracker-model ages, are 
presented as model recharge dates for companson m 
table 5 

Table 5 Max1mum particle-tracker-model recharge dates and chlorofluorocarbon-model recharge dates for ground water 
from the Portland Basm 
[CFC (chlorofluorocarbon) Part1cle-tracker max1mum model date 1s date assoc1ated w1th youngest part1cle of water produced by the well accordmg to 
backward part1cle trackmg "<1944" or "<1948" md1cates recharge before 1944 or 1948, respectively--these waters cannot be age-dated w1th CFCs 
"Cont" md1cates that sample con tams levels of CFCs greater than would be m water m eqUJhbnum w1th 1991 global a1r] 
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Site
location 
number 

I N/2E-13CDCC I (P) 
1 N/2E-15DAAA 1 (J} 
1 N/2E-34ABD 1 (B) 
1 N/3E-8ABC(B) 
1N/3E-12CAB2(L) 

1 N/3E-27CBB2(M) 
1 N/3E-35ACAD1(G) 
1 N/3E-35BDB(F) 
1 N/4E-2AAA(A) 
1 N/4E-2DDD(R) 

1 N/4E-1 OABD(B) 
1 N/4E-11 DCB(Q) 
1 N/4E-24BAA(C) 
2Nil E-IAAD(A) 
2N/I E-4BADI(C) 

2N/1 E-11 AAB I (A) 
2N/I E-ll BAC I (C) 
2N/I E-27CBC I (M) 
2N/2E-7 AAB I (A) 
2N/2E-7CAA(L) 

2N/2E-14DDCI (R) 
2N/2E-20AAA(A) 
2N/2E-27BBC I (D) 
2N/2E-33ADB(H) 
2N/3E-21 DDB(R) 
2N/3E-25ABB(B) 

Number of particles 
in backward 

particle tracking 

486 
486 
486 
972 

2,430 

486 
486 
972 
972 
486 

1,944 
1,944 
2,916 

486 
486 

486 
486 
486 
486 
486 

972 
972 
486 
486 
972 
486 

Maximum particle-tracker
model recharge date, 

In years A.D. 

1513 
1671 
1982 
1991 
1991 

1979 
1778 
1888 
1991 
1973 

1986 
1984 
1991 
1991 
1847 

1956 
1968 
1991 
1982 
1981 

1991 
1991 
1982 
1983 
1991 
1991 

Comparison of CFC-Age Dating with Particle-Tracking Results 

CFC-model
recharge date, 
In years A.D. 

<1944 
<1944 

Cont 
<1944 

Cont 

1953 
<1944 

1985 
1978 

<1944 

1949 
<1944 
<1944 
<1948 

Cont 

1956 
1967 
Cont 
Cont 
Cont 

Cont 
1955 
Cont 
1978 
1968 
1963 



Table 5. Max1mum particle-tracker-model recharge dates and chlorofluorocarbon-model recharge dates for ground water 
from the Portland Basm--Contmued 

Site
location 
number 

2N/3E-31 DBA(K) 
2N/4E-33CAC(L) 
2N/4E-36CCA2(N) 
3N/1 E-8DCB 1 (Q) 
3N/1 E-20BAD(C) 

3N/1 E-27CDA 1 (P) 
3N/1 E-35ABA 1 (B) 
3N/2E-1 BAB(C) 
3N/2E-3ABA I (B) 
3N/2E-23CBC(M) 

3N/3E-18ABC(B) 
4N/1 E-7CBC(M) 
4N/1 E-14BDC(F) 
4N/I E-17 ACC(G) 
4N/I E-19BDA2(F) 

4N/I E-21 DBC(K) 
4N/I W-17CAA I (L) 
4N/2E-9CAC(L) 
4N/2E-1 OCCB(N) 
4N/2E-23DBA(K) 

4N/2W-24ABB 1 (B) 
5N/I E-8DCA(Q) 
5N/I E-34ACD3(G) 
5N/2E-8ABA(B) 
5N/2E-19 ABA( B) 

Number of particles 
In backward 

particle tracking 

486 
972 
972 
972 
486 

486 
972 
486 
972 
486 

972 
972 

2,430 
2,430 
2,430 

2,430 
486 

2,430 
2,430 
2,430 

486 
486 

2,430 
2,916 
3,888 

The two models for dehneatton of old and new 
ground water, the CFC-age-datmg model and the 
particle-trackmg model, were comparable at 39 of 
the 51 sttes, or 76 percent of the sites Usmg the CFC 
model, 33 of the 51 sites yteld modem ages, and 
18 yteld old ages. Usmg the parttcle-tracker model, 39 
sites appear to receive modem water, and 12 do not 

It 1s not surprtsmg that results from the particle
tracker model and the CFC-age-datmg techntque were 
not always m agreement The Portland Basm ground
water flow model was destgned to evaluate regional 
ground-water flow, rather than local or small-scale 
ground-water movement Local ground-water flow 
mduced by well pumpmg, or annular leakage or mter
aqutfer flow through ex1stmg wells, 1s not accounted 
for by the flow model The CFC-age-datmg techmque 

