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T h  bench scale test report, prepared for Rocky Mountam Remedmtion Semces (RMRS), 
presents the procedures, results and data mterpretation of column tests conducted as part of 
the evaluation of permeable bamer m a t e d  to treat dlssolved orgaruc compounds and trace 
metals present m groundwater at the Rocky Flats Enwonmental Technology Site (RFETS) 
The protocol for the tests was presented m EnwoMetal Technologtes Inc 's (ETI's) bench 
scale test plan (March 1997), and prepared m accordance with the Scope of Work suppkd by 
RMRS 

1.1 Site Description and Background Information 

A demonstration of the apphcabhty of reactive barrrer technologies wdl be conducted at the 
RFETS as part of a Department of Energy (DOE) EM-50 Subsurface Contammants Focus 
Group sponsored program to idente cost-effective technologles for treatmg contammated 
groundwater at DOE sites Laboratory bench scale testmg IS requlred to identify, test and 
develop suitable reactive m a t e d  for the demonstration of the apphcabhty of reactive bamer 
technologtes to treat volatde orgmc compounds (VOCs) m three contammated groundwater 
plumes at RFETS The site identlfred for mtd testmg is surface water seep SW059 wluch IS 

at the dlstant end of the Mound Plume Water fiom SW059 1s currently collected and 
transported to Buddmg 891 at RFETS where it IS treated ET1 has commercialized a patented 
method for metal+nhanced abiotic degradation of chlonnated orgmc compounds wluch could 
be used for treatmg VOCs not only m the SW059 plume, but also those present m the East 
Trench plume and m 903Pad/Ryan's h plum The system for the SW059 seep m y  also need 
to remove trace metals and radionuchdes and may be designed to incorporate a removable 
"cassette" type of mated contamer to hchtate penodic operations and mtenance (O&M) 
requmments 

1.2 Treatment Technology Description 

As a consequence of the sigxuficant htations of pump-and-treat systems, in-situ permeable 
reaction batIlers have been identdied as an movative alternative groundwater remedmtion 
technology (G~llham, 1996) The concept IS remarkably stmple, mvolvlng the construction of a 
permeable wall or bamer contauung appropnate reactive matemls across the path of a 
contamtnant plume As the contattmnated groundwater passes through the wall, the 
contarmnants are removed through chenucal or physical processes Vmous configurations of 
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these in-situ treatment systems have been evaluated, based on site-specific conditions 
Particular advantages that one would hope to achteve from in-situ reactive barrters tnclude 

conservation of groundwater resources 
long-term passive treatment 
absence of waste m a t e d  requmg treatment or dtsposal 
absence of tnvasive surface structures and equipment 

low operations and mtenance costs 
reduced capital cost 

Several dtfferent types of matertals have been suggested for use tn in-situ treatment zones 
The most advanced stage of apphcation has been achteved wtth zero valent metal based 
system to remove both chlortnated organtc compounds and trace metals 

Under tughly reductng conditions and tn the presence of metalltc surfaces, certm dtssolved 
chlonnated organtc compounds tn groundwater wdl degrade to non-toxtc compounds such as 
ethene, ethane, and chlonde (Gtllham and O’Hannesm, 1994, Gtllham, 1996) The process 
appears to be abiotic reductive dehalogenation, with the metal servtng to lower the solution 
redox potentlal (Eh) and as the electron source m the reaction Usmg m n  as the reactive 
metal, reactton half-hves (the tune r e q u d  to degrade one half of the olrginal contarmnant 
mass) are commonly several orders of magnttude lower than those measured under natural 
conditions The technology appears to have great p r o m  for the remedlation of contammated 
groundwater because of these hgh rates of degradation, tron ts relatively mexpensive, the 
process requues no external energy supply, and because most compounds are degraded with 
productton of few, If any, hazardous (chlormated) organtc by-products 

Concurrent research has been conducted to evaluate the use of tron based system to remove 
trace metal contatrunants from groundwater Metals whch have been shown to be removed 
tnclude chromum and ruckel (Blowes et al, 1995, Puls et al, 1993, strontium (Marozas, 1996) 
and techntcium (Clausen et al, 1995) 

Field apphcations of uon based permeable treatment walls have been undertaken to remedtate 
VOC and trace metal plumes There are currently 12 in-situ systems removtng VOCs ( d y  
tnchloroethene) from groundwater, and one system treattng a comb& VOC and trace metals 
plume Freld tnals have also been conducted at Untted States (U S ) DOE factltttes and m e  
tabgs sites in Canada to demonstrate trace metals removal usmg ths technology 
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Recent laboratory research has shown that the presence of another metal with won may greatly 
enhance the VOC degradation rates relative to those o b t d  with uon alone These mate& 
may therefore decrease the amount of reactive mated requued m a gven situation Vmous 
bunetalhc m a t e d  have been mvestigated, mcludmg palladiumluon, copperhron, and 
mckeYuon The Umversity of Waterloo (W) has shown considerable success with tllckeVwon 
mated m p r e m  laboratory expemnts (Grllham et al , 1997) The ntckeVuon mated 
wdl be referred to herem as enhanced uon 

In certm mstances, penodic replacement of the reactive m a t e d  may be necessary to 
rejuvenate the reactive surface and/or remove the accumulated trace metals fiom the mated 
In these cases, a low denslty, more eastly handled reactive mated relative to granular metalhc 
uon IS desuable to fachtate these penodic O&M activltEes The low denstty metalk foam 
m a t e d  produced by Cercona Inc have the potentml to concurrently remove both VOCs and 
trace metals from solution 

The followmg factors need to be mvestigated to fachtate field lmplementation of permeable 
treatment system at any site 

The dmnsions and composition of treatment systems needed These are detenrnned 
from the degradation rate of VOCs and removal rates of trace mtals present m site 
groundwater and the groundwater velocity whch would occur rn an in-srtu or ex-situ 
treatment section at the site 

The production and subsequent degradation rates of chlorrnated compounds produced 
fiom the VOCs ongmally present m the site groundwater (e g , &chloroethene lsomers 
and m y 1  chlonde from tnchloroethene) These can also affect treatment section 
dunensions 

The amount of VOC degradation and trace metal removal possrble versus requmd 
cleanup standards 

The effects of the process on the morgamc chermstry of the groundwater, m particular, 
the potentml for mend precipttation Mmral precipttation rates and trace metal 
removal affect long-term O&M requlrements of the treatment system. 

These facton are evaluated rn the normal course of developrng desqps for field apphcations 
involvmg “conventional” granular uon Because of the shorter penod of expetrence, theu 
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evaluation IS particularly unportant when considemg use of the recently developed enhanced 
Iron and lron foams 

A m t m g  was held m December 1996 at RFETS to dlscuss the planned testmg program 
Based on thrs meetmg, it was decided to evaluate three types of reactive mated, metakc Iron, 
bunetakc mated (ntckel and Iron), and lron foam pellets developed by Cercona Inc, of 
Dayton, Oh10 It was or~gmdly planned to test an lron-zeohte foam pellet, however t b  
matertal IS m a very early stage of development A foam composed of Iron plus an Iron alloy 
(an “HSI” foam) was tested mtead Tests by Oak Ridge National Laboratones (ORNL) and 
the Uruversity of AIYZOM have mdicated thrs mated to have the potentd to remove both 
trace metals and VOCs Rationale supportmg t h  modfication were presented m the column 
test Work Plan (ETI, 1997) 

1.3 General Objectives and Approach 

The general obFtive of the bench scale tes.ag was to exarmne VOC degradation rate with 
dflerent lron mate& suitable for use m reactive bamer technologes at RFETS Sandla 
National Laboratoms (SNL) examtned suitabhty of Iron, lron foam, and HurmsorbW media 
for the removal of trace metal and radionuchdes m parallel tests 

The degradation rate constants calculated fiom the laboratory data, and the measured changes 
m morgamc geochemd parameters, were used to develop capital cost estlmates and to assess 
potentd O&M requmments for field-scale systems for the SW059 plume As mentioned 
prewously, these data may also be used at a later date to develop kld-scale designs for the 
East Trench and 903 Pad/Ryan’s plt plumes 

1.4 Bench Scale Testing Report Organization 

The r e m d e r  of t b  report IS orgamed as follows 

Sectm 2 0 presents the detaded obJectives and the scope of work for the bench scale 
tests 

0 Section 3 0 presents the bench scale test results 
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0 In Section 40, the results are appkd III the context of a reactive treatment system 
design for the SW059 plume at RFETS, mcludmg recommendations of the metalk 
mated to be used The residence tune required for VOC degradation to performance 
standards IS calculated therem, along with the correspondmg reactive mated volume 
and cost 

0 Section 5 0 summaflzes sigmficant findmgs of t b  study and related recommendations 
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2.0 OBJEcnvEs, SCOPE OF WORK, AND METHODS 

2.1 Bench Scale Test Objectives 

The general objective of the bench scale test was to d e t e m  VOC degradation rates m order 
to m v e  at a sultable mated for use 111 reactive bamer technologies at RFETS Samples 
collected d m g  laboratory column tests were used to evaluate the followmg hst of spec& 
objectives for each type of reactive mater& tested 

e 

e 

e 

e 

e 

2.2 

VOC degradation rates, 

the level of VOC treatment possible relative to the performance standards for the 
RFETS (Segment 5 Action Levels), 

magmtude of Eh and pH changes, 

changes 111 morgmc geochemrstry as a result of the pH and Eh changes, mcludmg 
possible nuneral precipitation, and 

charactemation of chlomated breakdown products of VOCs, and evaluation of the 
rates of degradation of these products 

Bench Scale Test Methods 

Groundwater f?om the RFETS was passed through three laboratory columns at a constant flow 
rate Uncontanunated groundwater (sample identlficatton code G-W-WL-TE- l), h m  RFETS 
was spked m the laboratory with analytical grade VOCs The flow velocity for the test (2 8 
Wday) was selected m consultation with RMRS staff Thls flow rate was expected to 
approxtmate the flow velocitles through a field scale treatment system, and allowed the tests to 
be completed w i t h  the propt’s schedulmg requuements The ron m a t e d  used m the test 
were 

I )  -8 to 4 0  mesh uon obtamed From Connelly-GPM, Inc of Clucago, Iulnols (a 
commercial granular iron source), 
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enhanced uon, conslstmg of ConneUy uon (same as m 1 above) plated with about 
0 25% nickel, and 
a low density granular brmetalhc uon foam (HSI foam) from Cercona Inc of Dayton, 
Oh0 

The bench scale testmg was completed at the Institute for Groundwater Research, UW, under 
contract to ET1 T h  section descnbes the equipmnt and m a t e d  used by UW to conduct 
the tests Analytical and quahty assumdquahty control (QNQC) procedures are 
s u m  here and are presented m more detad m Appendu A 

2.2.1 Bench Scale Equipment and Materials 

The 1 64 ft long, 15  mch mide dmmeter (ID) PleluglasTM columns used m thu study were 
equipped with several samphg ports along the length of each column at dlstanm of 0 08, 
0 16,O 33,O 50,O 66,100 and 1 31 ft from the mlet end Samphg ports were also located m 
the mfluent and effluent h e s  (Figure 1) Each samplmg port conslsted of a nylon Swagelok 
fittmg (1/16 m) tapped mto the column side, with a sterhzed symge needle placed mde To 
prevent column packmg mate& from entemg the needle, glass wool was placed m the 
barrel The samphg ports allowed samples to be collected along the central 8x1s of each 
column Each symge needle was fitted with a Luer-LokTM fittmg, to whch a synnge was 
attached to collect a sample The samplmg ports were sealed by a Luer-LokTM plug, whch 
was twlsted snugly mto the symge needle between samplmg events 

