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[11 We determind the descriptie statistich and spatid geostatistidapropertie of the
perchloroethemin Ky and the In k of a 1.5 m thick by 10 m horizont4 transet of the
Borden aquife nea the locatin of the Stanfordwaterlm (SW) trace experimentThe In
Kq distributian is not normd ard is right skewel becaus of a few high values that
occu localizal in two regiors of the transectin contrastthe In k data can be characterized
by a norma distribution A linea regressio of In K4 on In k yields a statistically
significart positive correlation al shown at smal lags in the cros correlogramNo
significart verticd or horizontd trerd in the In Ky data was detectedThe semivariogram
range of In kand In Ky differ from one anothe in the verticd directian (0.33 + 0.06 mand
0.20 £ 0.4 m, respectivelyand are mud less than the horizontd ranges (a few meters).
Despit significart effort the horizontd range of In K4 remairs poorly characterized
becaus of limitations of the sampé locations Many of the characteristiedescribe above
do nat matd those assumd in prior theoretichstudies tha examinel the importane of
various aquifer characteristeon SW trace transportWe suggesthé there is knowledge

to be gainal by revisiting the conclusios of thes prior studies in light of the new

informatian presentd here.
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1. Introduction

[2] The StanfordWaterl@m (SW) experimeh [Mackay et
al., 1986b; Robers et al., 1989 is one of a few well-
characterizatreactiwe solut transpor field experimerg that
exist against which to test and develop our conceptua
understanding of reactive contaminant transport [e.g.,
Freybeg, 1986;Robers et al., 1986a;Sudiky, 1986;Goltz
and Roberts 1988; Rajaram and Gelhar, 1991; Quinodoz
and Valocchi 1993; Miralles-Wlhelm and Gelhar, 1996;
Brussea and Srivastava1997; Cusheg and Rubin 1997].
In the SW experiment, conducted in the early 1980s,
dissolvel apola organc solutes were injected belov the
wate table as a pulse creatig a smadl plume within the
unconfinel sang aquife. Ther concentratios were mon-
itored in three dimensims relative to nonreative chloride
ard bromice traces over a periad of approximategl two
years A subseé of the organtc solutes were naturaly trans-
formed during the experinent. Perchloroethyles(PCE and
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carban tetrachlorié (CT) were the persisert organt com-
pownds Of the® two, PCE was the mog retarded The
sorbirg organt solue plumes exhibited two unexpected
transpor behavios [Robers et al., 1986} (1) the solute
plumes deceleraté with trave distane (apparet retarda-
tion factorsincreasefi[Robers et al., 1984 exhibiting what
has been termed a ‘“‘macrokinetic” behavior [Miralles-
WIhelm and Gelhar, 1996} and (2) the longitudind spread-
ing of the sorbirg organc solutes was greate then for the
nonreative solutes at the sarre travd distance.

[3] Sorme uncertainty in the quantification of SW plume
spreading has been expressed, for example because of
incompleé plume captue for some compound at some
samping evens and becaus of the limitations inheret in
the samplig ard interpolatian of hetergeneos concen-
trations [Miralles\WIhelm and Gelhar, 1996; Ball et al.,
1997]. Soluk spreadig was estimagd originally using two-
dimensimal depth-integrad dat [Freybeg, 1986;Roberts
and Mackay 198§ and more recenty, usirg a fully three
dimensima proces [Rajaran and Gelhar, 1991;Miralles-
Wilhelm, 1993; Miralles\Wlhelm and Gelhar, 1996] De-
spite the uncertaintiesboth method determind tha the
longitudirel organc soluke spreadig was greate than that
of the conservatie traces at the sane trave distane for
distances greate than 5 m: by afacta of three in the two-
dimensimal analyss [Brusseau and Srivastava1997] and
afacta betwea two ard three for the nondegraed solutes
(CT and PCE) in the three-dimensional analyses (i.e.,
compare longitudinal spreading presented by Miralles-
Wilhelm [1993] for CT and PCE to that computed by
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Figure 1. Cores of this study (numbes shown) collected
a the sane deph intervd (15-3.0 m belov ground
surfacg and adjaceh to the locatiln of the SW natural
gradien trace test The PCE plume boundaris in the SW
experimeh [Mackay et al., 1986b] during which ground-
wate flow was towad the north-northeastare shown
schematicayl The large ovd approximate the 0.1 g/L
PCE contou after 633 days ard the smal ovd represats
the initial contaminat distribution (1 day after injection)
[Mackay et al., 1986b] Core lines labelal S mak the
samples analyzed by Sudicky [1986], Woodbury and
Sudicky[1991] and Robin et al. [1991] The SW bulk
sedimenwas collectal by Curtis et al. [1986 ard was also
useal for study by Ball and Roberts[1991a] Cores labeled
AH are thos usal by Allen-King et al. [1998].

Rajaram and Gelhar [199]] for the conservatie trace at
the sane distance)mportanty, the trends describe for the
first and secomnl spatid momensg abowe were: exhibited by
both PCE and CT; identified by both method of analysis;
and exhibited for combinations of sampling date and
compoumn tha were deemd ‘reliableé (complee plume
capturé by MirallessWlhelm and Gelhar [1996 in their
critical reevaluation of plume sampling completeness.
Therefore althoudn the value of the increag in spreading
for the sorbirg solutes appeas to differ betwea studiesthe
trerd cannd be refuted.

[4] Laboratoy studies hawe shown tha sorptia is rate
limited at the grain scale a proces tha can be simulated
by intragranular diffusion [Ball and Roberts, 1991b].
Batch-measurksorptio rates have been usel successflly
to predid transpor in dynamt laboratoy colunm experi-
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mens [Yourg and Ball, 1994] Howeve, sever& plume
simuktion studies hawe concludeé tha the macrokinetic
behavior of the organic solutes in the field cannot be
causeé by the observe grain-sca rate-limited sorption
alore [Goltz and Roberts 1988; Quinoda and Valocchi
1993; Miralles\Wlhelm and Gelhar, 1996; Brussea and
Srivastava 1997; Ball et al., 1998; Cushg and Rubin
1998].