Maximum particle-tracker
model recharge date, 

In years A.D 

1982 
1991 
1991 
1991 
1906 

1991 
1991 
1808 
1991 
1921 

1991 
1991 
1736 
1958 
1948 

1906 
-1780 

1985 
1980 
1957 

401 
1991 
1987 
1991 
1991 

CFC-model
recharge date, 
In years AD 

1949 
1973 
Cont 
1957 

<1944 

1985 
1976 
1964 
Cont 

<1944 

1957 
Cont 

<1944 
<1944 
<1944 

<1944 
<1944 
<1944 

1975 
1970 

<1944 
<1944 

1965 
1965 
1948 

IS sens1ttve to local and small-scale ground-water 
mfluences, but may be subject to the effects of sorp
tiOn, btodegradatton, or mc1dental CFC contrtbuttons 

Another dtfference between the two models ts 
that the particle-trackmg routme tracks particles back
ward from the faces of the model cells m whtch a gtven 
well ts open, whereas the CFC-age-datmg method 
measures actual contnbuttons of CFCs to well water 
The result ts that the parttcle-tracker model does not 
account for parttcle travel times to wells from the faces 
of the cells housmg the open mtervals of those wells 
The results of the two models may not agree tfthese 
travel ttmes are significant Under such condtttons, 
the parttcle-tracker model would be expected to yteld 
conservative dates when bemg used to evaluate the 
presence or absence of modem water m water wells 
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'fhts may explam the observation that, at 9 of the 
12 sttes at whtch the two models dtd not agree, the 
particle-tracker model calculated a modem age for 
water that contatned no CFCs It ts posstble that 
modem ground water had crossed some model-cell 
faces, but had not yet reached all wells wtthm those 
model cells Because determmmg locattons of old 
(less hkely to contam anthropogemc contammat10n) 
ground-water resources could be an Important use 
of the parttcle-tracker model, errors biased m the di
rectiOn of IdentificatiOn of water as modem water are 
probably preferable to errors btased m the direction 
of IdentificatiOn of water as old water 'fhe particle
tracker model may, therefore, be even more valuable 
than mdtcated by the 76 percent agreement wtth the 
CFC data 

'fo determme the occurrence of modem ground 
water m aqmfers m the Portland Basm, a particle
tracker model that uses the results of a regiOnal 
ground-water flow model, along with an estimate of 
the dtstnbutton of porostty, was used to ascertam 
ground-water flow paths and to calculate ground
water ages 'fhe value of such a capabthty IS that lo
cattons of vulnerable ground-water resources can be 
tdenttfied. An Independent method of tracmg modem 
ground water, CFC-age datmg, was Implemented and 
the results were compared to the results of the parttcle
trackmg simulatiOns when evaluatmg contnbut10ns 
of modem water to mdtvtdual wells m the Portland 
Basm. 'fhe presence ofCFCs m ground water mdt
cates the presence of modem water (water recharged 
smce 1944) CFC samples were collected from 54 
ground-water wells m the Portland Basm for the 
purpose of determmmg the presence or absence of 
modem water In addttion to providmg mformat10n 
on the presence or absence of modem water, CFC 
concentratiOns can yteld CFC-model recharge dates 
for ground water when combmed wtth data on ground
water recharge temperature A mean-recharge temper
ature of 8°C was calculated from dtssolved-mtrogen 
and -argon gas concentrations at 9 of the 54 sites 'fhts 
mean recharge temperature was combmed wtth CFC 
concentratiOns from 54 ground-water wells to age-date 
ground water produced from those 54 wells 

In order to provtde a check on the CFC method, 
samples for tntmm analysts were collected at 6 of the 

54 sttes sampled for CFCs 'fhe tnttum results 
matched the CFC results 'fhree of the stx samples 
contamed bomb tritmm, mdicatmg modem water 
'fhose same three samples also had modem CFC
model ages The other three samples, whtch dtd not 
contam bomb tnttum, had old CFC-model ages 

A senstttvtty analysts was conducted to 
determme the number of particles per cell to use m the 
parttcle-trackmg analysts. 'fhe results of the senstttvtty 
analysts mdtcated that 486 particles per model gnd 
cell provtdes a better esttmate of the mmtmum 
ground-water travel ttmes to mdtvtdual wells than 6, 
24, 54, 96, or 150 particles per cell, and that part1cle 
densities greater than 486 parttcles per cell would only 
provtde a slightly better estimate of mtnimum travel 
times 

'fhe parttcle-trackmg stmulatwns were used to 
calculate residence times for water produced by 51 of 
the 54 wells sampled for CFCs Particle paths were 
calculated by usmg backward trackmg of the particles 
upgradtent to thetr recharge pomts 'fhe results of the 
parttcle-trackmg stmulattons mdtcate that flow takes 
place on local, mtermedtate, and regtonal scales 
Ground water moves from htgher altitudes towards 
dtscharge areas along nvers and streams, and to dis
charge pomts such as water wells Stable Isotopes of 
ground water, collected at two wells located near the 
Columbta Rtver, show that one of the wells produced 
water recharged pnmanly from the Columbia River 
The other well produced no measurable component of 
Columbta Rtver water 'fhese results are consistent 
with the particle-tracker results 