To fill the columns wrth the reactive mate&, alquots of uon mated  were packed vertically 
m hft Sections w i t h  the columns Each column was packed to assure a homogeneous 
mucture Values of bulk density, porosity, and pore volume were deternnned by wetght (Table 
Al, Appenduc A) All column experunents were performed at mom temperature 

Usmg an Ismatec IPN pump, solution (groundwater from RFETS spked with the VOCs of 
mterest) was fed at a constant flow rate from a collapsible Teflon@ bag to the mfluent end of 

each column The Teflon@ bag was filled by gravity, leamg no headspace All the slte water 
could not be held m the collapsible bag and consequently the bag was refilled penodically 
dumg the test The pump tubmg consisted of Viton@, and all the other tubmg was TeflonQ 
(1/8-m~h OD x 1/16-m~h ID) 
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2.2.2 Sampling and Analysis 

The columns were sampled penodically over tune untd a steady-state profile was achteved at 
the test flow velocity In these column studies, steady-state IS defined as the tlme when VOC 
versus dlstance profiles do not change sigruficantly between sample events After remomg a 
volume equivalent to the volume of the samphg port needle from the port, 2 0 to 3 0 mL 
samples were collected for analyses for VOCs h m  each port Groundwater samples were 
also collected from the mfluent and fiom the effluent overflow bottle 

Tetrachloromethane (CT), tnchloromethane (TCM), dichloromethane (DCM), 
tetrachloroethene (PCE), tnchloroethene (TCE), CIS-1 ,Zdichloroethene (cDCE), trans-l,2- 
dichloroethene (tDCE), 1 , 1 dichloroethene ( 1 1 DCE), m y 1  chlonde (VC) and 1,1,1- 
tnchloroethane (1 11TCA) concentrations were morutored at the de t ,  outlet, and samphg 
ports of each column (1 e “a profile” of the column) to determrne when steady state had been 
reached These profiles, together with profiles of Eh and pH, were collected every 5 to 7 pore 
volumes Flow rates were measured usmg a graduated cylrnder and stopwatch 

Two mfluent and two effluent (outlet) samples from each column were analyzed for mjor 
cations (Ca2+, Me, Fe2+, Mn2+, N?, Na’, K’), m a p  mons (SO:-, Cl-, NO;, NOS’) and 
alkallnlty 

2.23 Analytical Pmt& 

The analytical protocols used by UW for orgatllc and morgamc analyses are descnbd m detd 
m Appendvr A In summary, the followmg methods were used 

0 VOCs were analyzed usmg solventextraction methods and a gas chromatograph 
equlpped with an election capture detector (ECD), and by headspace analysis usmg a 
gas chromatograph w t h  a photoionnation detector (PID), 

0 pH and Eh were masured usmg appropnate electrodes, 

0 dlssolved cations were analyzed usmg mductively coupled plasma methods, 

0 anions were analyzed by ion chromatography or colorunetry, and 
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e akahity was measured usmg a titration method 

Method detection huts  (MDLs) calculated by UW for the above methods are gven ln 
Appendur A 

2.3 Deviations from Test Plan 

There were no sigruficant dewations fiom the procedures desmbed rn the test plan (March 
1997) Between 50 and 60 pore volumes of groundwater passed through each column, whch 
were sampled every 5 to 10 pore volumes Due to penodic refilling of the Teflon re servo^, 

there was some vadxhty of rnfluent VOC concentrations (Table 1) relative to the desired 
rnfluent levels, but ths did not affect the lnterpretation of the results 

~~ 
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3.0 BENCH SCALE TEST RESULTS 

3.1 Data Quality 

Rigorous QNQC procedures were followed dumg the laboratory tests Results of dady 
splked blank samples and method blanks analyzed with the column samples for VOC analyses 
are contmed m the laboratory report (Appendlx A) For the most part, the percent recovery 
calculated for the spked blanks (measured concentratmn diwded by actual concentration x 
100%) were close to 1008, and method blank concentrations were below the MDLs for the 
compounds tested 

The results of VOC analyses of both of the mfluent reservom (Appendlx A), mdicate that 
there was some vambhty rn mfluent (reservon) VOC concentrations over tune, predonnnantly 
due to the penodic refiulng of the reservom wah additional groundwater, but possibly due also 
to sorption and diffusion losses m the Teflon" reservo~t 

Imtd (reservon) concentrations were motutored d u g  each sample profile event to account 
for thts temporal vanabhty and to charactem the VOC concentration bemg treated at each 
tune Therefore, the vanabhty should not appreciably affect the rnterpretation of VOC 
treatment rates 

Inorgmc results from the mfluent reservom (Table 3) showed that sample storage had lttle 
effect on mapr cation and mon concentrations 

3.2 Similarity of Groundwater Used in the Bench Scale Test to Groundwater at the 
Site 

Uncontarmnated groundwater from the RFETS was received by U W  Based on htstoncal 
concentrations, analytical grade VOCs were added to the groundwater to create the rnfluent 
concentratmns Wed m Table 1 These concentrations, close to htstorrcal maxll~wms at the 
three potenttal treatment locations, allow for a r&tic assessment of the abhty of the 
technology to treat field scale VOC levels m each of these plumes The morganic chemrstry of 
the mfluent groundwater 1s mcluded m Table 3 
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3.3 Observed Degradation of Volatile Organic Compounds 

Several measurements of VOC concentrations along the length of each column were taken 
appromtely every 5 to 10 pore volumes (Appendlx A) to allow calculations of VOC 
degradation rates Figures 2 to 7 show the VOC concentration versus residence tlme profiles 
obtmed at steady state for each column As descnbed m the bench scale test plan, 
degradation rates were calculated for each compound usmg a first order lunetic model 

For each test column, VOC concentration was plotted as a function of dlstance along the 
column The flow rate was used to calculate the residence tune at each samphg posltion 
(relative to the mfluent) for each profile Degradation rate constants were calculated for each 
VOC m the mfluent solution groundwater, usmg the first-order lunetic model 

c = e&** 

where C = VOC concentration m solution at tune t, 
C, = rrutnl VOC concentration of the mfluent solution, 
k = first order rate constant, and 
t = tlme 

For most VOCs, C, 1s the concentration of the compound m the mfluent solution at steady 
state (Table 1) Exceptions occur where breakdown products such as cM3E and TCM, result 
m a peak concentration m the mtenor of the column as more chlorrnated compounds degrade 
In these cases, the peak concentration was used as C, 

By tearrangrng and taking the natural log (In), equation (1) becomes 

The tlme at wluch the mitnl concentration deches by one-half, (C/C,, = 0 3, 1s the half-hfe 
(ttn), whch, by rearrangmg equation (2), I gwen by 

The decay constants k [Vtune], were computed from the slope of the first-order model, 
obtmed by fittmg equation (2) to the experrmental data Half-hves, along with correspondmg 
correlation coefficlents (r’) values are provided m Table 2 The 3 values mdicate how well the 
first-order model represents the expenmental data 
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Organic results from the bench scale test can be summaflzed as follows 

1 )  100% Connelly Iron 

A total of 61 pore volumes were passed through the column at a flow velocity of 2 9 Wday 
Thls flow velocity resulted m a residence tune of 13 4 hr Figures 2 and 3 show the rapid 
deche m CT, PCE, TCE, 1 IDCE, VC and 1 1  ITCA to nondetectable concentrations d m g  
the 13 4 hr residence tune m the column Concentmons of TCM mcreased m the first few 
mches of the column and then d e c W  rapidly to non-detectable concentrations wi th  2 7 hr 
of residence tune Smhly ,  cDCE concentrations lllcrease m response to PCE and TCE 
degradation, then d e c k  as groundwater moves farther along the column DCM 
concentrations fluctuated withm the column, and srrrnlar to other studres wtth granular Iron, did 
not show any signs of apprecnble degradation 

The first-order lunetic model generally prowded good fits (89 81) for all the compounds 
Table 2 presents the half-hves calculated fiom the final steady state profile Of particular 
relevance to the SW059 seep design are the half-hves for PCE (096 hr), TCE (065 hr), 
1 lDCE (0 89 hr), cDCE (1 5 hr) and VC (1 2 hr) The rates of chlomted ethene degradation 
exert a large mfluence on the design These are typical of values obtamed m prevrous studres 
with 10096 Connelly mn 

2)  100% Enhanced Iron 

A total of 59 pore volumes were passed through the column at a flow veloctty of 2 9 Wday 
Thls flow velocity resulted m a residence tune of 13.9 hr Figures 4 and 5 show very rapid 
deches m CT, TCM, cDCE, 1 lDCE, VC and 11 ITCA to nondetectable concentrations 
Detection h t s  were reached wi th  the tune (0 7 hr) taken for the water to travel the distance 
to the first samphg port Concentrations of PCE and TCE also degraded rapidly to below 
detectable concentrations wi th  8 3 hr DCM concentrations deched shghtly over the 13 9 hr 
residence tune tiom 112 to 94 p&(L 

The first-order kmetic model generally provided good fits (39 98) for PCE and TCE (Table 
2) The half-hves obtatned for the final steady state profile were 0 45 and 0 13 tu for PCE and 
TCE respectively A DCM half-Me of 39 hr was deterrmned, however the r2 value (0 57) 
mdicated a poor fit to the first order model CT, TCM, cDCE, 1 1 DCE, VC and 1 1 lTCA half- 
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hves were less than 0 08, 0 11, 0 23, 0 11, 0 10 and 0 15 hr Because the concentrations for 
these compounds were below the MDLs by the first samphg port, it can be sad with certamty 
that the half-hves were below these values, though the actual values are unknown In order to 
determe the half-hves, a hgher flow velocity would have to be used 

3) 100% HSI Foam 

A total of 56 pore volumes were passed through the column at a flow veloaty of 2 7 Wday 
T h  flow velocity resulted m a residence tune of 14 5 hr Figures 6 and 7 show rapid declmes 
m CT and 11 lTCA to nondetectable concentrations w i t h  the trme (1 5 hr) taken for the 
water to travel the dlstance to the second samphg port Concentratmns of PCE, TCE, 
1 lDCE and VC also degraded along the length of the column, but at sigdicantly lower rates 
The residence tune was not sufficmt to degrade these compounds to below detectlon huts 
As a result of CT dechlomation, mtml TCM concentrations mcreased to 362 pg/L m 1 5 hr of 
residence t m ,  and then deched to 80 pg/L m the effluent Smlarly, cDCE concentrations 
rncreased m the column due to PCE and TCE degradation, however, the residence tune m the 
column was not sufficient to observe a d e c k  m cDCE concentration wluch would be 
expected once PCE and TCE were removed DCM concentrations did not mdicate appmmble 
degradation 