[5] Theimpottane of publishel Borden (or Borden-like)
permebility heterogendgy [Sudidky, 1986; Woodbuy and
Sudiky, 19917 has bea explored extensive}. For example,
Cushg and Rubin [1997 successfly matchel measued
with model@& plume behavio through simulatian of trans-
port with a hetergeneos permeabiliy field combina with
ratetimited sorption Howeve, ther simuatiors did not
incorporate sorption heterogeneity. Several studies have
explored the effecs of assumed correlation betwea the In
k ard In K4 in addition to heterogenass In k [Quinodz and
Valocchi 1993; Burr et al., 1994; Miralles-Wlhelm and
Gelhar, 199%; Brussea and Srivastava1997]. Burr et al.
[1994] demonstraid tha correlatd In k ard In Ky in a
heterg@enots aquife can resut in an appaent increasig (or
decresing) trerd in the retardatio facta with traved dis-
tance degite the fad tha sorpton was modeled as an
instantaneous process. They and others [Brusseau and
Srivastava 1997; Cushg and Rubin 1997 highlight the
importance of ergodicity by showirg that single realizations
of heterogenass In k ard In K4 fields reproducd the SW
plume deceleratin when the contamimnt was “injected’
into a relativel low Kq zore in the simulation Howeve,
Brussea and Srivastava[1997 demastratel tha sud a
simuktion cannd ald matd the secoml momer in the
sane realization unles a spatid trend in the Ky field is also
assumed. (They assumed an increase in PCE Ky from
0.47 mL/g at the injection point to 0.79 mL/g at a distance
of 105 m, the approximée trave distane experiencd by
the PCE plume cente of mas in the field experiment.)

[6] There are two unproven assumptios abou the aqui-
fer underlying the simulations described above: (1) the
studies tha incorporated hetergeneiy in the In Ky field
assumd tha In Ky is negativey correlate to In k [Burr et
al., 1994; Miralles\Wlhelm and Gelhar, 1996; Brusseau
and Srivastava1997]; ard (2) a horizontl spatid trerd in
Kq is assumed [Brusseau and Srivastava, 1997]. The
simuktions showel tha plume spreadig is vely sensiive
to the spatid correlation betwea In k and In Ky, but because
the spatid distributioan of In Ky for an organt solue in the
Borden aquife ard its correlation to In k were nat known,
thes studies by necessit assume spatia distributiors for
In Kq. Assumirg a negatie correlatim betwea the two
attributes also resuls in an In Ky field tha has the same
spatdl statistichpropertia as the In k field, a featue which
alo has nat been demonstraig

[7] Therationak supplied for assumig anegatie In k-In
Kq correlatim was eithe the work of Robh et al. [1991],
who observed awed negatie correlation betwea In k and
the S#* In Ky in the Borden aquife, and/a theoretical
argumerd that assume greate surfa@ area with smaller
gran size [Burr et al., 1994; Miralles\Wlhelm and Gelhar,
199%; Brussea and Srivastava 1997] Howeve, apolar
organt solue sorptim is controlled primarily by interac-
tions with carbonaceus matter (noncabonate carba con-
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taining materia) [Allen-King et al., 202, and references ing HCA contribut@ to apparentailing in the PCE plume

reviewal thereir} and not interactiors with chargel mineral
surfacein saturatd (water wef) sedimergin which organic
minerd interactiors are we&k [Schwarzenbdcet al., 2003].
While carbonaceus matte contert can be greate for more
fine-grainel sedimentit is not necessaryl so. Therefoe the
expectatia tha the PCEK4 shoull be negatiely correlated
to grain size or behave similarly to a cation sorption
behavio (S*) is nat supporte by geochemidaprinciples.
In fact, there exiss evidence to the contray for the Borden
aquife. Ball and Robertg19914] observe a posiive trend
betwea the PCEKy4 and gran size for fine to very coarse
sard size grairs sieval from the Borden aquife (locatian in
Figure 1). More specifically, Allen-King et al. [1998]
observe a wed&k positive correlation betwea In PCE Kq4
ard In k (estimatd by correlation to grain size for high-
resolution subsamples taken from a single core in the
Borden aquifer. For the same data set, these workers
[Allen-King et al., 1999 alw repot tha the verticd integral
scakof In kislarge (7 cm) than the value determind for In
Kg (5.2 cm). Thee studies [Ball and Roberts1991a;Allen-
King et al., 1998] imply that the negative correlation
assunad in previaus simdation studies is incorred and
sugges tha the geostatiics tha descrile In Ky may not
be the sane as thos describirg In k. Howeve, thes studies
provide a limited dai se& from which to drav insighs on
verticd In Ky variability and no informatian on the hori-
zontd geostatistidapropertia of In Kg.

[s] Assumptim (2), tha ther is a positive horizontal
trerd in Ky with travel distanceis relatel but not identical
to the finding of importane of ergodiciy on plume trans-
port. Brussea and Srivastavg 1997 derive support for this
assumption by reinterpreting Durant’s [1986] depth-
integratel core sampé dat from the approximag centerline
of the initial 12 m of SW plume travel In the® dag they
[Brussea and Srivastava1997, p. 12§ identify atrerd of
increasing{y tha is “‘of suficient magnitwe to potentially
influence the transpor of the organic solutes.! Late work
by Ball and Roberts[1991H showal tha the time required
for Borden sard grairs of various sizes to equilibrae ranges
from days to months thus equilibriun can requie much
longe then the 3 day contad¢ time useal by Durant [1986].
Therefoe the apparen variability betwea core samples
reporte& by Durart includes differencein the Ky tha would
hawe besn measurd at equiibrium and the degre to which
the® dat represat nonequilibrium Becaus the latte is
not known, a signfficart aquifer trerd in Kq canna be
supportd by Durants [198€ data.

[e] Finally, the decompositio of HCA to PCE during the
SW experiment [Curtis, 1991] also contributed to the
apparent PCE spreading in the experiment. Ball et al.
[1997] usal a onedimensionhhomogenos approximation
of the aquifer incorporating field-derived sorption mass
transfe rates (greate than the laboratory-observkevalues)
to shawv tha HCA decompositio contributel very modestly
to the zeroh ard first PCE plume moments This result
arises from the relativey rapid half-life of HCA transfor-
mation estimate as 40 days [Ball et al., 1997] During
40 days the PCE plume would hawe travelel a distance less
then the initial pulse width of the experimat. Howeve,
becaus HCA is more retarde than PCE [Mackey et al.,
1986a;Robers et al., 1986] decompositio of the remain-

[Ball et al., 1997] This proces has not been incorpogted
into quantitativ simuktions of the PCE plume tha also
modé aquife heterogenejt

[10] Because the assumptions about the In Ky field
require to simulae both the first and seconl momens of
the field experimert accuratel are nat supportd by avail-
ablke observatins the conclusiols concernig the impor-
tance of various processes on plume transport are also
drawn into question This situatian highlights a significant
knowledge ggp and underscorga neal for more complete
informatian abou the chemich propery heterogengy of
the referene Borden aquifa. Aquifer attributes differing
from those assumd will produe differert plume transport
effects. For example, a positive In k-In Ky correlation
diminishes spreadig for sorbirg compard to nonreative
tracers [Bosna et al., 1998; Rabidea and Miller, 1994],
opposite the resut observe in the SW experiment Addi-
tionaly, impefed corrdation diminishes spreading to a
greate extert than perfed positive correlation [Bellin and
Rinaldo, 1995] Therefoe understandig of plume spread-
ing processes mug include accurag representatio of the
hetergeneit of In Kg ard its correlatian to In k.