'fhe results of the partlcle-trackmg stmulattons 
and the CFC samphng were compared Ltmttattons of 
the particle-tracker model and the CFC model wtll 
mev1tably lead to discrepanctes between the two 
models The particle-tracker model Is based on a 
steady-state, three-dimensional, ground-water, 
numencal-flow model wtth no-flow boundanes, a 
regiOnal model that cannot account for all local flow 
anomalies For mstance, local vertical ground-water 
flow mduced by well pump1ng, annular flow, or inter~ 
aqutfer flow through ex1stmg wells, ts not accounted 
for by the flow model or part1cle-tracker model Addi
tiOnally, the particle-tracker modelts subject to errors 
associated w1th model cells that contam a weak stnk 
(a smk that 1s not sufficiently strong to cause flow 
mto the cell from all directiOns) Fmally, the parttcle
trackmg routme does not allow particles to be back
tracked from mdivtdual wells (particles for mdtvtdual 



wells were tracked from the cell faces of the cells m 
whtch the wells were open), and backtrackmg all the 
way to particle recharge pomts was not performed on 
particles that reached model cells adjacent to the flow
model boundary. CFCs may be subject to sorption and 
biOdegradation, and the presence of CFCs m water 
samples does not guarantee the presence of CFCs m 
the aqutfer. Water cascadmg mto a well bore can ptck 
up CFCs from the well-bore atmosphere or CFCs 
could conceivably enter water m the well delivery 
system Furthermore, the CFC method ts sensitive to 
local flow effects. Whtle thts can be of value when 
attemptmg to determme the potential for contnbuttons 
of modem water to a well, tt can mterfere wtth the 
determmatton of regiOnal flow patterns 

In sptte of thetr hmttatiOns, results of the CFC 
model and the parttcle-tracker model were comparable 
at 39 (76 percent) of the 51 wells, when water wtth 
parttcle-tracker-model particles recharged smce 1944 
Is constdered modem. Furthermore, although the 
parttcle-tracker-model and the CFC-model results 
were not comparable at 12 sttes, the parttcle-tracker 
model appeared to err on the conservative stde when 
compared to the CFC model If the CFC modelts 
accurate, the parttcle-tracker model behaved 
conservatively at 9 of the 12 sttes At those mne sttes, 
the parttcle-tracker modeltdenttfied the presence of 
modem water, but the CFC-model ages were old At 
the other three sttes, the particle-tracker model failed 
to tdenttfy the apparent presence of modem water 

The results of both the CFC model and the 
parttcle-trackmg model mdtcate that many Portland 
Basm wells produce at least a component of modem 
water Although wells wtth deep open mtervals 
generally yteld old water more often than wells wtth 
shallow open mtervals, many wells wtth deep open 
mtervals (open mtervals hundreds of feet below land 
surface) do produce modem water Because many 
wells wtth deep open mtervals m the Portland Basm 
produce modem water, aqmfer depth alone ts not a 
reliable method of esttmatmg ground-water 
vulnerabthty Other factors, such as contammant 
loadmgs and contammant transport and fate, need to 
be constdered when determmmg ground-water 
vulnerabthty The results obtamed by companng the 
two models mdtcate the parttcle-trackmg stmulattons 
can be used to determme what parts of the Portland 
Basm are hkely to produce modem water, and the 
CFC-age datmg can provtde a useful check on the 
rehabthty of particle-tracker results 
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Table 6. S1te data, well data (for ground-water s1tes), and f1eld parameters for s1tes 1n the Portland Basm sampled for chlorofluorocarbons 
Stte-tdenttficattOn number ts a umque number asstgned to each stte for data-base purposes Data for well altttude, well depth, depth to top and bottom of open mterval, and depth to water taken from 
McCarthy and Anderson (1990) A negattve value for depth to water mdtcates artestan pressure converted to eqmvalent head above land surface An astensk (*)next to the depth to water mdtcates a 
measurement reported by the well dnller Date refers to date of water-level measurement Well use IN, mdustnal, D, domesttc, I, trngatton, P, pubhc supply, 0, other, hydrogeologic urut US, unconsohdated 
sedimentary aqutfer, TG, Troutdale gravel aqutfer, TS, Troutdale sandstone aqutfer, SC, sand and gravel aqutfer-upper coarse subumt, UF, undtfferenttated fine-gramed umt, and OR, older rocks 
Fteld parameters are from spnng 1991 Dtssolved oxygen, m rrulhgrams per hter Spectfic conductance, m rrucrostemens per centtmeter at 25 degrees Celsms Temperature, m degrees Celstus 
" <" mdtcates less than " -- " mdtcates no analysts for thts constituent 

Site data Well data F1eld parameters 

Depth Depth 
S1te- S1te- Well to top of to bottom of Depth Hydro-

locat1on 1dent1f1cat1on Altitude depth open Interval open mterval to water Well geologic DISSOlved SpecifiC 
number number (feet) (feet) (feet) (feet) (feet) Date use unit oxygen pH conductance Temperature 