The first-order lunetic model generally provlded good fits (I% 80) for al l  the compounds 
(Table 2) Half-hves observed m the HSI foam column are, for most compounds, at least 4 
tunes longer than those observed with Connelly won 

3.4 Inorganic Results 

Changes m morgamc chenucal constituents observed m the groundwater as it passed through 
the reactive mn are surnmamed m Table 3 Two mfluent and effluent samples were collected 
fiom each column as they approached steady state Compamon of column dluent and 
effluent results show that concentrations of potassium, sodium, and sulphate re-d 
relatively unchanged Narate and rutnte concentrations were below detection huts m the 
mfluent as well as the effluent Chlonde concentrations mcreased shghtly due to dechlomatlon 
of the vocs 

Influent magnesium concentrations did not change m the enhanced or HSI foam, but deched 
by 6 mg/L m the Connelly lron column Manganese concentrations did not change sigrufcantly 
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m the Connelly and HSI columns but mcreased from 0 49 to 2 mg/L m the enhanced uon 
Nickel concentrations tncreased only m the enhanced ron column, from below detection to 1 6 
mgL In other lab and field tests with the enhanced uon, the amount of nickel dlssolved m the 
effluent has been observed to decrease over the first tens to hundreds of pore volumes to non- 
detectable values 

Total uon concentrations r e d  relatively low (e1 1 mg/L) m the Connelly and HSI foam 
columns Iron concentrations for the enhanced mn mcreased to about 70 mg/L due to the 
lower pH and/or mcreased corrosion rates m tlus column compared to the other two Calcium 
and a l k h t y  concentrations decreased m the effluent of all three columns relative to the 
mfluent values The largest decluKs were observed for Connelly won and the least m the HSI 
foam. The deche m cdaum and alkahty concentrations in the Connelly and HSI foam 
columns are m response to mcreasmg pH caused by the corrosion of ron 

Fe" + 2Hz0 + Fe2+ + 20" + Hz, (4) 

In the Connelly uon and HSI foam, pH values m the column were as hgh as 9 3 and 8 0 
respectively (Figure 8) As the pH of the solution mcreases, bicarbonate (HCOi) mns are 
converted to carbonate ions (CO:-) to buffer the mcrease m pH The C o t -  ion f o d  then 
combmes with the cations present m solution (Ca2+, Fez'> to form carbonate meral 
precipitates Although pH values did not mcrease m the enhanced ron column, the dlssolved 
ron concentrations are such that sidente (FeC03) IS expected to have formed 

The changes m calcium, ron and allcalvllty concentration between column mfluent and effluent 
samples, whch reflect rrrmeral preclpttatton lil the columns, are summanzed m Table 4 As 
shown m Table 4, Eon concentrations mcreased as groundwater moved through these columns 
However, mdependent corrosion rate measurements of meetakc won (Reardon, 1995) mdicate 
that several mmoVL Fez' would be mtroduced to groundwater m these columns due to mn 
corrosion It therefore appears that won preclpitates were occumng m the column Based on 
effluent Fez+ concentrations, more uon precipitates lkely mud m the Connelly won and 
HSI foam then m the enhanced mn Iron m e &  whch form mclude sidente and uon 
hydroxlde (Fe(OH)2) In each column the observed hgher carbonate alkalmty loss relative to 
the amount of calcium loss mdicates that sidente did deed form m addaion to calaum 
carbonate Iron hydroxldes, which form m the column, are converted over tune to magnetite 
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Results of the mfluent and effluent morganic chemcal analyses were also mput to a 
geochermcal speciation model MINTEQA2 (US EPA, 1991) In MINTEQA2, aqueous 
concentrations are used to calculate the saturation mdices (SIs) of vmous rtnneral specles 
(Table 4) The SIs can be used to gauge the potentral for these m e r &  to precipitate A 
negative SI mdicates undersaturatmn with respect to the particular m e n d  phase, whde a 
positive SI mdicates oversaturation To ob- the maxmum SI for calcium (CaCO3), 
aragomte (CaC03) and sidente, the nwumurn pH m a gwen column at the tune of morgamc 
samphng was mput along with the effluent morgmc chemtry Although som caution must 
be used m mterpretmg these results, whch assum equhbnum conditions, the results showed 
expected trends That is, the mfluent water entemg the columns was undersaturated with 
respect to calcium carbonate m e &  and sidente The SIs for sidente mdicates that it became 
oversaturated m all three columns because of pH mcreases and the production of Fez+ fiom the 
corrosion of uon by water Calcium carbonate also became oversaturated m the Connelly mn 
and HSI foam columns due to mcreasmg pH The SI for calcium carbonate in the enhanced 
uon column renmned relatively constant as pH remimed about the same and alkaluuty 
deched as sidente formed 
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-urn Concentrations 

4.0 USE OF BENCH SCALE TEST RESULTS IN FIELD SCALE TREATMENT 
SYSTEM DESIGN, SW059 PLUME 

J 
J 

Ths section presents recommended design parameters for use m the field scale treatment 
system currently bemg planned for the SWO59 plume at RFETS These design parameters are 
based on the results of the bench scale tests, and the results of hydrogeologc mvestigations 
completed at the site 

4.1 Required Residence Time 

As noted prewously, the bench scale tests were conducted usmg background RFBTS 
groundwater spked with VOCs to apprownate lustotrcal maxLmum concentrations observed 
at the three plume areas were the technology 1s bemg considered In order to assess the 
residence tlme requued m the field scale system for the SWO59 plume, groundwater VOC 
concentration data from the recent mvestigations and lustorical data for tlus area was rewewed 
The average, m u m  and two trmes m u m  concentrations measured m tlus area are 
summaflzed m Table 5, and were used as mfluent concentrations m the design five ddferent 
slmulations were performed usmg the ddferent uon m a t e d  and lnnuent concentration data 

I Connelly 1 E ~ ~ b a n d  I HSI 

To calculate the residence trme requlred m a field scale treatment system, the deslgn mfluent 
concentrations (Table 5) and half-hves measured m the laboratory were used m a mathematical 
model representmg sequentd VOC degradation The degradation model calculates the VOC 
concentrations over tune, from whch the tme r e q u d  for the VOCs to degrade to the 
Segment 5 Action Levels can be detemed The resldence time calculation is shown 
conceptually m figure 9 In the model, potentd breakdown products are concurrently 
produced and degraded as desmbed by first-order krnetic equations The equatms are smhr 
to those found m many chemcal lunetic texts and were adapted by ET1 to descnbe the 
EnwoMetal Process The software Sctentst@ for Wmdows@ Ver 2 0 was used to perform the 
calculations 

The model is an expression of the chemtry that IS observed m the solution phase For WE, 
TCE, cDCE and VC, the model takes the form 
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kvc . 
where f = mole fi-action 

k = first-order rate constant 

In order to detemnne the VOC concentrations at a gwen tune the followmg first-order 
equations are used 

These equations can be used dxectly m Saentd' whch can perform the mtegration, or thex 
mtegrated form may also be used As an example, mtegration of equation 6 yelds the more 
f& form of the first-order equation for parent compounds 

-kPcm PCE = PC- 

where t = trme 
PCE = PCE concentration at tune t 
PCE, = PCE concentration at t = 0 

Slrmlar equations were developed to represent the concentrations of chlomted mthanes, 
ethanes and ethenes at a gven t m  t 

Table 5 gves the molar quantitles of a parent compound considered to be converted to a 
degradation product The values used for Connelly uon are typicai for values observed 
previously usmg commercial ron sources Smce very httle data exists for the HSI foam, 
s d a r  conversion amounts are assumed Given the slrmlanty of cDCE and VC half-hves m 
other source m a t e d ,  the half-Me for cDCE UI the HSI foam was assumed to be s u n h  to 
that of VC (Recall that no cDCE half-Me was deterrmned m t k  test) Although httle or no 
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chlonnated breakdown products have been observed m these or other prewous laboratory tests 
of enhanced Iron, the conversion factors for the commercial mn source were used for 
conservatlsm 

Figures 10 to 14 show the srmulation results Usmg the two tunes maxunurn concentrations, 
about 10,4 and 164 hr of residence tm would be needed usmg Connelly, enhanced and HSI 
foam, respectively (Table 6) Assummg maxrmum and average mfluent concentrations the 
requtred residence tune usmg Connelly Eon would be reduced to 8 and 5 hr respectively As 
shown by the smulations, assumg average concentrations, whch are about an order of 
mgmtude less than the two t m s  maxunum concentrations, would only reduce the lron 
requlred and thus the Iron cost by half 

Residence tunes obtamed usmg bench scale half-hves need to be adjusted to account for 
anticipated slower degradation rates m the field due to groundwater temperature bemg lower 
than ambient laboratory temperature Prewous laboratory and field expemnce has shown that 
residence tunes determrned firom laboratory data should be mcreased by about a factor of 2 to 
account for field effects mcludmg temperatures If it IS assumed that a factor of 2 wdl apply at 
the RFETS, then the residence trme reqwed m a field scale treatment system, to provlde 
degradation of two t m s  maxmurn VOC concentrations to less than the Segment 5 Action 
Levels, IS about 20, 8 and 328 hr usrng Connelly Iron, enhanced uon and HSI foam 
respectively (Table 7)  

4.2 Volume and Cost of Reactive Materials 

It IS our understandmg that an m p e m b l e  h r  wdl be constructed to dehver the 
groundwater requmg treatment m the spmg area to a flow-through treatment structure, 
whch may conslst of an zn-sztu reactor bed or vessel. It IS our understandmg that flow through 
the system may approach as much as 2 gpm The residence tunes calculated above can be used 
to calculate the volume of Eon needed usmg the formula 

tQ vol = - 
n 
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where VOI = reactor volume (ti3) 
t = residence tune (d) 
Q = flow rate (385 ft3/d or 2 gpm) 
n = porosity (assumed at 0 45 for Connelly and enhanced won, 0 55 for 

HSI foam) 

Knowmg the volume, the mass and cost of Connelly uon can be calculated usmg a bulk density 
of about 0 08 tons/ft3 and a umt cost of $425/ton (or $34/ft3) The enhand uon should have 
about the same density, but wdl Uely cost at least $1,500/ton to produce ln commercd 
quantitles, based on our efforts ln manufactunng about 2 tons for our test program m New 
Jersey T b  gves a cost of about $120/ft3 The HSI foam, based on recent dlscussions with 
Cercona Inc , may cost m the neighbourhood of $60 to $70/ft3 Estimated won volumes and 
costs are shown m Table 7 

4.3 Reactive Material Selection 

As outhed m Section 1, the obJective of t b  study was to identlfy a suitable reactive mated 
for use m an zn-situ treatment system at the RFETS At the outset of the study, there was 
some question as to the presence of sigdicant trace metal contarmnation m the SW059 plume 
It IS our understandlng that recent lnvestrgations have revealed no sigruficant trace metals, and 
thus the treatment mated wdl be selected pnmanly on its cost-effectiveness m mnovmg 
VOCs from the rnfluent groundwater From Table 7, it 1s clear that the commercd granular 
uon IS the most cost-effective mated Based on thls analysls, and the absence of long-term 
performance data for the HSI mated and enhanced Iton, Connelly rton IS recommended as the 
preferred mated for use m the field scale treatment system. 