[11] The god of this stud/ was to examire the natural
distributions of reactie transpor propertiesKy andk, for
PCE in the Borden aquife. Specift tasks in our study were
to characterize ard model the univariate distribution of
values for PCE In Ky, the regression-based correlation
betwea PCE In K4 ard In k, ard the two-poirt bivariate
autoorrelation ard cross correlation of the PCE In Ky and
In kinthe Borden aquife. For expediengy, thek values were
determired usirg air permemetry. Our sampls were pur-
posefully collected adjacent to the location of the SW
experiment (Figure 1) to facilitate consideration of the
potentid impad of our findings on its interpretabn.

2. Methods and Materials
2.1 Sampling

[12] Thesampls usd in this stud/ were collectal from a
seies of eleven 1.5 m long by 5.08 cm oute diamete cores
spaed one mete apat alorg the approximag directian of
groundwate flow (Figure 1). The Borden aquifer materidis
genemlly well soted fine- to coasegrained sard with
occaiond lense of granule or pebble ard small discon-
tinuous beds and lenses of silt. Informatian on the geology
of the Borden site is availabé from Burwasse and Cairns
[1974], Fitzgerald [1982] and Bohla [1986] The cores
were collectal adjaceh to the SW transpor experiment
[Mackay et al., 198b] to insuie tha uncortaminatel core
maerid was procurel for our study ard to stay away from
subsguert contaminatia of the regian of the aquife used
in the origind transpor stud/ by later experimert [e.g.,
King and Barker, 199)]. The cores were extracte accord-
ing to the method of Sarr and Ingleton [1990] from
appoximately the sane verticd deph intervd into which
the SW naturd gradient experimat plume was injected.
The ends of ead core were sealel with wax ard the cores
were storal at 4 C until use The elevatia of the ground
surfa@ alorg the line of coring fluctuatesdeph corrections
are thus made using a survey of the ground surface
elevation so that accurate subsurface sample locations
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can be obtained. The vertical datum for this study is
221.25 metes abowe mean sealeved (mas) ard is referred
to heren as the grourd surface Physicaly, this elevatia is
the lowed surfa@ elevatio alorg the transe¢ and occus at
core 15.

[13] Cores were openel by removirg a 90 arc of the
aluminum casirg lengthwise from the core causimg as little
sedimeh disturbane as possible The exposd sediment
was levele and subcore usal to measue permeability
were collectal horizontaly (relative to the grourd surface)
by inseting 1.3 cm oute diamete stainles steé tubes
immediatey adjacento one anothe down the cente of the
core Materid surroundilg ead subcoe was saved All
sampls were dried immediately ard completey in a40 C
oven (prior to permeabiliy analysis).

[14 Kg determinatios were mace evely 3 cm vertical
spacimg for cores 10-15 ard at a lower densiy of one
measuremnt evely 6 cm verticd spacimg for cores 5-9.
The dense sampé spacimg was usal on appoximately half
of the cores to maximize the number of vertical lags
availabe for spatid analyss while moderatig the number
of the more laba intensve Ky measurementdVithin the
deph intervd 1.50—2.95 m, “undisturked” subore perme-
ability is reported for 841 samples. There are missing
permeabiliy measuremnts due to a variely of reasos that
include unavailabé core from unevennesof the grourd or
lost materid at the end of a core segmentsampé lost or
disturbel in the permeabily subcorig processinaccurate
k measurementsr othe reasos as specifiel below. For all
cores excep numbes 5, 6, 9, and 10, ther are less than a
dozen samples missing from the targe sample interval.
Twenty-five k measurments are missirg from core 6 due
to inadvertat use of inconsisteh (ard incorrecy sample
spacimg over a portion of the core An exceptionHy large
numbe of permeabily measuremeafrom cores 9 ard 10
are not reported (47 and 34, respectively) because the
undisturbd air permeametemeasuremes were inadver-
tenty macde while the sedimen was still danmp ard are
therefoe not accurate For 60 of the® samplesard an
addition& 10 sampls from othe cores the samplek were
estimate using the sampé ‘repacked into the subcoe tube.
The= ‘repackedk estimats are not included in the primary
statistich dat analysis but are included in estimatios of
the correlation ard cross correlatian betweea In k and In K.
The sampé spacimy used for core 5 is describd belowv and
resultel in 38 ‘missing’ k measurments Sparg additional
measurerents availabé from sone cores in the interval
abowe 1.5 m or below 2.95 m dept (1.45-1.50 m or 2.9%5—
3.00 m) for either paraneter are included in the dat sets
useal for descriptie statistics for ead propery. The uneven
spaciig and the missirg informaion, in parfcular, caused
considerale (ard unavoidablg computationk difficulties
for the spati# statistics.

2.2 Permeability

[15] Becaise of the ease and speed of collecion, air
pemeameer measurements were made in preference to
method using water as the fluid. An air minipermeameter
was built ard calibratel using pressue transducerssimilar
to the desigqn specifi@l by Davis et al. [1994] where a
falling plunger forces air throuch a sample The permebil-
ity determind for air flowing throudh the sampé encasd in
the subcoe tube was calculate after Springe et al. [1998].
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[16] For agrouwp of ted sample taken from three different
cores,k determinatioa usel air ard wate successivgl as
the measuremétfluid to allow dired comparisns between
the two measuremnts for our system This information
facilitates comparisoa to prior Borden aquife studies that
determind saturatd hydraulc conducivity. Two of the
cores (adjaent to core line) were taken solely for side
investigations of this type, and do not contribute any
addiiond dat to this study. The third core (numbe 5)
contributesk andKy data Air permeanetty in this compar-
ison trial was conducte accordimg to the methal descriled
above excep tha 2.5 cm stainkss steel tubes were usel to
obtan subcoe samples (insteal of the 1.3 cm tubes usal for
all the other k dat collected) Following the air permea-
meter measurementhe sampé was installed in a constant
hea permamete, purged with CO, for twenty minutes to
displa@ air from the pores [after Sudicky 1986] ard de-
aired (in line boiled cooled watea was usel to saturag the
sample Datawere collecta at heal differences of 5, 10, 15,
ard 20 cm for ead sample.