Ground-water s1tes 

1N/2E-13CDCC1(P) 453346122303401 20 569 484 559 -11 6* 11/6/80 0 sc <10 84 163 132 
1N/2E-15DAAA1(J) 453409122321001 23 415 138 415 14 0* 8/13/84 0 US,TS <10 85 151 12 1 
1 N/2E-34ABD 1 (B) 453149122323101 291 490 415 490 248 9 4/04/89 p TG 32 76 194 11 7 

1 N/3E-8ABC(B) 453522122274601 435 420 420 420 275 0* 4/15/68 D TG 10 7 7 1 167 114 
1 N/3E-12CAB2(L) 453503122231101 34 87 44 79 26 7 3/29/89 p us 63 67 100 11 8 
1 N/3 E-27CBB2(M) 453224122255801 120 1,060 320 340 104 2 3/27/89 p TS <10 83 209 13 6 

1N/3E-35ACAD1(G) 453143122235301 312 550 510 545 292 1 3/28/89 p sc <10 82 204 144 
1 N/3E-35BDB(F) 453141122242301 340 458 439 449 329 9 4/04/89 p TS 22 87 217 12 3 
1N/4E-2AAA(A) 453624122161001 1,077 160 150 160 85 8 3/05/87 D TG 10 8 65 30 98 

1N/4E-2DDD(R) 453536122161601 807 270 252 270 253 7 4/07/88 D sc 90 68 79 105 
1N/4E-10ABD(B) 453522122174601 597 496 495 496 407 0* 3/09/81 D sc <10 78 159 13 0 
1N/4E-11DCB(Q) 453451122164001 523 340 300 340 242 1 4/07/89 D sc 88 75 124 11 9 

1N/4E-24BAA(C) 453348122153201 517 597 570 595 432 0 4/12/89 D sc <10 79 278 14 3 
2N/1E-1AAD(A) 454124122371601 270 65 54 59 35 7 3/29/89 I us 1 8 72 177 12 0 
2N/1 E-4BAD1(C) 454123122413701 215 303 227 295 149 3 3/30/89 p TG 76 67 284 11 5 

2N/1E-11AAB1(A) 454037122383301 23 228 172 205 146 0 3/30/89 p TG 23 74 240 11 0 
2N/1E-11BAC1(C) 454034122391301 230 293 233 293 150 1 3/30/89 p TG 26 75 238 11 0 

en 2N/1 E-27CBC1(M) 453734122404701 42 128 55 125 33 0* 5/10/57 IN us 50 70 243 12 9 
c 
'0 2N/2E-7 AAB 1 (A) 454040122360601 270 194 157 188 121 5 3/31189 p TG 44 67 312 109 '0 
CD 2N/2E-7CAA(L) 454016122363401 300 237 236 237 150 5 3/30/88 D TG 65 70 214 106 3 
CD 2N/2E-14DDC1(R) 453904122311201 239 146 130 146 88 4 4/01188 p TG 82 69 196 11 1 
~ 

i 2N/2E-20AAA(A) 453855122344601 210 221 65 216 58 6 3/30/88 I TG <10 67 217 11 6 c 2N/2E-27BBC 1 (D) 453800122331501 314 327 270 305 171 7 3/31/89 p TG 5 1 72 177 110 m ar 2N/2E-33ADB(H) 453702122333901 304 277 267 277 163 9 3/03/87 I TG 72 7 1 236 11 2 
-t m 
CT 2N/3E-3BBA(D) 454134122254201 465 516 516 516 126 0* 3/30/88 0 OR 34 88 139 137 CD 
(I) 2N/3E-21DDB(R) 453821122261401 286 101 -91 101 27 5 3/31188 D TG 74 77 139 112 

2N/3E-24DBC(K) 453825122224901 665 560 512 559 424 6 4/12/89 D OR 54 83 177 14 1 
..., 
CD 



w Table 6. S1te data, well data (for ground-water s1tes), and f1eld parameters for s1tes 1n the Portland Basm sampled for chlorofluorocarbons--Continued C) 

0 Site data Well data Field parameters 
0 
3 Depth Depth '0 
DJ .. Site- S1te- Well to top of to bottom of Depth Hydro-u; 
0 location identification Altitude depth open interval open mterval to water Well geologic DISSolved SpecifiC 
::::J 
0 number number (feet) (feet) (feet) (feet) (feet) Date use unit oxygen pH conductance Temperature -0 ., 