4.4 Possible Effect of Precipitation on FieldScale Performance 

As descnbed m Section 34,  changes m morganic chemcal concentrations mdicated that 
calcium carbonate, rton carbonate, and uon hydroxlde precipitates occurred m the Connelly 
uon mated dunng the laboratory column tests The column results can be used to estunate 
the amount of porosity loss that could occur m the reactive mated over tune The followmg 
dlscussion exammes the Connelly uon column data, whch reflected the most precipitation of 
the three matenals tested Based on the cost analysts, Connelly iron may well be used m the 
field tnal 
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As noted previously, the precipitates m the granular uon occur m response to mcreasmg pH 
due to corrosion of uon 

Fe" + 2H20 + Fez' + 20H- + HQ) (4) 

Bicarbonate ions m solution convert to carbonate ions to buffer t h s  pH mcrease 

The carbonate ion then combmes with cations m solution to form rmneral prectpitates 

ca2+ + ~ 0 3 2 -  + CaCO30 (14) 
(15) 

More uon IS mtroduced mto solution due to corrosion than can be precipitated as sidente As 
the pH mcreases, precipitation of uon hydroxlde occurs 

Fe2+ + COf- + FeC03(,) 

The won hydroxlde IS m turn converted over tune to magnetite at the won surface 
(Odziemkowski et al, m subrmttal) 

The followmg calculation assumes that the amount of calaum carbonate pmipitation, whch 
would occur m the granular won m t e d  m the field, can be approximated by the maxllllllm 

measured dserence m mfluent and effluent concentrations of dmolved calcium m the column 
studies The amount of sidente fotmed IS then smnlarly estrmated usmg the amount of 
carbonate akah ty  loss, wluch can not be accounted for by the precipitation of calcium 
carbonate alone The amount of won hydroxlde formed once the carbonate buffemg capaaty 
IS exhausted IS calculated based on the concentration of ferrous dlssolved mn produced from 
metal corrosmn The amount of ferrous uon produced IS estrmated h m  the experrments of 
Reardon (1995) 

The rate of porosity loss per pore volume of flow m the field IS calculated below usmg these 
assumptions, and equated to an annual loss by assummg that the flow rate through the system 
wdl be about I 2 pore voludday, equivalent to 438 pore volumes of groundwater per yew 
That is, a residence tune m the reactor of 20 hr wffl cause VOCs m each pore volume to be 
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degraded to theu MCLs The results of calculations usmg the enhanced Eon column are 
presented after these detded calculatlons Note that the porosity value used IS based on bulk 
density measurements of granular uon m the field at other sites 

4.4.1 Estimated Porosity Losses in Granular Iron 

0 At an assumed field porosity of 0 45, 1 cm3 of granular lron contam 0 45 mL of water 
The measured difference m mfluentleffluent calcium concentrations m the laboratory 
was about 37 mgL or 0 9 mmoVL Therefore, 0 9 mmoWpore volume x O.ooo45 L x 
438 pore volumedyear = 0 177 mmoVyr of calcium carbonate m y  precipitate m 1 cm3 
of the granular Kon 

0 T b  calcium carbonate precipitation rate needs to be equated to the volume of 
precipitate formed The molar volume of calcite (36 8 cm3/ml), a polymorph of 
calcium carbonate, IS used ~fl the followmg calculatmn rather than aragomte wtuch has 
a smaller molar volume The yearly volume of preclpitate generated m 1 cm3 of wall 
m t e d  would be 0 177 mmoVyr x 0 001 moVmmol x 36 8 cm3/mol = 0 007 cm3/year 

e The yearly precipitation of lron carbonate (sidente) can be slmrlarly calculated The 
masured difference ~fl mfluentleffluent alkalrtllty (128 mg& or 2 56 mmovL) was 
about 1 7  mmovL greater than the d e c k  m calaum Thus 1 7  mmoyL of mn 
carbonate was assumed to have formed Sidente has a molar volume of 304 cm3 
The yearly volume of sidente m 1 cm3 would therefore be 1 7 mmoWpore volume x 
0 ooo45 L x 438 pore volumdyr x 0 001 moYmmol x 30 4 cm3/ml = 0 010 cm3/year 

From these calculations the amount of carbonate precqitates (calcium + Iron) f o d  m 1 cm3 
of granular uon wdl be 0 017 cm3/year Thts would be equivalent to 0 01710 45 x 100 = 3 8% 
of the o n g d  porosity 

The reduction m the volume of granular uon can be estunated, usmg a corrosion rate of 0 5 
mmol (Fe2')/kg Fe/day, measured m prewous laboratory studles (Reardon, 1995) Assunung 
t b  corrosion rate and a masured bulk density of uon of about 3 g/cm3, the corrosion rate of 
uon can be calculated as 

ron corrosion rate = 0 5 mmol of Fe2'kg Fe/day x 0 003 kg/cm3 
= 0 00 15 mmoVday/cm' 
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Ttus rate 1s mdependent of the residence tlme of the water m the reactor and wdl cause a 
reduction m the volume of granular won Usmg the above corrosion rate and a molar volume 
of uon metal of 7 06 cm3/mol, the volume reduction m 1 cm3 of won mated would be 0 0015 
mmoVday x 365 days/yr x 7 06 cm3/mol x 0 001 moVmmol= 0 004 cm3/year Th~s smaU loss 
m volume mdicates the uon metal itself should last for tens of years 

In addition to lron carbonate, lron hydroxlde could also precipitate The m u m  amount of 
won hydroxlde precipitate formed m 1 cm3 of the d i u m  1s equal to the amount formed firom 
the corrosion of won, that 1s 00015 mmoYday x 365 days/year = 0548 mmoles per year 
Assumg an won hydroxlde molar volume of 26 4 cm3, the yearly volume of precipitate m 1 
cm3 of won would be 0 548 mmoVyr x 0 001 moVmmol x 26 4 cm3/mol = 0 014 cm3 Talung 
mto account the porosity ‘‘gam’’ due to corrosion of the won metal, lron hydroxlde 
precipitation mght cause a reduction m pore space of (0 014 - 0 004)/ 0 45 x 100 = 2 2% 

Recent laboratory studies (Odziemkowsh et al, m subrmttal) have shown that uon hydroxlde 
precipitate wdl convert to magnetite over tlme Magnetite preclpitate occuples a smaller 
volume than the ron hydroxlde precipitate Three moles of lron hydroxlde wdl convert to 1 
mole of magnetite with a molar volume of 44 7 cm3 The volume of magnetite preclpitate 1s 

0 548 m V y r  - 3 x 0 001 moVmmol x 44 7 cm3/mol = 0 008 cm3/yr Thls would amount to a 
reduction m pore space of (0 008 - 0 004)/0 45 x 100 = 0 9% 

In summary, porosity losses m the reactive mated could theoretically amount to about 1 to 
6% of the ongmal porosity per year, at least m the first year, based on laboratory 
measurements of carbonate and hydroxlde preclpltate formation T k  latter value assumes 
concurrent precipitation of carbonate rmnerals and uon oxldes and hydroxldes 

4.4.2 Significance of Porosity Loss Estimates on Possible Operations and Maintenance 
Requirements 

The rates of porosity loss given above may well decrease over tlme due to varylng (decreasmg) 
ron corrosion rates, and could also vary dependmg on temporal changes m the mfluent 
groundwater geochemstry That 1s, we antlapate the rate of preapitate budd-up (and porosity 
loss) wdl decrease m a non-hear fashon at a given pomt over tm, and that a “precipitate 
front” wdl move through the materra1 The rehabhty of laboratory data to gauge the potentd 
effect of precipitates on performance of a field scale treatment system 1s dependent on the 
location of precipitation sites in-situ, as well as the extent and kmetics of precipitation under 
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field conditions From previous studies and field apphcations, it appears that most of the 
carbonate precipitation would occur m the uon matertal at the mfluent end of a reactor T b  
can be expected as the greatest rate of pH mcrease occurs m the mitd portmn of the uon If 
the carbonate precipitates were to form quickly (only m the mtd portion of the mn), then the 
porosity loss m t b  area would be hgher 

Operations and mamtenance requuemnts to amhorate the effects of these precipitates could 
be fauly stmght forward, depending on the field design In the New Jersey uon reactor, the 
upgradient portion of the reactive zone was scarrfied every few weeks to restore the porosity, 
and after 18 months the upper foot of the 5 5 foot reactive section was replaced wtth new won 
Other design options whch could be considered mclude 

1 creation of a sacdicd Irodgravel mucture where most precipitates would occur 
upstream of the mazn reactive section, 

U use of coarse gram4 won m upstream portions, allowurg precipitates to occur m a 
coarser Section without havmg as much effect on overall system performance, 

w reducmg the hardness of the groundwater by conventional treatment methods pnor to 
mtroducmg it mto the won section 

4.5 Potential for Biofouling of Reactive Material 

There was no ewdence of biofouhg (slurung, etc ) observed durrng the treatabhty s t u b  
FEld tests to date from other sites have been encouragmg Cores of the reactive wall at the 
Borden test site, collected two years after the wall was mtalled, showed no sigmficant 
population of won oadumg mcrobes, and only low numbers of sulphate reducers (Matheson 
and Tratnyek, 1994) Phosphohpid-fatty aad analysls of groundwater from an above-ground 
test reactor at an mdustd fachty m Cahfom and an zn-sztu site m New York showed no 
enhanced mcrobd population m the reactive material relative to background groundwater 
samples There has also been no ewdence of mtcroblal fouhg with the uon at an above- 
ground reactor site m New Jersey, whch has been operatmg smce November 1994 
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4.6 Conceptual In-Situ System Design 

The followmg conceptual design assumes that an rmpermeable bamer and coktlon system 
wdl be rnstalled parallel to the creek, near the bottom of the slope, to mtercept and collect 
groundwater momg towards the current seep dwharge zone Several design options for both 
the collection and treatment systems may need to be considered rn hght of the site topography 
and other conditions One possible design for the treatment system would be a flow-through 
grawty fed system that u t k s  the head on the M-slope to move water through the treatmnt 
mated Water from the 
collection system enters and ponds at the top of the reactor, and moves downwards through 
the granular uon The outlet elevation 1s controlled at the top of the uon, so t h  mated 
r e m s  saturated at all tunes 

A conceptual design for ths system IS shown m Figure 15 

Advantages of thls design mclude 

1 by burldmg sufficient volum at the top of the reactor, vanations m mfluent flow rate 
can be accommodated, 

11 the reactor affords easy access, 

u should a downstream p o h b g  utut be necessary, it could easlly be accommodated 

Two reaction vessels about 8 ft hgh and 10 ft m dlameter (Figure 15) could hold the 710 ft3 of 
Connelly uon estmted UI Section 4 2 Each vessel mght cost about $lS,O00 to $20,000, 
based on prewous quotations for other proms Together wah the uon costs, the total cost of 
the treatment system would be on the order of $65,OOO 
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5.0 SUMMARY 

Column tests usmg groundwater from the R E T S  faclltty mdicate that degradation of the 
chlonnated VOCs present m groundwater at concentrations greater than Segment 5 Action 
Levels to concentrations meetmg these cntena should be ackved by in-situ treatment systems 
contmmg zero valent lton VOC degradation rates observed dunng these tests mdicate the 
followlng 