[17] A linea regressin of the permeabily values ob-
servel usirg the two fluids was determind (In k = 0.98k,, +
0.25 wherek,, is the value resultirg from water permea-
meter measuement see alo Figure S1 in the auxiliary
materiaf’). Nea the mean In k for our dat set this equation
can be approximagd ask, 0.57k. The offse betwea the
two permedility observatios is within the numerc offset
range observe by Springr et al. [1998] who compaed
permebility measuemens mace with both fluids for a
range of samplesThe consistehoffse indicates a system-
atic bias that regardles of the mechaism does not affect
the spatid statistis (othe than the mean in which we are
interestedUnless specifiel otherwse the values reportal in
our manuscrip are thoe measurd directly using the air
permamete.

[18] Becaus it isimpossibé to obtan replicae subores
to estimag the uncertaing of the samping and permeability
measuemert proces in our study, we use the daia from the
air versts water permearetry metha comparisa experi-
mens for this purpose The mean squae (MS) residuals
(determind from the beg fit regressio of the In k,, as a
function of In k) are usal to estima¢ the variane of In k
attributable to measuremererra as 0.03 This corresponds
to arelative erra of 18% of the averag In k measuremsiin
the sampé se (expresed by the coefficient of variation
definal as the root MS resduak divided by the mean).

[19] Theln k for sampls repackd into the subore tubes
repla@ “missing” measuremnts for the sampls noted in
the prior secton. In orde to estahish the differene that
resulted from repacking the samples, we repacked and
measued In k for 98 sampls for which we had already
measued the undistubed sampé In k. We found tha the
repa&ed samples reproducd the mean value for the undis-
turbed sampe se well (In k (cn?) = 148 and 14.9,
respectiely). Howeve, repackimg the sampls significanty
reduced variability (repacked sample In k % = 0.049
compared to undisturted sampe In k2 = 0.30) All of
the coarse sampls experi@ced significart reduction in
obseved In k. Therefore for samples in which no undis-

IAuxiliary material is available at ftp://ftp.agu.org/apend/wr/
2005WR00397.
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turbed k measurement is available, we use twice the

observedk for repackd coare sampls ard we usa the

repacke value directy for all of the othe samplesBecause
of the high uncertaing tha this appioximation introduces,
we usal the® estimags only in the work tha examina the

cross correlatim betwea In k ard In Kg.

[20] The completek dat sd is tabulatel in the auxiliary
materid (Table S1) In addition we supply informatian on
eah sulrore physical dimension (diameter and lengh),
measurerent temperatureand sampé porosiy. The latter
indicates sampé expansia tha occurrel with subcoring.

2.3, Sorption

[21] The PCE K4 was determind usirng a batd tech-
nique similar to Allen-King et al. [1998], in which approx-
imately 7 g pulverizd sediment3.35 g PCE ard 4 mL
synthet¢ groundwate were combinal in 5 mL Wheaton
glass ampoulesThe sedimehwas pulverizel in our experi-
ments to obtain sorption equilibrium rapidly. Ball and
Roberts[19911 determind tha PCE sorptian equilibrium
(within one standad deviation of the ‘ultimate’ Ky value
obtained during a much longer contact period for the
unpulverizel sampl¢ was obtainel for a pulverizal test
Borden sampé within 72 houss of contat time. Furthe,
they [Ball and Roberts 1991b] found tha pulverization did
not otherwise affect the equilibrium PCE K, observed.
Therefore in our experimentsthe ampailes were rotated
for 72 houss afta PCE addifon prior to centrifugation and
measurerment of the PCE solution concentration by gas
chromatogaply with electra captue detection\We assume
tha the resultingKy values provide a goad estimag of the
equilibrium condition.

[22] Theresultirg averag equilibrium PCE concentration
in the aqueos phag for all sample was 466 g/L (
102 g/L). The dominan moce of sorptim (i.e., adsorption
versts partitioning is known to depeml on concentration
[Allen-King et al., 2002} the transition from adsorptio at
low concentratiosito partitionirg a highe concentrations
occus at appoximately 10 mgL for PCE in Borden sand
[Allen-King and Mackay 2000] Thus the dominar sorp-
tion mechanim in this study is comparal# to tha operating
in the SW expaiment in which the initial PCE concentra-
tion was approximagly 30 g/L.

[23] The apparent sorption distribution coefficient is
calculaté usirg a mas balane tha incorporats the total
PCE mas ard final solution concentrationsthe estimated
PCE mas in the vial, ard the sampé and wate masses
[after Ball and Roberts 1991a] The initial mas of PCE
addeal to eatr ampaule (M,) is determind by interspersing
multiple hexane-fillel vials with the sample during PCE
additiors ard immediatey analyzirg the amour of PCE in
the hexane Volume of air (\,) is estimated by difference,
Vi Vu (M ¢ whereVr is the averag totd ampaile
volumeand g, the paricle densiy, is2.71 g/mL [Ball et al.,
1990] The Henrys Law constah (H) is calculate for the
estimatd averae laboratoy temperatue of 22 C usirg the
dat from Gosset{1987] to yield a dimensionles$i value
of 0.610 for PCE.

[24] Two types of repicat experimerd are analyzd in
conjunction with My and control samples in order to
quantify confidence in Ky measurements. Replicates of
selectd sampls (generaly analyzel on the sane day) or
homogenizd bulk Borden materid (referral to as “bulk
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repicate$ throughot the reg of the text ard analyzel as
pat of seveal groups to accoum for day-to-dy variation)
are analyzel in a subsé of batche to quantify erra on Kq4
measuements.