Ground-water sttes--Contmued 
~ 
> 2N/3E-25ABB(B) 453807122225101 430 315 265 295 189 3 4/12/89 D OR 54 78 236 134 ID 
CD 2N/3E-3IDBA(K) 453646122285201 277 378 344 374 175 8 3/31/88 I TG 56 82 177 12 0 c 
!. 2N/4E-33CAC(L) 453640122193001 550 110 108 110 :; 18 7 3/06/87 D TG 98 65 58 12 0 
ID 2N/4E-36CCA2(N) 453634122155301 1,050 65 55 65 492 3/05/87 D TG 11 8 57 14 98 =e 
:f 3N/1 E-8DCB 1 (Q) 454513122423601 172 I 57 I 56 I 57 I26 I 3/28/89 D TG 47 68 214 114 
"'0 3N/1 E-20BAD(C) 454359122424401 173 183 183 183 143 0* 10/01/51 D TG <10 75 376 116 
I» 
::1 3N/1 E-27CDA 1 (P) 454237122402001 25 65 33 63 93 3/29/88 p us 43 74 251 119 n 
ii' 3N/1 E-35ABA 1 (B) 454221122384501 110 172 80 165 75 2 3/30/89 p TG 54 7 1 187 11 9 .:.. 3N/2E-1 BAB(C) 454647122303201 345 112 92 112 94 3/29/89 D OR <10 9 I 126 115 .. 
I» 
(') 
;Ill:' 3N/2E-3ABAI(B) 454650122323001 290 I44 94 136 1130 3/27/89 p TG 6 I 70 246 12 2 :; 
ID 3N/2E-23CBC(M) 454341I22320201 298 238 238 238 117 9 3/31/89 I TS <10 74 256 11 6 
:a 3N/3E-18ABC(B) 454458122285901 353 130 120 130 -1 1 3/29/89 D TG 110 66 93 12 I CD en 
c:: 

4N/1 E-7CBC(M) 455029122442501 175 58 43 48 260* 9/18178 D TG 96 67 138 114 i 
4N/1 E-14BDC(F) 454952122391701 298 320 315 320 277 0 4/05/89 I UF <10 73 148 12 I 
4N/1E-17ACC(G) 454951122424301 261 290 279 284 2364 11/20/87 D UF 40 70 214 11 8 

4N/1 E-19BDA2(F) 454902122440301 40 208 162 200 224 3/29/89 p UF 20 72 236 114 
4N/1 E-21 DBC(K) 454850122412201 260 458 326 443 212 7* 7/09/85 IN UF <10 72 209 12 2 
4N/1W-17CAA1(L) 454944122501501 25 327 327 327 27 9 4/04/89 p OR <10 79 820 12 0 

4N/2E-9CAC(L) 455032122342001 423 373 365 370 328 3 3/31/89 D UF <10 69 157 12 2 
4N/2E-1 OCCB(N) 455031122332001 525 89 79 89 50 8 3/31/89 D UF 82 63 119 106 
4N/2E-11ACC(G) 455051122313101 385 238 190 194 166 1 3/31/89 D UF <10 73 1,520 12 5 

4N/2E-23DBA(K) 454902122311801 442 370 323 370 264 8 3/20/85 p UF 69 67 76 106 
4N/2W-24ABB I (B) 454917122523401 135 300 227 300 47 8 4/04/89 p OR 26 73 255 12 5 
5N/1 E-8DCA(Q) 455540122422001 45 102 98 102 21 8 3/28/89 D us <10 72 767 II 5 

5N/1E-34ACD3(G) 455224122395001 410 257 220 ~ 257 188 7 3/28/89 p UF 93 63 165 114 
5N/2E-8ABA(B) 455616122345401 183 210 22 189 8 0* 3/29/82 D OR 67 7 I 153 II 5 
5N/2E-19ABA(B) 455433122361001 821 200 158 200 -1 0* 3/31/81 D OR <10 86 214 II 0 

Surface-water sttes 

1N/3E-11DAD(J) 453513122234100 -- 73 28 107 
IN/3E-13ABA(B) 453440122233900 -- 70 155 97 
2N/1 E-28DDA(R) 453728122405400 -- 87 158 II 6 
5N/2E-9ADD(H) 455554122332000 136 60 45 13 0 



Table 7. Chlorofluorocarbon concentrations 1n water samples from the Portland Bas1n and corresponding chlorofluorocarbon-model recharge dates 
[Stte-locat1on number see figure 2, CFC (chlorofluorocarbon), CFC concentrations g1ven m p1cograrns ofCFC per k1logram of sample, CFC-model recharge dates for ground-water samples calculated 
based on estimated recharge temperature of 8 degrees Celsms--for surface-water samples, the measured water temperature rounded to the nearest whole number was used, samples contammg CFC 
concentrations greater than that expected for waters m equthbnum w1th 1991 atmosphere cannot be age dated-these samples are des1gnated "cont", "<" md1cates less than, "--" md1cates no data) 

F1rst sampling (spring 1991) Second sampling (fall 1991) 

Site- CCI3f CCI2F2 CCI3F CCI2F2 
location model model model model 
number Sample date Time CCI3F CCI2F2 date date Sample date Time CCI3F CCI2F2 date date 

Ground-water samples 

1 N/2E-13CDCC 1 (P) 5/30/91 1650 8 <1 1953 <1944 
1708 2 <1 1950 <1944 
1727 2 <1 1950 <1944 

1N/2E-15DAAA1(J) 5/16/91 0851 8 <1 1953 <1944 
0903 8 <1 1953 <1944 
0920 7 <1 1953 <1944 

IN/2E-34ABD1(B) 5/14/91 1213 7,005 2,918 cont cont 
1222 6,423 2,609 cont cont 
1232 6,361 2,703 cont cont 