1) that Eon produced by Connelly-GPM represents the most cost-effective mated of the 
three tested, 

2) that a residence tune of 20 hours (0 83 d) should be adequate to degrade VOCs found 
m the SW059 plume to below Segment 5 Action Levels, and 

3) Consideration should be given a gravity flow system m the field scale treatment system 
design 

I 
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Table 1: Column Influent Concentrations and Segment 5 Action Levels, Rocky Flats 
Bench Scale Test 

concentration QI&) 

(nr Workplan) Steady State Adion Levels 

Plumeinwhich 
VOCkResent Conpound MuentTarget Influemtat Segment5 

Carbon Tetrachloride (CT) 850 1,004 5 all 

Tnchloromw 55 110 8 all 

HSI Foam I 5 0  I 1 1 1 1  5 I all 

Tetradomethene~) 4,000 54% 5 all 

Tnchlomethene (TCE) 4,000 5,250 5 all 

50 64 70 SW059, east trench 

all - SW059, east trench and 903 Pad/Ryan's plt plumes 
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Table 2: Laboratory Column Half-Lives, Rocky Flats Bench Scale Test 

HSI Foam 0 %  0 97 0 45 100 6 97 0 95 

0 65 099 0 13 098 2 79 099 
C l s - 1 , ~ c h l o r ~  (CDCE) 1 4 9  081 0 s  100 ND 
1.1-I)lchloroetheoe 1 1 DCE) 0 89 0% 0 1lC 100 6 12 099 

ND - Not Determtned 

a detemnned fiom a two pomt h e  
d e t e m e d  fiom peak concentration 
deterrmned usmg MDL as concentration at second pomt 

31212 10 
Benchscpledoc 

T-2 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
1 

enwrometal 
technologies 

Table 3: Inorganic Geochemical Changes, Rocky Flats Bench Scale Test 

I I I I 

MmP= W) 0 49 0 24 2 1  0 26 I 0.50 I 021 I 28 1 021 

5 3  5 8  5 7  5 5  
Nickel (NI) 8 01 8 01 16 8 01 

Nltnte (as N) 8 01 8 01 8 01 8 01 
8 01 8 01 8 01 8 01 

A l ~ t Y ( c a c o 2 )  164 33 97 146 

I I 167 I 39 I 97 I 143 

31212 10 T-3 
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Table 4: Changes in Column Inorganic Chemistry Reflecting Mineral Precipitates, 
Rocky Flats Bench Scale Test 

I I I 

Calaum I -36 I 490 I - 6 1  415 I -2 I 406 
-37 492 -7 4 18 -5 4 13 

Total Iron <I 8 01 78 140 1 OM 
<1 8 01 6s 1 17 1 a01 

-128 -2 56 -70 -1 40 -24 448 
m m t y b  -131 -2 62 47 -1 34 -18 436 

saturation Indices': Innuent CoWellyElRuent Fnhancedmuent IiSIrnd 

ArasoIllte(Cac0J) -0 65 024 -064 0 27 
-0 53 040 -054 006 

Calcate (W 451  0 38 -0.51 0 42 
-0 39 054 -040 02.0 
-1 65 0 41 1 58 062 

a changes between mfluent and effluent concentrations m each column 
a l k h t y  as mg/L CaCO3 and mqL (or mmoYL CO,) 
saturation lndices determmd usmg effluent morgamc chermstry and hlghest pH observed m 
column 
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Table 5: Design Influent VOC Concentrations, SW059 Plume 

Concentration @g/L) B 
9 Two Times Average Maximum voc 

Mammum 

H I I 

llcr 1 4  1 3 4 1 6 8  
h C M  I 16 I 177 I 354 
II 

UDCM 1 4  1 1 8 1  36 

Taken from data table supphed by RMRS 

Assumed Molar Conversions 

PCE to cDCE 
TCE to cDCE 
PCE to VC 
TCE to VC 
cDCE to VC 
llDcE to vc 

CT to TCM 
TCM to DCM 

30% 
25% 
4% 
3% 
2% 
2% 

70% 
50% 

Segment 5 
Action Lev& 

5 

5 
70 
7 
2 
5 
8 
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Table 6: Residence Time Required, SW059 Plume 

ConneUy Iron 5 8 10 
Enhanced Iron ND ND 4 

ND - Not Deterrmned 
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Table 7: Estimated Iron Volume and Cost 

I I 

7 10 I 24.m I 

bis1Foam I 328 I 137 I 9.590 I 575.000 1 

a a factor of 2 has been apphed to account for slower field degradation rates 
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Figure 1: Schematx of column qupment used 111 bench scale testmg 
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Figure 2. Orgmc concentrabon profiles versus residence tune in the Connelly iron column 
A) PCE, TCE and CT B) 1 I=, DCM and TCM 
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Figure 3 Orgamc concentrahon profiles versus residence tune m the Connelly lron column. 
A) cDCE, VC and 11 lTCA 
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Figure 4: Orgmc concentrauon profiles versus residence ume in the enhanced m n  column 
A) PCE, TCE and CT B) 1 lDCE, DCM and TCM 
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Figure 5. Orgmc concentrabon profiles versus residence bme III the enhanced m n  column 
A) cDCE, VC and 1 1  lTCA 
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Figure 6 Orgatllc concentmuon profiles versus residence time in the HSI foam column A) 
PCE, TCE and CT B) 1 lDCE, DCM and TCM 
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Figure 7. Organsc concentrabon profiles versus residence bme in the HSI foam column. A) 
cDCE, VC and 1 1  lTCA 
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Reaction : A + B + C  

Total Residence Time tc > tA > ITC0" 

Residence Time 

Co - Initial Concentration 
MCL - Maximum Contaminant Level 
T - Residence Time 

Figure 9 Illustration of residence tune calculations usmg a first-order kmetic model assumg 
concurrent and sequenttal degradation 
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Figure 10 Est~mated residence tune requrernent using Connelly m n  and average SW059 
groundwater VOC concentrabons A) PCE, TCE, cDCE, 1 lDCE and VC B) CT, 
TCM and DCM 
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Figure 11. Esbmated residence tune reqmment using Connelly won and =mum SWO59 
groundwater VOC concentrauons. A) PCE, TCE, cDCE, 1 lDCE and VC B) CT, 
TCM and JXM 
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Figure 12: Estmated residence tune reqmment usmg Connelly Eon and two tunes 
A) PCE, TCE, cDCE, maxllllllfn SWO59 groundwater VOC concentrations 

1 lDCE and VC B) CT, TCM and DCM 
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Figure 13. Eshmated residence bme reqmment using enhanced won and two bmes 
maxlmum SW059 groundwater VOC concentrabons A) PCE, TCE, cDCE, 
1 lDCE and VC B) CT, TCM and DCM 
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Figure 14 Esbmated residence bme requmment usmg HSI foam and two bmes maximum 
SWO59 groundwater VOC concentmbons A) P a ,  TCE, cDCE, 1 lDCE and VC 
B) CT, TCM and DCM 
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Laboratory Analyses 
for 

Bench Scale Studies involving the EnviroMetal procesS 
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Table Al: Column properties 

!mow Velocity 0 H 

1 Residence Tune (hours) II 13 4 
1303 

11 Bulk Density ( g/cm3 ) 12.9 

1 Iron to volume of solution  atl lo ( g m~ 155 1 

Column test conducted March 7 to April 10, 1997 

100% 
Enhanced 
Iron 

2.9 
87 

13 9 

3 10 

0 54 

2 9  

5 4 . 1  

100% 
Cercona 
HSI 
Foam 

2 7  
82 

329 

0 58 

2 4  

4 1  1 
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-c Analytical P r o c e d u ~  

The less volatde halogenated orgmcs such as tetrachlorwthene (PCE), tnchlorwthene (TCE), 
1, 1,l-ttlchloroethane (1 1 lTCA), carbon tetrachlonde (CT), chloroform (TCM) and 
dichloromethane @CM) are extracted from the aqueous phase usmg pentane mcro-extracbon 
technique. The extraction from the aqueous phase uses a methodology denved from a pentane 
hquid-hquid extraction (US P A ,  1979; Glaze et al , 1981). Thls method is especially suited 
for bench scale studies, smce it can accommodate small sample sues 

After removmg a flush volume from the samphg port needle, a 2.0 mL aqueous phase sample 
is taken directly from the column usrng a 2.0 mL glass syringe. The orgmc analyses is 
performed immediately, and has no holdmg Ome asmated With it. "his sample is then 
transferred dmtly from the glass s p g e  to a Teflon@-faced septa screw cap v d  contamng 2.0 
mL pentane wth an mtemal standard of 1,2dibromoethane, at a aqueous sample to pentane rat10 
of 2.0 to 2.0 mL. A ratio of 3.0 mL aqueous sample to 1.0 mL of internal standard was used 
for DCM analyses The sample is placed on a rotary shaker for 10 mutes to allow 
equhbration between the water and pentane phases The pentane phase is removed and 
transferred to an autosampler wal for injecbon mto the gas chromatograph 

Using a Hewlett Packard 7673 auto sampler, a 1.0 pL ahquot of pentane with mtemal standard 
was automatdly ~~~jected dlrectly onto a Hewlett Packard 5890 Series II gas chromatograph. 
The chromatograph was qupped wth a Nia electron capture detector (ECD) and DB-624 
megabore capdlary column (30 m x 0.538 mm ID, film th~clcness 3 pm). The gas 
chromatograph has an mtml temperature! of 50°C, wth a tempraturn bme program of 
S"C/mute reachmg a final temperature of 105°C. The detector temperature is 300°C. The 
m e r  gas is hehum and the makeup gas is 5% methane and 95% argon, at a flow rate of 30 
mulnln. 

For the more volatile compounds such as cis 1,2d1chloroethene (cDCE), trans 1,2- 
dichlomethene (tDCE), 1,14chloroethene (IIDCE) and my1 chlonde (VC) a headspace 
analysis is conducted. A 2.5 mL aqueuus phase sample is taken dmtly from the column using 
a 3.0 mL glass syringe. This sample is then transferred dmtly to a Teflon*-faced septa screw 
cap vial, creatrng a headsjme wth a rat10 of 2.5 mL headspace to 2.5 mL aqueous sample. The 
samples are placed on a rotary shaker for 15 mutes to allow equhbration between the water 
phase and gas phase. For analysis, a 500 pL gas sample is mje~ted dmtly onto a Hewlett 
Packard 5890 Senes II gas chromatograph. The chromatograph is equipped wth a HNU 
photoiomzabon detector (PID) wth a bulb iomtion potcnbal of 10.2 eV. The gas 
chromatograph is fitted with a fused shea capillary NSW-PLOT column (15 m x 0.53 mm ID). 
An isothermal oven tempemture of 160°C and a detector temperature of 120°C are used. The 
carrier gas is helium wth a flow rate of 4 1 mL/min. 