[25] Standad erra propagatia technique [e.g., Meyer
1975] are usal to quantify the relatve erra ( kq) of Ky
(equetion (A1)) for eat sample When mas fraction sorbed
is below approximatel 0.3, relative erra in Ky increases
sharpy [Ball and Roberts 1991a] The PCE mas fraction
sorbel at equilibrium rangel from 0.11 to 0.89 (mean =
0.35, = 0.13 over all the samples The resulting kq
edimatal for the sample consequenyl range from 0.02 to
0.68 (mean ygq = 0.18 standad deviati;n of kg = 0.095,
median kg4 = 0.16) with the highes relative errois generally
associatg with the lowest Kg values Of the only nine
sampls in the total Ky dat sd& with kg > 0.4Q all are
within the 10 smallest Ky values. Because the average
variabiity attributabé to the measuremenerra is small
(e.g, for a typicd sampé square standad erra = K4 =
(0.16  0.45F = 0.0052) compaed to the variane of the
total dat se (0.37) we will tred the relative erra on Ky as
constant (homogeneous variance) for our geostatistical
analyss.

[26] The completeKy dat sé istabulate in the auxiliary
material (Table S2). In addition, we supply contextual
information for each measurement including: dissolved
ard sorbel concentrationsinitial PCE mas and the esti-
maed relative erra.

3. Resuls and Discussion
3.1 Descriptive Statistics for Kg and k

[27] The 380 observed PCE Ky ranged from 0.08 to
5.60 mL/g with a geometrt mear of 0.35 mL/g ard an
arithmettc mean 0.45 mL/g. The arithmdic meanKy ob-
served in our study (0.45 mL/g) is comparade to that
obtain@ by othes [Ball and Roberts 19914 with depth-
integratel sampls from the sane aquife when the effed of
solufon concentation is taken into account We can quan-
titatively compae our resuls to the measuremestof Ball
and Robertg19914 by computirg the Ky at C = 466 g/L
(the averae C of batd experimeh systens in our study)
from ther reporte Freundlih isothem parameter (K; =
1.3,n = 0.81) asKq = KiC" * = 0.41 mL/g. This value is
within our experimentherra on Kg.

[28] Within the Borden aquifer, using similar vertical
samping intervak ard the sane solute the preseh study
and that of Allen-King et al. [1998] produce nearly
idenical Ky ranges This parity of resuls is not unex-
pectel given the similar conditiors of the experiments.
Howeve, we note that Allen-King et al. [199¢ examined
only a single core of aquifer material. Comparison
between these studies demonstrates that much of the
variabiity occus vertically.

[29] The abow valuestranslagto amean In Ky of 1.05
with arange of 2.55to 1.72 and a variarce of 0.37. The
distribution of In Ky isright skewel (skewnes coefficiert =
1.16) with a tail containing 10 important high In Ky
obsevatiors (Figure 2a) The normad distributian function
isnat consistehwith eithe the arithmetic K4 data or the In-
transformel data althoudn the natura log transformd data
is the better fit of the two. A 2 test with William’s
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Figure 2. Histoglams of (&) In Ky ard (b) In k data.
Measurd units of K4 andk are mL/g and cnt, respectivel.
Bin labek are the maximum sampé values tha can be
included in eat bin. Statistis for In k are reportel for the
undisturbd sampé dat se only (see sectio 2.1). A normal
cunwe is includel for reference.
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correction [Sokal and Rohlf, 1981] produced a 2 test
statistc (49.1 greate than the critical value (27.9 leading
to the regjection of the null hypothesis that the normal
distribution fits the In Ky da@ ( ° test p = 0.0018).

[30] A lognorndl distributian fits the permedility data
collecta in our stud/ reasonalyl well ( 2 test p = 0.077).
The observe In krangesbetween 16.Band 13.27 with
a mea of 14.90 ard a variane of 0.37 (Figure 2b).
Convertirg the mean In k to accoun for the offseé between
measuemens mack with air ard wate as the mobile fluid
shows that our resuls are comparat# to values reportel in
prior Borden permeabily studies (Table 1). The relatvely
modes difference betwea the mean In k observd in this
study and those of the othe two studies may be as mudc a
resut of the differencea in the method of dat collectian as
true difference in permeabily. Our stud/ measurd per-
meabilty using air as the mobile fluid in aquife subcorsin
which in situ sedimentar structure were retaine with
sone unavoidabk sampé expansion The expansia is a
likely contributa to the highe mean value measuré in our
study. In addition the othe two studies listed in Table 1
[Sudiky, 1986; Turcke and Kueper 1994 measuréd hy-
draulic conductiviy usirg a falling heal permeametetest
on homogenized samples extracted from vertical depth
intervals appoximately four times large than thos that
we studied.

[31] The descriptie statistic presentd in this pape are
basel on the entire data ses collectal becausthe In Ky data
sd in particula is relatively small In orde to ensue that
autoorrelation did not affed the results we repeatd the
analyss with 10 randomy selectd subsed of dat for each
propety (adgting the strateg of Woodbuy and Sudiky
[1991]) ard compard the resuls to those from entire data
set The subset of the In k data consiste of 6% of the entire
dat sd (50 points) Thet test resuls indicak tha the means
of al 10 of the In k dat sulsets are not significanty
differert from tha obtainel from the totd dat sd (p
0.05) The variane of the In k data subset range from 0.26

Table 1. Comparisa of Borden In k ard In K4 Statistic From Different Studies

Horizontal
Vertical Times Vertical
Vertical Sample Horizontal Transect
Study Chemica Mean Variance Rang€, m Spacingm Rang€, m Dimensiams, m
Comparisos of In k [In (cnf)]
Sudicky{1986] 16.12 0.3 0.3 0.6 74 19 1.75
Woodbury and Sudiclij[lgglf”C 16.17 0.36 0.48 0.06 215 19 175
Robh et al. [1991P 16.12 0.3 0.42 0.06 225 19 1.75
Turcke and Kueper[1996F 16.%6 0.59 0.47 0.06 144 10 2.95
Allen-Kirg et al. [1998F 16.2 0.19 0.2 0.2 na na
This study 15.%6 0.37 0.33 0.015 2.7 10 15
Comparisos of In Kq[In (mL/g)]
Allen-King et al. [1998 PCE 0.4 0.3 0.15 0.02 na na
This study PCE 1.6 0.37 0.20 0.08 4.0° 10 15

#Practichrange (3 times integrad scak or correlaton length reportel for studies tha usel an exponentl modé to fit the data.
bConvertel from observe saturate hydrault conductiviy assumig tha the viscosiy ard densiy of wate are 1002 Pas (at 20 C [Lide, 1997) and

1000 g/L, respectivel.

°Sane dat as Sudicky[1986] Geostatistis reportel for their sectin A-A .

%Ther modé 2 resuls for A-A .