1 N/3E-8ABC(B) 4/15/91 1033 13 <1 1955 <1944 
1135 12 5 1955 1949 
1140 12 <1 1955 <1944 

IN/3E-12CAB2(L) 4/24/91 1017 1,585 14,332 cont cont 
1024 1,284 12,599 cont cont 
1028 3,324 12,664 coot coot 

1 N/3E-27CBB2(M) 5/14/91 1030 14 32 1955 1962 
1042 7 14 1953 1956 
1058 6 14 1953 1956 

1N/3E-35ACAD1(G) 5/13/91 1140 9 <1 1953 <1944 
1156 6 <1 1953 <1944 
1207 7 <l 1953 <1944 

1 N/3E-35BDB(F) 5/13/91 1339 1,262 422 cont coot 

en 1350 1,058 281 cont 1985 
c 1404 1,055 294 cont 1985 -- / 
"C 
"C 1 N/4E-2AAA(A) 4/22/91 1427 739 236 1984 1980 10/15/91 0923 662 272 1984 1985 ti' 
3 1442 ,699 220 1983 1978 -- 0940 674 267 1984 1985 m 

1452 970 226 1990 1979 0953 671 270 1984 1985 ::s --s - 1N/4E-2DDD(R) 5/03/91 1530 42 1 7 1961 1951 c 
m 1541 15 <1 1955 <1944 s 

1550 7 <1 1953 <1944 
~ 
f:T 1 N/4E-1 OABD(B) 4/22/91 1721 49 6 1961 1951 10/15/91 1134 12 8 1955 1953 
ti' 
(I) 1747 17 4 1956 1949 -- 1149 14 7 1955 1952 

1811 10 7 1954 1952 -- 1217 8 5 1953 1950 
w .... 



w Table 7. Chlorofluorocarbon concentrations 1n water samples from the Portland Basin and corresponding chlorofluorocarbon-model recharge dates--Continued N 

0 F1rst sampling (spring 1991) Second sampling (fall 1991) 
0 
3 Site- CCI3F CCI2F2 CCI3F CCI2F2 'a m location model model model model ... 
in number Sample date Time CCI3F CCI2F2 date date Sample date Time CCI3F CCI2F2 date date 0 ;::, 

2. 
Ground-water samples-Contmued 0 ., 

9 1N/4E-11DCB(Q) 5/03/91 1337 26 <1 1958 <1944 
)It 

1342 28 <1 1958 <1944 CD 
CD 

1348 26 <1 1958 <1944 c 
!. 1N/4E-24BAA(C) 4/30/91 1719 13 <1 1955 <1944 :; 
CD 1740 12 <1 1954 <1944 
! 1756 2 <1 1950 <1944 g. 

2N/1 E-1AAD(A) 5/15/91 1415 <1 68 <1948 1967 ., 
m 1435 79 71 1964 1968 :s. 
n 1445 175 75 1969 1968 

~ 2N/1 E-4BAD 1 (C) 5/08/91 1050 3,233 1,529 cont cont ... m ll01 2,616 1,548 cont cont n 
~ ll08 3,115 1,672 cont cont :; 

CD 
2N/1E-11AAB1(A) 5/08/91 0900 42 57 1961 1966 10/10/91 1354 21 60 1957 1967 :D 

CD 0915 29 28 1958 1961 en -- 1412 20 57 1957 1966 
c 0927 37 29 1960 1961 -- 1427 20 57 1956 1966 s 

2N/IE-11BACI(C) 5/09/91 1029 151 177 1968 1976 10110/91 1529 190 302 1969 1987 
1034 140 104 1967 1971 -- 1549 194 321 1970 1988 
1041 133 101 1967 1971 -- 1607 196 306 1970 1987 

2Nil E-27CBC I (M) 5/07/91 1426 18,243 8ll cont cont 
1433 16,601 755 cont cont 
1439 17,562 752 cont cont 

2N/2E-7AABI(A) 5/09/91 1354 64,401 33,357 cont cont 
1400 66,063 30,714 cont cont 
1410 64,843 31,039 cont cont 

2N/2E-7CAA(L) 5/07/91 1059 34,406 14,817 cont cont 
ll19 32,580 12,821 cont cont 
ll27 32,029 12,693 cont cont 

2N/2E-14DDC1(R) 5/09/91 1231 12,167 6,143 cont cont 
1241 11,813 4,861 cont cont 
1248 12,039 4,745 cont cont 

2N/2E-20AAA(A) 5/15/91 0746 21 101 1957 1971 
0755 18 53 1956 1966 
0808 12 47 1955 1965 

2N/2E-27BBC 1 (D) 5/08/91 1526 4,503 881 cont cont 
1548 3,728 729 cont cont 
1600 3,385 702 cont cont 



Table 7. Chlorofluorocarbon concentrations 1n water samples from the Portland Bas1n and corresponding chlorofluorocarbon-model recharge dates--Contmued 

F1rst sampling (spnng 1991) Second sampling (fall 1991) 

S1te- CCI3F CCI2F2 CCI3F CCI2F2 
location model model model model 
number ~mpledate Time CCI3F CCI2F2 date date Sample date Time CCI3F CCI2F2 date date 