Qualitv Control and Oualitv Assurance P r o m  

Quahty control procedures were used to evaluate the information on the analflcal data and to 
deterrmne if comtive acbon to the procedures was necessary. To evaluate these procedures, 
precision, accuracy, detecbon limits and other quanbfiable and qualitative indicators were 
momtored These measures were used to monitor the program and to ensure that all data 
generated were suitable for then intended use. Our quahty control and assurance procedures 
closely follow those given m U S P A ,  1986 

Analflcal q d t y  control involved method blanks whch were m e d  through the enbre 
analyt~cal procedures, as well as spdced blanks whrch were spiked wth VOCs from laboratory 
grade reagents in order to momtor the execubon of the analflcal method, wth percent 
recovenes recorded (%R) The two blanks and 10 to 15 spiked blanks were analysed every bme 
samplmg was undertaken. The results from the d d y  QNQC procedures are shown m Appendrx 
B 

Method detection limits were deterrmned from recent and ongomg laboratory stu&es for each 
compound as the minimum concentrabon of a substance that can be idenbfied, measured and 
reported wth 99% confidence that the anal* concentrahon is greater than zero. The method 
detecbon hmts were detemed from analysis of samples from a solubon ma- contamng the 
analytes of mterest. Detecbon hmts for all compounds studied, as gven in Table 2, were 
detemed using the EPA procedure for Method Detection Lint  W L )  (US EPA, 1982). 

Reference 

Glaze, W.H., Rawley, R., Burleson, J.L , Mapel, D. and Scott, D R., 1981. Further 
optinuzation of the pentane hquid-hquid extracbon methd of the analysis of trace orgmc 
compounds u1 waster. In: Advances m the idenbficabon and analysis of organic pollutants m 
water. Volume 1, Keith, L.H. ed., Ann Arbor Science Publishers, Ann Arbor, MI. 

United States Enwonmental Protechon Agency, 1979. Analysxs of tnhalomethanes in drrnktng 
water by hquid-liquid extracbon. Federal Register, Vol. 44, No. 231: 68683. 

Umted States Enwonmental Protecbon Agency, 1982. Methods for orgmc chemcal analyses 
of mumcipal and mdustnal wastewater. EpAdoo/4-82-057. J.E. Longbottom and J.J. 
Lichtenberg (eds), Cmcmab, Oho, Appendlx A. 

United States Environmental Protechon Agency, 1986. Test methods for evaluatrng sohd waste, 
Volume 1B: Laboratory manual physiCaVchemcal methods, SW846 
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Table A2: Method Detection Limits (MDL) 

Orpanic ComDounds 

Tetrachloroethene (PCE) 
Tnchloroethene (TCE) 
l,l,l-Tnchloroethane (111TCA) 
Carbon Tetrachlonde (CT) 
Chloroform (TCM) 
Dichlorornethane (DCM) 
CIS-1 ,2-Dichloroethene (cDCE) 
trans-l,2-Dichloroethene (tDCE) 
1,l-Dichloroethene (1 1DCE) 
Vmyl Chlonde (VC) 

L (ug/L) 

14 
1 3  
1 5  
20 
1 3  
3 1  
7 8  
19 
3 2  
07 
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REACTIVE COLUMN Column Composibon Granular Iron (connelly uolw C113A) 
183 

W 

TCE 
7 2  
12 9 

221 
258 
330 
364 
434 
49 0 
551 

PCE 
7 2  
12 9 
221 
25 8 
330 
364 
434 
49 0 
551 

111 TCA 
7 2  
12 9 
221 
258 
330 
364 
434 
49 0 
551 

303 mL 
053 
Wcm/day(29ft/day) 
134hr 

DknceAlongColurnn ( ft)  
000 008 016 033 050 066 100 131 164 

RN Influent 

a 
a 
a 
b 
b 
b 
b 
b 
c 

a 
a 
a 
b 
b 
b 
b 
b 
c 

a 
a 
a 
b 
b 
b 
b 
b 
c 

nd=notdetected 
RN = reaenrdr number 

4092 
4294 
3924 
4401 
4670 
441 6 
4086 
3698 
5250 

4262 
4056 
3324 
4090 

401 0 
401 8 
3sM 
3470 
5496 

62 
31 
28 
30 
31 
29 
29 
29 
37 

3800 
3032 
2536 
3372 
2962 
2600 
2409 
2201 
3810 

3598 
3116 
2694 
3684 
3558 
31 70 
2876 
2888 
4264 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
7 2  

2932 
2279 
1 765 
2028 
2062 
1677 
1459 
1221 
2226 

2585 
2432 
1718 
2661 
3072 
2752 
2234 
21 47 
3357 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

2387 
1667 
939 
71 6 
785 
624 
447 
273 
535 

1323 
1 870 
1139 
1491 
1851 
1835 
1540 
1300 
1 724 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

1723 
985 
438 
290 
356 
244 
139 
73 

132 

168 
981 
624 

1022 
1267 
1221 
991 
841 
91 4 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

1132 
601 
172 
80 

104 
56 
24 
13 
12 

1 9  
362 
97 

!VO 
726 
670 
547 
434 
942 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

280 
172 
22 
8 7  
5 7  
43 
4 8  
2 2  
1 8  

nd 
1 1  
nd 

109 
128 
139 
113 
75 
41 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

3 2  
26 
3 7  
1 3  
nd 
nd 
1 3  
nd 
nd 

nd 
nd 
nd 
1 4  
4 2  
46 
4 9  
3 8  
1 9  

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

EfRuent HL 

1 0  
nd 
1 9  
1 1  
nd 
nd 
25 1 1  
nd 071 
nd 065 

nd 
nd 
nd 
nd 
nd 
nd 
nd 1 2  
nd 1 2  
nd 0% 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 028 

r2 

092 
Om 
099 

093 
095 
0 97 

1 0  

Unaversrty of Watedoo A-8 



I 
I 
I 
I 
I 
I 
I 
I 
I 
‘ I  
I 
I 
I 
I 
I 
I 
I 

II 
, I  

REACTNE COLUMN Cdumn Compodtlon Granular iron (t2rmnfdly uow #i 13A) 
183 

PV 

CT 
7 2  
12 9 
221 
258 
330 
364 
434 
490 
551 

TCM 
7 2  
129 
221 
25 8 

330 
364 
434 
490 
551 

COCE 
10 9 
24 0 
31 2 
383 
47 0 
487 
569 

605 

303 mL 
053 

13 4 hr 
90ddaY (29WdaY) 

OmtancetllongCdumn (ft) 
000 008 016 033 050 066 100 131 1 6 4  

RN Influent 

a 

a 
b 
b 
b 
b 
b 

a 

C 

a 
a 
a 
b 
b 
b 
b 
b 
c 

a 
a 
b 
b 
b 
b 
C 

c 

nd-notdetected 
FIN = resenrdr number 

835 
938 
886 
951 
s57 
892 
860 
886 

1004 

82 
86 
78 
80 

88 
87 
96 
$2 

110 

72 
68 
64 
56 
80 
59 
86 

71 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
7 6  

74 
26 
13 
30 
8 4  
10 
15 
35 

159 

82 
61 
81 
71 
57 
77 
93 

102 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

5 7  
nd 
nd 
nd 
nd 
nd 
nd 
nd 
62  

96 
61 
43 
43 
44 
4!J 

130 
140 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

70 
59 
36 
28 
24 
17 
35 
43 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

95 
32 
40 
23 
5 9  
22 
39 
39 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

95 
15 
26 
nd 
nd 
28 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

78 
8 0  
nd 
nd 
nd 
21 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

65 
nd 
nd 
nd 
65 
28 
nd 
nd 

Emuent 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

23 
nd 
nd 
nd 
7 7  
18 
nd 
nd 

HL 

009 

025 
048 
0 14 

1 5  
1 5  

R 

1 0  

1 0  
1 0  
1 0  

088 
o a i  

Unaversrty of Watedbo A-9 



1 
I 
I 
I 
1 
I 
B 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

' I  I 

! I  

REACTIVE COLUMN CdumnCompoddion Qranularlron (connelly W # l l 3 A )  
183 

PV 

tDCE 
10 9 
24 0 
31 2 
363 
47 0 
487 
569 
605 

11DCE 
10 9 
24 0 
31 2 
363 
47 0 
487 
569 
605 

vc 
10 9 
24 0 
31 2 
363 
47 0 
487 
569 
605 

RN 

a 
a 
b 
b 
b 
b 
C 

0 

a 
a 
b 
b 
b 
b 
C 

C 

a 
a 
b 
b 
b 
b 
C 

C 

Pore Volume (PV) 
porodty 
Flow Velocity (N) 
ResidenceTime 

303 mL 
053 
90 ctdday (2 9 Wday 1 
134hr 

DistenoeAlongCdumn (it) 
000 008 016 033 050 066 100 131 164 

nd=notdeteoted 
RN = reaerwir number 

InflWnt 

nd 
1 1  
2 3  
48 
3 8  
7 9  
nd 
nd 

405 
353 
351 
247 
1 87 
1 73 
340 
331 

72 
63 
85 
91 
62 
66 
91 
99 

nd 
nd 
nd 
nd 
nd 
1 5  
nd 
nd 

334 
202 
251 
224 
93 

243 
262 
264 

32 
19 
57 
66 
36 
32 
36 
48 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

354 
100 
55 
91 
49 

72 
171 
175 

30 
12 
15 

3 0  
17 
nd 
8 8  
39 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

126 
59 
44 
29 
21 
20 
17 
44 

22 
9 0  
8 0  
3 0  
nd 
nd 
nd 
19 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

121 
33 
37 
16 

62 

nd 
nd 
nd 

10 
3 1  
8 4  
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

102 
9 7  
13 

8 7  
8 0  

nd 
nd 
nd 

17 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

74 
4 9  
49 
8 7  
6 4  
nd 
nd 
nd 

11 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

73 
5 8  
42  
25  
6 0  

nd 
nd 
nd 

13 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

Emm HL r2 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

18 
41  
3 6  
5 2  
6 6  
nd 036 067 
nd 060 092 
nd 089 096 

nd 
nd 
nd 
nd 
nd 
nd 064 1 0  
nd 040 099 
nd 1 2  096 

Unaversrty of Waterloo A-10 



I 

REACTIVE COLUMN Column Composition Qnmularlron (Condly W # 1 1 3 A )  
183 

DCM 

PH 

Eh 

PV 

202 
24 1 
31 4 
347 
453 
590 

92 
18 4 
260 
332 
437 
47.2 
500 
553 
607 

9 2  
18 4 
260 
332 
437 
47 2 
500 
553 
607 

303 mL 
053 

90 cmlday (2 9 Way 
134hr 

DicltMceAlongCdumn (ft) 
000 008 016 033 050 066 100 131 164 

RN Influent 

a $3 130 
a 85 116 
b 93 132 
b 103 145 
b 89 120 
C 111 1SO 

pH Along Column 

nd = m t d e  
RN = reservoir number 

eoill 

7 3  
7 3  
7 1  
7 2  
69 
6 9  
7 0  
7 0  
7 0  

8 7  
8 3  
8 0  
7 5  
7 4  
7 4  
7 3  
7 4  
7 5  

113 
112 
128 
132 
131 
158 

8 9  
7 9  
8 4  
7 6  
7 7  
7 9  
7 9  
8 0  
8 0  

101 
100 
1 07 
121 
123 
146 

8 8  
7 7  
8 7  
8 0  
79  
8 5  
7 9  
8 7  
8 4  

RedoxPotent&lAkngColumn (mV) 

244 -1 71 
348 -1 36 
344 -233 
243 -393 
273 -293 
275 -21 5 
350 -228 
240 -331 
270 -1 13 