®Locatel 60 m north-northest from the site of the Woodbury and Sudicky[199]] site.
This value is adjustel using the equatio tha resultel from air-wate permeameyr comparisa as describel in sectio 2.

9Unreliabk or very uncertan result.
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Figure 3. Variograns of In Ky datain the (a) verticd and
(b) horizantd directons Diamond represat the semivar-
iogram values the dashé line is the spherich model
determind using nonlinea leag square regression The
95% confidene limits for the sill and range are marked.
(a) Only datapointsfrom the sane core are paired Nuggéd =
0.08 sill =0.38 ardrange=0.20 (b) Horizontd bandwidhis
7.6 cm. Nugge = 0.17, sill =0.39 ard range = 4.0.

to 0.55 (averag 0.38 ard the skewnes coefficiert is near
zeo ard alternatein sign with dat subsetindicatirg alack
of skewness.

[32] The subset of In Ky consiste of 14% of the entire
dat sd (als 50 dat points).The randan selection process
was desigred to selet sample with equéa probabiliyy from
ary of the cores (i.e., without biasirg the dat subset with
more sampls from cores for which greate numbes of
measuremnts are containél in the enire dataset)The mean
of only one of the 10 In K4 dat subset is significantly
differert from the entire daia se (p = 0.05) The variance
rangel from 0.16 to 0.58 for the datl subsets with an
average value of 0.36. Positive skewness an important
characteristi of the entire In K4 data set was also observed
in each of the In Ky data subsets. We conclude that
autocorelation in the dat sds has a minima effed on
the mean ard varian@ presenté for the entire dataset.

3.2 Spatid Distributions of In Kq and In k

[33] Verticd and horizontd varioglams of the In Ky data
from this study (Figure 3) were fitted with a spkherical
model. The common practice of limiting the maximum
lag to one haff the longes lag samplel is nat followed in
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this casedueto the alread limited numbe of lags available
ard the fact tha there are anumbe of horizontd variograms
(ore for ead verticd elevation tha can be stacked (aver-
agel) to improwe the quality of the estimate at ead lag.
The ranges obtainel from the spheri@l modeksare 0.20 m +
0.04 m in the verticd direction ard 40 m = 2.2 m in the
horizontal direction (x95 % confidence interval, ClI).
Whereas the verticd rang is relativey well definad by
the nunber ard spaéng of sanples obtaned the large
uncertainty in the horizantal range arises from the wide
spacing of the cores that poorly defines the horizontal
correlation over shot lengh scale ard the limited number
of samples (core$ in the longitudind direction resultirg in
at mog 10 points useal to define the variogram It is clear
that cores space less than one mete apat are desirabé to
redwce uncertanty in defining the shae and range of the
horizantal variogram The limited totd lengh of the transect
measued is less than three times the lengh of the edimated
range for In Kg; consequently, correlation over longer
horizantal scales may reman uncaptured.

[34] No significart trends In Ky were detectd in either
the verticd (p = 0.28 or horizondl (p = 0.13) directiors for
the extent of sedimehcharactered (Figures 4a and 5a) A
slight trerd in the verticd (p = 0.002 but nat the horizontal
(p=0.97 In k was observe (Figures 4b and 5b). To teg for
verticd trend the mears were computel for sampls from
paricula ard relatively eveny spacd depths ard these
mean values were tested for a signfficart trend Horizontal
trend analyss usal core avera@ values.

0
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Figure 4. Horizontd dat usel to teg for trends in (a) In
Kq ard (b) In k. No signfficart trerd exists for either
parangter. Error bais represen+1 .
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[35] Brussea and Srivastavg[1997] base ther simula-
tion constraint on Durant's [1986] core-aeragedKy mea-
surementswhich are equivalem to arithmetc mean values.
Therefoe we alo examiné the arithmetc mean values
computel for our transetin the longitudina directian and
found no obvious trerd in the data (It is inapproprate to
teg the® values using ANOVA beaus the varian@ is not
homogeneos.) Howeve, we note tha the arithmdic ave-
ace values span the range comparal# to the range quoted
by Brussea and Srivastavg[1997] Our daa may suggest
tha localizel trends are presehover muc shorte distances
(e.g, afacta of 2 increagin In Ky is appaent from core 7
to core 10). Howeve, to our knowledge the effed of such
small-sca trends on transpot has not been explored.

[36] Theln k variograns are beg fit (usirg leag squares
regressionto exponentihfunctiors with vertcd ard hor-
izontd integra scale (+95% CI) of 0.11 m + 0.02 m and
0.91 m + 1.12 m, respectivel (Figure 6). The practicd or
effective ranges (to which we will refer as simgy the range
hereafter) are 0.33 m and 2.7 m in the vertical and
horizonta directions respectivel. The verticd trerd was
subtractd prior to the geneation of the verticd variogram
to ensue first-orde stationariy. As with the In Ky, the
horizont& variogiam was not truncatedAsfor the In Ky, the
uncertaing in the horizantal range is very large Further-
more while the verticd range agres well with prior studies
(Tabke 1), the horizontd range is much smalle than that
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determind in prior studies Correlation over longe hori-
zontd scale remairs uncaptured.

[37] The near-equiasills in the verticd and horizontal
directons for both In k ard In Ky indicak a lack of zonal
anisotropy, i.e., the horizontd ard verticd variabiity are
approxmatey equal Not only is the varian@ the same
horizantally ard vertically for eat propery, in this specific
study the variane is the sarre betwea properties (Table 1).
The large verticd to horizontd differen@ in the ranges,
howe\er, confirms strong geometre anisotrgy. Thus the
range over which the values of an individud paraneter are
related varies depending on the horizontal or vertical
direcion. In the ca® of In Ky, the horizonta range is
20 times tha of the verticd direction for In k the range is
eight times the vertical. Close examination of anaogue
sedimentgr deposis exposel nearly (a the Borden site)
(D. R. Gaylord unpublishe datg 2005 reveas tha the
cross-setiond depictio in Figure 7 portrays the dominantly
horizontal geometries of bounding surfaces (surfaces of
erosion nondepositia or abrug chang in texturd charac-
ter) tha characterie the heterogene@iBorden strat on a
numker of scales.

Figure 6. Variogram of detrended In k data in the

(@) vertica and (b) horizontal directions. Diamonds

represat the semvariogran values the dashe line is the

exponentia modéd determind by nonlinea leas squares
regressin. The 95% confidene limits for sill and range are
markel. (a) Only data points from the sane core are paired.
Nugge = 0.09 sill = 0.30 and integrd scak = 0.11.