Ground-water samples--Contmued 

2N/2E-33ADB(H) 5/16/91 1118 605 208 1980 1978 
1128 601 208 1980 1978 
1139 679 274 1983 1984 

2N/3E-3BBA(D) 5115/91 1133 11 <1 1954 <1944 
1144 6 <1 1952 <1944 
1159 6 <1 1952 <1944 

2N/3E-21 OOB(R) 4116/91 1815 254 176 1971 1976 10/10/91 1741 225 136 1971 1974 
1836 217 192 1970 1977 -- 1806 151 107 1968 1971 
1841 185 167 1969 1976 

2N/3E-240BC(K) 4/26/91 1139 72 40 1963 1963 10/15/91 1625 70 55 1963 1966 
1144 70 43 1963 1964 -- 1645 68 55 1963 1966 
1150 76 49 1964 1965 -- 1704 66 54 1963 1966 

2N/3E-25ABB(B) 4/26/91 1435 106 37 1966 1963 10/17/91 1046 87 48 1965 1965 
1445 89 39 1965 1963 -- 1125 92 52 1965 1966 
1450 84 42 1964 1964 -- 1137 91 50 1965 1965 

2N/3E-31 DBA(K) 4/23/91 1128 46 5 1961 1949 10/17/91 1405 14 6 1955 1951 
1133 43 5 1961 1949 -- 1411 13 7 1955 1952 
1148 14 6 1955 1950 -- 1417 11 10 1954 1954 

2N/4E-33CAC(L) 4/22/91 1129 443 135 1976 1973 10/15/91 1358 459 204 1977 1978 
1134 430 129 1975 1973 -- 1410 491 214 1977 1979 
1139 437 129 1976 1973 -- 1423 510 224 1978 1980 

2N/4E -36CCA2(N) 4/24/91 1442 2,089 33,056 cont cont 
1454 1,534 27,297 cont cont 
1506 1,658 32,373 cont cont 

3N/1E-8DCB1(Q) 4/25/91 1848 69 19 1963 1958 10/16/91 1519 65 24 1963 1960 
en 1859 63 20 1963 1959 -- 1532 63 23 1963 1960 
c 1908 58 16 1962 1957 -- 1611 64 23 1963 1960 , , 
CD 3N/1 E-20BAD(C) 4/29/91 1643 17 12 1956 1955 
3 1654 17 <I 1956 <1944 CD 
~ 1705 4 6 1951 1951 i 
c 3N/l E-27CDA1(P) 4/09/91 1145 1,958 281 cont 1985 
m 1230 2,146 340 cont 1989 iT 
~ ' 1245 1,958 305 cont 1986 
C7' 3N/1 E-35ABA 1 (B) 5/08/91 1328 2,967 270 cont 1984 CD rn 1344 2,813 166 cont 1976 

1358 2,163 212 cont 1978 
w 
w 



w Table 7. Chlorofluorocarbon concentrations m water samples from the Portland Basm and correspondmg chlorofluorocarbon-model recharge dates-Continued ,. 

(') First sampling {spring 1991) Second sampling (fall 1991) 
0 
3 Site- CCI3F CCI2F2 CCI3F CCI2F2 "0 m location model model model model ... 
ii number Sample date Time CCI3F CCI2F2 date date Sample date Time CCI3F CCI2F2 date date 0 
;:, 
0 - Ground-water samples--Contmued (') , 
9 3N/2E-1 BAB( C) 4/18/91 1159 218 15,573 1970 cont 
~ 1210 91 16,777 1965 cont 
CD 1222 76 15,180 1964 cont c 
!! 3N/2E-3ABA 1 (B) 4/08/91 1738 5,742 3,218 cont cont :; 
CD 1816 5,975 3,343 cont cont 
!. 1908 1,541 559 cont cont g. 
~ 3N/2E-23CBC(M) 4/29/91 1353 63 10 1963 1954 10/18/91 1048 <1 <1 <1948 <1944 
m 1412 19 8 1956 1953 -- 1054 <1 <1 <1948 <1944 ::1 
n 1422 10 6 1954 1951 -- 1059 5 4 1952 1949 
~ 3N/3E-18ABC(B) 4/19/91 1109 72 17 1963 1957 10/09/91 1728 98 59 1965 1967 ... m 1134 61 18 1963 1958 -- 1732 94 60 1965 1967 () 
~ 1144 58 17 1962 1957 -- 1738 146 138 1968 1974 :; 

CD 4N/1 E-7CBC(M) 4/30/91 1000 2,335 1,000 cont cont ::u 
CD 1010 2,007 960 cont cont (It 
c: 1024 1,995 958 cont cont ii 