4 10 
-356 
-272 
-364 
-370 
-343 
492 
-258 
-274 

99 
$3 

112 
118 
1 24 
126 

8 7  
8 4  
87 
8 5  
8 5  
8 4  
8 3  
90 
90 

-03 
-3a 
-251 
428 
-309 
-369 
3 1  6 
-299 
-295 

97 
89 

1 07 
109 
109 
113 

8 1  
8 9  
8 5  
8 9  
8 3  
8 5  
7 6  
9 0  
8 9  

-55 
-287 
-274 
-396 
-326 
-349 
31 2 
-295 
-278 

91 
89 

106 
104 
105 
115 

6 2  
8 2  
8 2  
9 0  
89  
8 8  
7 8  
91  
9 3  

75 
-230 
-256 
-493 
443 
-364 
-362 
-280 
-297 

87 
83 

100 
as 
92 

110 

6 2  
6 9  
7 1  
8 2  
8 8  
9 0  
8 8  
90 
9 3  

70 
-8 

-169 
-361 
-361 
-337 
-326 
-289 
-282 

Eftlwnt HL t2 

88 
82 
90 

105 
95 

105 

6 4  
6 9  
6 8  
67 
8 1  
7 3  
7 6  
8 2  
8 9  

302 
329 
21 4 
240 
186 

-1 20 
118 
-1 90 
6 1  

Unrversrty of WotcrIoo A-1 1 



Enhamod Iron, NGFe (cwvleg kon h b d ,  W #113Q 

310 mL 
054 
87 cdday (2 9 WdaY 1 
139hr 

DistanceAlongCdumn (ft) 
000 008 016 033 050 066 100 131 164 

PV RN ktfkrcmt omnic- (W) Effhnml HL R 

TCE 
6 6  a 
121 a 
21 1 a 
246 b 
31 5 b 
349 b 
41 6 b 
467 b 
531 c 

PCE 
6 6  a 
121 a 
21 1 a 
246 b 
31 5 b 
349 b 

41 6 b 
467 b 
531 c 

111 TCA 
6 6  a 
121 a 
21 1 a 
246 b 
31 5 b 
3449 b 
41 6 b 
467 b 
531 0 

4262 
4056 
9208 
4406 

4642 
401 8 
9820 
3470 
54a6 

62 
31 
28 
30 
31 
29 
29 
n 
37 

78 18 5 5  
48 7 9  37  
18 4 4  149 
80 65 18  

183 80  15 
33 6 5  1 2  
24 34 1 3  
32 2 7  08  
47 33  nd 

1 9  
2.0 
10  
nd 
nd 
nd 
10  
10 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
10  
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

2237 1679 883 310 310 nd nd 
1818 1350 864 422 119 1 7  nd 
1312 1013 432 184 54 nd nd 
2298 1350 396 82 14 nd nd 
2546 1512 2% 49 47  nd nd 
1825 1297 165 9 4  nd nd nd 
1326 673 22 21 nd nd nd 
1256 485 1 4  nd 12  nd nd 
1776 642 nd nd nd nd nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
1 4  
nd 
nd 
nd 
nd 
nd 041 067 
nd 058 059 
nd 013 098 

nd 
nd 
nd 
nd 
nd 
nd 
nd 037 OW 
nd 041 084 
nd 045 100 

nd 
nd 
nd 
nd 
nd 
nd 
nd 0.16 100 
nd 017 l o 0  
nd 015 100 

A-12 Unrvenuy of Watedbo 



I 

I I 

ColumnCompooitkn Enhanced kon, N C R  (Connelly hon Platad, uolw Y113E) REACTIVE COLUMN 
184 

CT 

TCM 

CDCE 

310 mL 
054 
87 d d a y  (2 9 Wday 1 
13 9 hr 

Dbtanos Nong Column (ft) 
ow 008 016 033 050 066 100 131 164 

6 6  
12 1 
21 1 
24 6 
31 5 
349 
41 6 
467 
531 

6 6  
12 1 
21 1 
24 6 
31 s 
349 
41 6 
467 
531 

10 2 
229 
297 
348 
448 
465 
549 
585 

836 
938 
888 
W1 
Q57 
884 
860 
81 1 

1004 

75 
86 
79 
80 
88 
89 
Q6 

110 
m 

72 
70 
74 
56 
52 
59 
61 
61 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 008 100 
nd 008 100 
nd 008 100 

nd 
nd 
nd 
nd 
2 9  
1 6  
nd 
1.2 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 
nd nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 011 100 
nd 011 100 

nd 
nd 
5 6  
nd 
19 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
1 9  
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd nd 
nd nd 
nd nd 
nd nd 
nd 67 
nd nd 
nd nd 
nd nd 

nd 
nd 
nd 
nd 
nd 
nd 024 100 
nd 023 100 
nd 023 100 

nd=notdetected 
RN = mervoir number 

Unrversrty of Waterloo A-13 



310 mL 
054 
87 cm/day (2 9 WdaY 1 

ReddtMcoThne 139hr 

Dktenco Along Column (ft) 
000 008 016 033 OW 066 100 131 1fM 

W RN Mlwni mwlic-- (W) EfRuent HL r2 

' I  

102 a 
229 a 
297 b 
348 b 
448 b 
461 b 
549 c 
585 c 

I 
I1  

3 0  
1 1  
2 3  
48 
3 8  
7 9  
nd 
nd 

llDCE 
102 a 41 1 
229 a 358 
297 b 351 
348 b 247 
448 b 186 
465 b 291 
54s 0 273 

' I  
' I  
I 585 c 291 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

11  12 14 11  14 17 13 
8 8  9 2  6 0  7 0  6 5  7 2  71 

17 13 56  13 6 7  6 3  9 7  

12 94 12 81 9 9  7 4  0 9  
11  9 7  9 9  8 6  5 4  5 6  62  
nd nd nd nd nd nd nd 
nd nd nd nd nd nd nd 
nd nd nd nd nd nd nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

13 
71 
4 3  
8 5  
61 
nd 011 100 
nd 011 100 
nd 011 100 

vc 
102 a 72 nd nd nd nd nd nd nd nd 

22.9 a 64 nd nd nd nd nd nd nd nd I 
297 b 69 nd nd nd nd nd nd nd nd 

348 b 91 nd nd nd nd nd nd nd nd 
440 b 59 nd nd nd nd nd nd nd nd 
465 b 66 nd nd nd nd nd nd nd nd 011 100 

549 0 91 nd nd nd nd nd nd nd nd 010 100 

585 c 104 nd nd nd nd nd nd nd nd 010 100 

I 
1 

nd=notdetwted 
RN = nwervoir number I 

A-14 Unrversaly of Wateloo 



REACTIVE COLUMN C O l u m n C O m ~  Enhanoed kon, Nf-Fe (connelly Iron Plated, UoW %113E) 
184 

DCM 

PH 

h 

W 

19 3 
229 
300 
332 
432 
569 

8 6  
17 5 
24 9 
31 7 
41 8 
450 
482 
534 
587 

86  
17 5 
24 9 
31 7 
41 8 
450 
482 
534 
587 

310 mL 
054 
87 om/day (2 9 Wday ) 
139hr 

WtanceAkngCdumn (ft) 
OW 008 016 033 050 066 100 131 164 

a 88 84 84 78 82 81 79 71 
a 85 83 81 80 72 73 68 74 
b 92 87 w 91 89 94 92 87 
b 105 102 ot) 104 97 a7 89 93 
b 7r 102 104 07 102 102 97 71 
c 112 116 112 118 93 98 87 95 

pH I\rong Column 

73  
73  
7 0  
7.2 
70  
7 0  
7 1  
7 0  
68  

70  71  7 1  7 1  71  71  6 9  
72  72 7 1  72  71  71  7 0  
70  7 1  7 0  70  70  7 1  7 0  
7 0  70  7.2 70  7 1  7 1  7 1  
70  7 1  7 1  71  71  72 70 
7 0  7 2  73  72  71  70  7 1  
7 0  7 0  7 1  7 1  7 0  7 1  7 0  
68 7 0  71  7 1  71  70  68  
7 1  7 1  7 2  7 3  72  7 0  7 1  

RedoxPotedaJAlongcdumn (mV) 

26!5 
346 
367 
31 7 
275 
209 
31 6 
271 
256 

40 
545 
-203 
-242 
-1 53 
-131 
-21 2 
908 
-1 53 

48 
4 58 
-21 2 
-270 
-281 
-325 
-1 94 
-239 

-74 
-78 

-241 
-392 
-295 
-369 
-244 
-1 97 
-197 

-1 20 
312 
-219 
-356 
-292 
578 
-208 
-93 

-295 

-1 54 
-21 7 
-246 
481 
-294 
-343 
-232 
-265 
432 

-96 
-86 

-31 2 
-402 
-350 
-2% 
-282 
-355 
-300 

-1 5 
8 

-1 99 
-381 
-283 
-346 
-250 
-297 
-292 

I2 m i  HL 

74 
69 
87 
75 3aa OW 
86 
94 391 051 

72  
7 1  
6 6  
8 4  
7 1  
68  
7 0  
6 9  
7 0  

15 
67 

154 
a 6  
-251 
-1 80 
-248 
-345 
442 
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I 
' I  
I 

I I 
' 1  
I 
I 
I 

I 
' I  
I 
I 
1 
1 
' I  
)I 
I 

II 

I 

, I  

REACTNE COLUMN CdumnCompoddion CerCoM HSI Foam (UoW X 127) 
185 

W 

TCE 
69 
12 1 
204 
236 
297 
329 
394 
446 
509 

PCE 
6 9  
12 1 
204 
236 
297 
329 
304 
446 
509 

111 TCA 
6 9  
12 1 
204 
23 6 
297 
329 
394 
446 
509 

329 mL 
058 

14 5 hr 
82 cm/day (2 7 Wday 1 

Dhtance Along Column ( a )  
000 008 016 033 O M )  068 100 131 164 

RN brllwnt 

a 
a 
a 
b 
b 
b 
b 
b 
0 

a 
a 
a 
b 
b 
b 
b 
b 
0 

a 

a 
b 
b 
b 
b 
b 

a 

c 

4092 
4294 
3768 
3604 
4312 
4334 
4086 
3698 
5250 

4262 
4056 
3206 
31 90 
3878 
9868 
3820 
3470 
5496 

66 
31 
31 
90 
31 
27 
29 
28 
37 

3258 
3234 
31 48 
3454 
9584 
3094 
2988 
2734 
3740 

3364 
3300 
301 6 
991 0 
3884 
3376 
3404 
3276 
4536 

58 
20 
27 
17 
18 
14 
15 
12 
14 

2856 
2968 
2946 
3044 
3288 
271 4 
2768 
221 2 
3308 

2876 
3306 
3024 
3858 

3854 
341 6 
3604 
31 58 
4478 

36 
nd 
25 
nd 
18 
15 
nd 
nd 
nd 

261 4 
2297 
21 68 
21 58 
2539 
2091 
1938 
1520 
21 83 

21 45 
2892 
2934 
3332 
3748 
3396 
31 40 
301 6 
4004 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

1651 
1655 
1547 
1486 
1836 
1527 
1345 
1051 
1540 

432 
1953 
2592 
2778 
3642 
2988 
31 50 
2788 
4058 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