(b) Horizontd bandwidh is 3 cm. Nugge = 0.11, sill =

0.32 ard integrd scak = 0.91.
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Figure 7. Contourel (b) In Ky ard (d) In k fields with (a ard c) pog plots of samplel points Vertical

axis is elevation in masl Eat das$ on the pog plots represerstone sample Ead shack on the contour
plots represerst0.37 In Kq or In k units equa to the variance The In K4 ard In k values at unsampled
locatiors are estimatd via kriging with input parameter estimatd from the semvariograms.

[38] The semivariogam parameter are useal to geneate
a contour plot of a cross section of the subsurface,
estimatiig the In K4 ard In k a unsanpled points via
kriging (Figure 7). The In Ky cros section reflecs the
circumstane that mud of the secti is relatively uniform
(Figure 7b), with all but one of the uppe 5% of In Kq
values (>0.0) clusteré into zones tha are apparently
continuow acros severcores locateal in eithe the central
region a approximatsef 2194 mag or at 2184 mag at the
north erd of the transectMost of the sample with 0.09 >
In Kg > 0.28 (an addifond 4% of the sample} are also
associatd with the® regiors or clustere togethe. The
appearance of the high In Ky values (constituting the
skewa right tail on the histogran in only a few localized
zones within a backgroud of relatively lower values may

hawe contributel to the enhancd spreadig and macro-
kinetc behavios observe for the reactive solutes in the
SW origind trace experinment.

[39] The contoured cross section of the In k transect
appears in Figure 7d. The In k cross section is more
heter@eneos than the In Ky cros secton. For example,
while the highes In K4 values appeain only a few zones,
the highes In k values (> 14.@® and constitutirg 8.5% of
the dat se) appea in all of the cores and at multiple
elevatiors separate by mary lower valued sampla in most
cores.

3.3 Correlation Between In Kg and In k

[40] A linea regressio of the In Ky on In k exhibits a
sttistically significart positive correlation with a grea deal
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Figure 8. Scatterplb of In Ky versts In k exhibits weak
positive correlation Shade points indicake tha In k value
is estimated from the repacked sample measurement
(sectim 2.1). Dashel line indicates regressin resut that
includes the repackd sampeé results.

of noie (Figure 8). Thes observatioa are consistehwith
prior work tha usal sampls from a single core [Allen-King
et al., 1998]. The linear regression parameters for the
dataseincluding the edimated (repa&ed) In k values (n =
366, see secton 2.1 for descriptiom of repacke In k) are
slope = 0.26 ard intercep = 2.82 (Both are significantly
differert from zeo withp=2.0 10 “amd 1.3 10 4,
respectivel) For the datase not including the repacked
sampeé resuls (n = 342), the slope is shallowe (0.199 and
the intercep = 1.88 (Both are al® significanty different
than zerg p = 1.5 10 ° ard 0.0065, respectiely.) The
unfortunag loss of undisturled sampé In k measurements
tha correspod to abou half of the highes In Ky samples
(In Kg > 0) adds significart uncertairy to the assessne
of the magnitue of correlation betwea the two at zero lag.
Howeve, the trerd is cleary positive Therefoe we con-
clude tha the negatiwe correlation usel in prior modeling
studies to match the SW transpor experimentrends is not
correct.

[41] The autocorrelatio ard the cross-orrelatin func-
tions (ACF and CCF, respetively) are estinated in the
vertical and horizontal directions; all computations are
performel on the log-transformed variables The dat is
filtered to obtan 360 points in the profile for which both In
k ard In K4 values are availabe ard this data se is used for
both the ACF and CCF analysisit is noted tha in addition
to the undisturbed sample In k measuemens, the In k
estimate basel on repackd sampls were usal for the
ACF ard CCF determinatioa The ACFs (not showr) give
analogos informatian to the variograms The resuls are
presentd to complemen the CCF resut sine both are
basel on a dat subse¢ tha is modesty differert than that
usal for the varioglams The filtering proces producel a
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cros sectio of In k and a correpondirg cross sectia of In
Kq4 values wheren the points were uniformly space but
with mary ‘missing values paricularly in the region of
cores 5—9 which were sampled less frequently for K.
Missing values po% a significart challeng for mod soft-
ware and consequently, the autocorrelation and cross-
correlation functions (ACF and CCF respectively) are
calculaté by hard in a spreadsheet.

[42] The autocovaiane function for In k (A kin k(h)) is
estirmated from

Mp

Ankink  h — Ink x Ink x h 1
Pip 1 ip
ard the ACF (R, kin k(h)), from
Rnkink h Ankink h va Ink 2

whereh isthe lag or separatio distane in the horizon#l or
verticd directon, x is the position vecta, In k(x) is the
perturlation of In k, var(Ink) is the varian@ of In k; i, isthe
ith parr of points andn, is the totd numbe of pairs of points

separad by lag distanceh. The perturbatia, In k(x), is
the differene betwea ead observationin k(x), and the
mean, In k :

Ink x Ink x Ink 3
For the purpo® of calculatirg the ACF ard the CCF we
use the mears of the entire dab set (e.g, values in
Tablke 1) instea of the mears of the 360 point profile
and as a result the perturbatios do not add up to zero.
Similarly, we use the entie dak sd to evaluaé the
variarce and as a result the ACF can sometims be out
of the normd range ( 1, 1).

[43] Becaus of the large number of missirg points the
error on the covariance (and correlation) estimates is
difficult to quantify. However the error is known to
increase with lag, where fewer pairs of points are
availabe for estimatig the covariaces This increasing
erra with lag can be palliated somewha by the common
practi@ of multiplying the covariane functiors with a
triangular window defined by the following weighting
function:

w 1 4

h h h

max

[Robn et al.,, 1991 and reference therein] For evenly
spacd dat series this triangula window is obtained
simply by using the numbe of points in the series (a
constat) in equatiom (1) instead of the numbe of pairs of

points which decreasgwith lag. The estimato given above
without triangular weightirg is nonbiasegdbut it is biased
when the triangula weightirg is applied (The expeced

value of anonbiasd estimato is the value of the population
parangeter.) The practicd implication is tha nonbiased
estinates can be averaged (or stackedor pooled to produce
beter estinates wherea biasa estimags cannot Since the
calculatios were carried out by hand the ACFs were

stackel in eath direction befoe applyig a triangular
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Figure 9. Cros correlogans in the (& verticd and
(b) horizontéd directions.

window. Softwae tha produce ACFs via the Fag Fourier
Transfom will generalf produe this biasel estimato. The
ACF for In Ky is calculate usirg the sane methodolog as
that use for In k.