4N/1E-14BDC(F) 4/30/91 1356 123 <1 1967 <1944 
1408 77 <1 1964 <1944 
1418 16 <1 1956 <1944 

4N/1 E-17 ACC(G) 5/15/91 1502 27 <1 1958 <1944 
1507 4 <1 1951 <1944 
1514 3 <1 1950 <1944 

4N/l E-19BDA2(F) 4/08/91 1244 6 <1 1953 <1944 
1258 <I <1 <1948 <1944 
1321 <1 <1 <1948 <1944 

4N/1 E-21 DBC(K) 5/16/91 1419 3 <1 1951 <1944 
1437 <1 <1 <1948 <1944 
1446 <1 <1 <1948 <1944 

4N/1 W-17CAA1(L) 5/30/91 1332 7 <1 1953 <1944 
1352 <1 <1 <1948 <1944 
1415 <1 <1 <1948 <1944 

4N/2E-9CAC(L) 4/11191 1257 12 <1 1955 <1944 
1310 8 <1 1953 <1944 
1326 62 6 1963 1951 

4N/2E-1 OCCB(N) 4/18/91 1614 473 509 1976 cont 10/16/91 1315 471 248 1977 1982 
1623 487 160 1977 1975 -- 1346 477 244 1977 1982 
1634 494 159 1977 1975 -- 1409 457 237 1976 1981 



Table 7. Chlorofluorocarbon concentrations 1n water samples from the Portland Basm and corresponding chlorofluorocarbon-model recharge dates-Continued 

First sampling (spr1ng 1991) Second sampling (fall 1991) 

Site- CCI3F CCI2F2 CCI3F CCI2F2 
location model model model model 
number Sample date Time CCI3F CCI2F2 date date Sample date Time CCI3F CCI2F2 date date 

Ground-water samples--Contmued 

4N/2E-11 ACC(G) 4/18/91 1419 52 19 1962 1958 
1439 35 18 1959 1958 
1449 60 941 1962 cont 

4N/2E-23DBA(K) 4/09/91 1523 323 92 1973 1970 10/09/91 1014 341 144 1974 1974 
1547 298 112 1972 1972 -- 1046 337 142 1974 1974 
1639 318 117 1973 1972 -- 1105 332 140 1973 1974 

4N/2W-24ABB 1 (B) 5/30/91 1036 12 <I 1955 <1944 
1059 <1 <I <1948 <1944 
1110 <I <I <1948 <1944 

5N/1 E-8DCA(Q) 4/16/91 1259 15 <I 1955 <1944 
1329 <I <I <1948 <1944 
1336 <I <I <1948 <1944 

5N/l E-34ACD3(G) 4110/91 0958 110 55 1966 1966 10/09/91 1400 138 67 1967 1968 
1018 104 72 1966 1968 -- 1430 95 46 1965 1965 
1031 108 81 1966 1969 -- 1451 91 45 1965 1965 

5N/2E-8ABA(B) 4/12/91 1211 112 47 1966 1965 10116/91 0945 117 84 1966 1969 
1218 107 61 1966 1967 -- 1013 117 79 1966 1969 
1229 Ill 62 1966 1967 -- 1045 120 83 1966 1969 

5N/2E-19 ABA(B) 4/19/91 1645 52 5 1962 1949 10/10/91 1051 213 10 1970 1954 
1656 33 5 1959 1949 -- 1059 236 13 1971 1956 
1706 23 4 1957 1948 

Surface-water grab samples 

1 N/3E-11 DAD(J) 4/24/91 1150 2,031 301 cont 1990 
(Washougal Rtver) 1150 1,592 302 cont 1990 

1150 1,647 292 cont 1989 en 
c 
'0 I N/3E-13ABA(B) 4/24/91 1218 3,118 328 cont 1991 '0 
CD (Columbta Rtver) 1219 2,242 479 cont cont 3 
CD 1220 3,293 317 cont 1990 ::::s 

i 
c 2N/1 E-28DDA(R) 5/07/91 1541 3,537 346 cont cont 
m (Columbta Rtver) 1543 3,627 248 cont 1986 s 
~ 1545 2,772 269 cont 1988 
r:r 
CD 5N/2E-9ADD(H) 4/10/91 1612 1,461 250 cont 1987 en 

(ephemeral pond) 1613 1,430 277 cont 1990 
w 1614 1,688 371 cont cont 
Ul 
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Figure A 1. Simulated distribution of effective porosity of the unconsolidated sedimentary aquifer 
in the ground-water model of the Portland Basin. 
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Figure A2. Simulated distribution of effective porosity of the Troutdale gravel aquifer 
in the ground-water model of the Portland Basin. 
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Figure A3. Simulated distribution of effective porosity of confining unit 1 
in the ground-water model of the Portland Basin. 
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Figure A4. Simulated distribution of effective porosity of the Troutdale sandstone aquifer 
in the ground-water model of the Portland Basin. 
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Figure AS. Simulated distribution of effective porosity of confining unit 2 
in the ground-water model of the Portland Basin. 
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Figure A6. Simulated distribution of effective porosity of the sand and gravel aquifer-upper subunit 
in the ground-water model of the Portland Basin. 
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Figure A7. Simulated distribution of effective porosity of the sand and gravel aquifer~ower subunit 
in the ground-water model of the Portland Basin. 
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Figure AS. Simulated distribution of effective porosity of the undifferentiated fine-grained unit 
in the ground-water model of the Portland Basin. 
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Figure A9. Simulated distribution of effective porosity of the older rock unit 
in the ground-water model of the Portland Basin. 
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