[44 Exponentiddecy functiors wetre fitted to the pos-
itive values of autocorrelation functions as a means of
summarizig the data In the verticd direction the correla-
tion lengths (given by the deca constantfor In k and In Ky
are 0.10 m and 0.05 m, respectivej, ard the® transate to
practicd range of 0.30 m ard 0.15 m, respectival. A
relatively smooth decay of the ACFs (without “hole’)
indicates that periodicity could not be detected. In the
horizont4 direction the correlatio lengtts for In k and In
Kqare 0.8 mard 1.25 m, respectivel. (The practich ranges
are 24 m ard 3.75 m, respectively) Howeve, the ACFs
shaw tha the core spacim is too large to propery assess
horizont4 correlation The summay statistis are intended
here only as descriptie statistic with no intentian to infer
processThe range derived from this analyss are comm
rable to those determind from the semivariogren analysis,
confirmirng tha the slight differences in the dat ses used
for the analyss do nat resut in importan and unintended
biases.

[45] The cross-covariarefunction betwea In k ard In
Ky is edimated from

Mp
Ink x In Kd X h 5
Pi, 1 ip

Ankinkg h
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and the cross-comlation function from

Rnkinks h Ankinkg h var Ink var InKgy 6

Asin the ACF compitation atriangula window is applied
after stackirg the availabk estinates.

[46] The verticd CCF (Figure 98 shows a positive peak
centeed arownd lag zerq indicatirg tha the correlation
betwe@ the two variables is positive ard not offse; that
is, an increag (or decre@se in one variabk relative to the
mean correspongto an increag (or decreaseof the other
variabk at the sane location Two addition& peals appear
at positive lags Although it is difficult to ascertai its
significane basel on this dat set the first peak nea lag
0.75 m indicates tha an increag in In k at one location
correponds to an increag in In Ky abou 0.75 m down
the profile. The secomnl pe& consiss of a singlke poirt at
lag 1.25 m ard is not consideed significart becaus of
the large erra in cros correlation associateé with large
lags. Similarly, the negativ CCF values of both vertical
and horizontal CCFs are not considered significant,
becaus of ther smal values relative to the estimation
erra, particulary at large lags The verticd CCF shows
wedk sigrs of periodiciyy a positive lags (roughly sinu-
soidd shapé but the quality of the data cannd ascertain
this trend.

[47] The horizontd CCF (Figure 9b) shows a positive
pe at lag zerq indicaing tha the correlation betwea the
two variables is posiive and nat offset The cross correla-
tion decreses quickly on either side of the origin to near
zerq indicaing, similarly to the horizonth ACFs tha the
COre spacimg was too large to propery assesthe horizontal
cross correlation.

4. Concluding Remarks

[4¢] The SW and associate studies at the Borden site
continwe to offer a benchmak to use in dewloping con-
ceptl modesk of contamirant transport The dat collected
in our study provide information about the descriptive
statistics and spatial geostatistics of In K4 for a two-
dimensimal verticd slice of the Borden aquifa. Our find-
ings include the following: (1) a positive correlation
betwea In k ard In K4 a zelo and smal lags (less than
0.2 m verticaly and less than 1 m horizontally) (2) differ-
ence betwea the two propery distributions (skewel right
for In K4 ard norma for In k); (3) differert geostatististhat
beg descrile their verticd spatia distributions and (4) the
ocaurrene of mod high Ky values adjacento one another
in only two localized regiors while the high k values are
sprea throughot the transectUnfortunatey, the statistics
describiry the horizontd autocarelatin behavio of In Kgq
ard its cros correlatimm to In k reman very uncertam,
despie a high levd of effort, becaus of limitations in the
sampé distributian.

[49] Becaus observéions 1-4 contras with the assump-
tions used in prior simulation studies (described in the
Introduction) we conclide tha addifiond analyss is re-
quired to establid the determinarg (or probabé determi-
nants) of the macrokinetic and enhanced spreading
behaviors observed for the organic solutes in the SW
experiment In additin to simulation studies tha include
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mote realistt representatiaiof the geochemidacomplex-
ities of the aquifer, more extensie samplirg at the SW field
site is needd to redu@ uncertaing in the horizonté geo-
statistic tha descrile In Kg.

Appendix A

[50] The relatie erra on Ky is compute usirng error
propagatia technigus as:

o S M S M
Ko M2 C2M2  M2H2

52
MEVZ

<,

G

LM

Al
MZCG,

whete the § are the standad errors on thei terns in the
sorption equation,C,, is the dissolvel PCE concentration,
M are the totd mas in eat of thek phase (wate, sorbed,
air), ard othe variables are as previousy definal. The
soluticn concentratin standad erra, S, is determined
from the calibration datn [Sokd and Rohlf 1981] The
standad erross on the gravimetricay determind terms
(mas of solids volume of wate) are much smalle than
those on the concentration-related terms and so are

neglected The standad erra of the headspag volume
measurd on replicae ampallesis 0.106 mL. Equatio (A1)

represerst the main source of erra in the Ky measure-
ments tha associaté with the M,, erra due to uncertainty
on C,, andV,, ard erra due to the differen@ betwea the

actua (unknawvn) H controlling PCE mas in air and the

estimatd value Additiond day-to-gy source of experi-
mentd errols are not separate from one anothe, but

insteal groupel with the recognked unquantifiel erra onH
following the logic of [Ball and Roberts 19913 to create
the resultirg tem (H + X), where X represerst the errors
from unidentified sourcesThe standad erra on H + X is

determind from the measued relative erra on K4 obtained
from the severa experimerg with the ‘bulk’ sample the

Kd kd, bulk/Kg, buik = 0.17, whete the K4 variane of the

bulk replicats ( ﬁd, bulk) 1S 0.0R9 ard the averageKy of
the bulk replicats (Kg, pux) iS 0.32 Becaus the bulk

sampé was create by pulverizirg ard then homogenizig a

large aguifer sample, we attribute vaiiations beteen
replicats to unquantified day-to-dy experimentd error
rathe than to sampé variability. Solving for . x produces
0.345 which is usal in equatim A.1 to calculaé relative
erra on Ky for ead sample When a high mas fraction of

PCE is sorbed uncertaing on C,, dominats error, when
sorptin is low, howewr, mog of the erra is due to

uncertaing on V; andH + X.
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