860 
1 248 
1092 
975 

1304 
1037 
941 
758 

1024 

98 
1042 
mQ8 
21 43 
3259 
2956 
2852 

2646 
3306 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

38 
31 3 
574 
472 
668 
566 
459 
340 
460 

nd 
60 
723 

1012 
2076 
2257 
2117 
2061 
2740 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
19 

1 72 
194 
371 
312 
245 
196 
228 

15  
12 
10 
70 

885 
1195 
1437 
1533 
1 766 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

Efnw 

1 8  
26 
14 
2s 

118 
143 
155 
144 
145 

4 9  
27 
nd 
1 3  
76 

251 
7oa 
940 

1088 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

HL 

3 1  
3 1  
28  

6 8  
8 5  
7 0  

077 
060 
O S 2  

I2 

100 
098 
099 

090 
094 
095 

100 
100 
100 

nd=notdeteobed 
RN = reservoir number 

Univemty of Watedoo A-16 
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REACTNE COLUMN cdumn compodtkn Comma MI Foam (W # 127) 
185 

PV 

CT 
6 9  
121 
204 
236 
297 
329 
394 
446 
509 

TCM 
6 9  
12 1 
204 
236 
297 
329 
394 
446 
509 

G E E  
10 3 
221 
280 
328 
42 8 
444 
526 
561 

RN 

a 
a 

b 
b 
b 
b 
b 

a 

C 

a 
a 
a 
b 
b 
b 
b 
b 
o 

a 
a 
b 
b 
b 
b 
C 

0 

nd=notdeteotsd 
RN - rcwervdr number 

329 mL 
058 
82 W d a y  (2 7 Wday 1 
145hr 

-Alone- ( a )  
000 008 016 033 050 066 100 131 164 

lnfiwnt 

a36 
938 
952 
964 
as7 
859 
860 
838 

1004 

74 
86 
85 
80 

88 
81 
96 
96 

110 

63 
67 
74 
56 
52 
69 
62 
61 

nd 
nd 
36 
nd 
11 
5 3  
10 

4 0  
3 1  

436 
486 
450 
408 
425 
388 
390 
322 
352 

m 
85 
01 
80 
79 
79 

104 
95 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

436 
463 
451 
396 
408 

364 
369 
302 
362 

119 
109 
116 
84 
84 

124 
109 
101 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

399 
423 
386 
963 
404 
349 
324 
277 
272 

212 
1!52 
130 
145 
122 
164 
1 47 
122 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

322 
347 
?Is0 
340 

3!s7 
31 1 
286 
254 
246 

281 
170 
207 
223 
156 
21 2 
191 
142 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

252 
306 
31 1 
303 

329 
274 
264 
221 
233 

s72 
181 
208 
2m 
174 
240 
21 9 
183 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

117 
195 
21 4 
21 2 

248 
220 
207 
153 
1 76 

570 
247 
31 5 
M5 
21 2 
332 
201 
180 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

38 
100 
138 
140 

179 
1 47 
150 
108 
122 

569 
301 
320 
306 
273 
365 
155 
203 

Effluent HL 

nd 
nd 
nd 
nd 
nd 
nd 
nd 011 
nd 009 
nd 009 

9 2  
34 
69 
75 

117 
103 
118 8 1  
77 6 7  
82 6 6  

rm 
273 
333 
310 
289 
432 
182 174 
267 

r2 

100 
100 
100 

100 
099 
OW 

0 81 

Universrty of Waterkbo A-17 



Cercona HSI Foam (UoW # 127) 

329 mL 
058 
82 cm/day (2 7 Wday ) 
145hr 

DbtanceAlongCohrmn (ft)  
000 008 016 Q33 050 066 100 131 164 

I w RNinnualt OrSMic- (uon) Effluent HL R 

tDCE 
103 a 1 3  
221 a 1 1  

I I 
200 b 
328 b 
420 b 
444 b 
526 c 
561 c 

l lDCE  
103 a 
221 a 
280 b 
320 b 
420 b 
444 b 

526 c 
561 0 

vc 
103 a 
22.1 a 
280 b 
320 b 
428 b 
444 b 
526 c 
561 c 

nd=notdetectd 
RN = T(wBIvo/r number 

2 3  
3 0  
3 8  
7 0  
nd 
nd 

364 
353 
351 
247 
186 
316 
338 
331 

72 
63 
80 
01 
59 
70 
04 

104 

nd 
nd 
nd 
nd 
nd 
0 6  
nd 
nd 

nd 
nd 
nd 
nd 
nd 
12  
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

342 370 381 169 306 
281 264 267 236 172 
324 296 229 272 198 
209 170 203 217 157 
128 122 93 05 63 

2 2 9 2 3 9  152 134 89 
256 262 238 216 207 
269 262 213 200 102 

35 51 64 147 78 
62 62 56 55 26 
74 72 60 74 60 
71 59 71 &9 68 
43 44 42 43 40 
43 44 46 45 47 
66 63 63 70 63 
83 81 74 71 76 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

346 
162 
21 3 
115 
59 

68 
118 
127 

55 
50 
68 
60 
40 
45 
55 
64 

Untversrty of Wdedoo 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

168 
150 
184 
108 
43 
93 
75 
80 

08 
49 
64 
67 
40 
39 
48 
62 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

76 
90 

163 
83 
40 

23 4 0  099 
26 4 6  001 
58 61 ow 

60 
25 
62 
57 
36 
31 226 065 
48 22.3 079 
50 228 080 

A-18 
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REACTIVE COLUMN Column Composiakn CeFeOna HSI Foam (UoW # 127) 
185 

DCM 

PH 

Eh 

PV 

18 7 
222 
282 
31 3 
41 1 
546 

87 
17 0 
23 8 
299 
396 
430 
461 
51 1 
563 

87 
17 0 
238 
299 
396 
430 
46 1  
51 1 
563 

329 mL 
058 

82 Cm/daY (2 7 Wday 1 
145hr 

000 008 016 033 050 066 100 131 164 

a 88 96 96 101 1 07 113 99 103 1 07 
a 85 % 97 96 loo 102 Q4 @a 98 
b 92 96 118 123 125 118 119 114 122 
b 102 117 122 113 116 126 123 1 24 127 
b 84 98 106 104 106 89 109 104 116 
c 109 120 114 116 112 114 121 114 120 

pH Along Column 

73 
73 
71 
71 
70 
69 
70 
70 
70 

73 73 74 74 75 79 82 
74 74 7s 75 76 80 80 
71 71 71 72 71 72 76 
71 71 72 72 73 75 77 
70 71 71 73 74 75 79 
70 71 7.2 73 74 76 77 
71 71 72 74 74 76 77 
71 72 75 78 78 80 77 
71 72 73 75 76 77 80 

RedoxFbteriUulAlongcdumn (mV) 

220 
344 
289 
265 
290 
220 
343 
265 

250 

-1 59 
-383 
-279 
463 
-297 
-296 
-213 
366 
-334 

-21 4 
-376 
-298 
-382 
-263 
-257 
-205 
-297 
-265 

-244 
928 
-242 
-381 
-335 
-275 
-240 
-375 
902 

-248 
-343 
-263 
-391 
-305 
-295 
-257 
-365 
-317 

-1 88 
-387 
-290 
460 
-365 
-264 

-271 
428 
-201 

-1 70 
-396 
9 0 1  
-347 
-299 
-335 
-264 
-327 
-327 

-202 
-389 
435 
-3!j9 
-296 
-21 2 
-279 
-297 
-286 

80 
79 
75 
74 
76 
77 
75 
74 
78 

- i f0 
31 8 
-1 85 
-310 
-287 
-83 
-254 
-21 0 

68 

nd=notdetectsd 
RN - roservdr number 

Unrverslty of Waerluo A-19 
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Type Wumn ID 
1997 

Qd Qa %R 
(W (W 

11Mar SpikedBlanks 2729 
FW 2242 
loo%ConndlyFe (72pv) 1084 
100%NiFe(66pv) 578 
10096&munaFe (69pv) 114 

54 
11 0 

Blanks 

1 4 h  S p r k d B h h  
w 1  
10W Conndly Fe (1ZsPv) 
100% NlFe (12 1 pv) 
100%CemonaFe (121 pv) 

2624 
2161 
1049 
560 
109 
n 

11 0 

2758 
2334 
1062 
552 
114 
54 

12 0 

3027 
2554 
1 075 
583 
120 
11 0 

Blank 

2738 
2306 
1095 
593 
111 
52 

10 5 

2738 
2306 
1095 
593 
111 
52 

10 5 

0 
0 

2758 
2300 
1092 
554 
111 
53 

11 0 

2758 
2300 
1082 
554 
111 
11 0 

0 
0 

997 
97 2 

97 5 
1027 
1038 
104 8 

mo 

958 
937 
958 
944 
982 

1096 
1048 

loo 0 
101 5 
963 
996 

1027 
101 9 
109 1 

109 8 
111 0 
984 

1052 
lo8 1 
1000 

A-20 Universrty of Waterloo 
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Type Column ID 
1097 

Qd Qa %R 
( u r n  (W 

19Mar spikdBiank8 2259 
FVl 1137 
100% Connelly Fe (22 lpv) 618 
1009c NiFe (21 1 pv) 118 

130 
100%ceroOnaFe (2041x4 67 

Blanks 

231 7 
1098 
596 
108 
12 0 

3062 
2393 
1132 
604 
123 
59 

11 0 

2369 
1116 
590 
106 
56 

11 0 

Blank 

2249 
1088 
534 
115 
62 

10 0 

2249 
1088 
534 
115 
10 0 

0 
0 

2824 
231 1 
1139 
576 
116 
52 

11 0 

231 1 
1139 
676 
116 
62 

11 0 

0 
0 

1004 
104 5 
1157 
1026 
1096 
1900 

1030 
1009 
111 6 
939 

1200 

1084 
1035 
994 

1049 
1080 
1135 
1000 

102.5 
980 

1024 

107 7 
1000 

m6 

Universzty of Waterloo A-2 1 



%A= (Qd/Qa)xlOO 

Qd Qa %R 
(W (W 

2204 
1168 
585 
112 
62 

10 5 

104 1 
950 

103 4 
1036 
1058 
1048 

%Mar SpikedBlanks 2295 
FV1 1110 
10096 conndly Fe (Ss pvj 605 
10096 NiFe (31 5 pv) 116 
1009kCercxwraFo (297pv) 55 

11 0 

2360 
1090 
634 
128 
44 

11 0 

2204 
1168 
585 
112 
52 

10 5 

107 1 
933 

1084 
1143 
846 

1048 

Blank 0 
0 

2409 
1140 
M7 
110 
51 

11 0 

2305 
1159 
559 
111 
52 

10 5 

1045 
- 4  
97 9 
W 1  
981 

1048 

2 7 M a r  SpikedBlanR 
N1 
10096ConneHyFe ( 3 6 4 ~ )  
100% NiFe (34 9 pv) 
10096CkmonaFe (329pv) 

251 4 
1206 
587 
121 
40 

10 0 

2305 
1159 
559 
111 
52 

10 6 

109 1 
104 1 
1050 
1090 
78 9 
952 

Blank 0 
0 

A-22 Unavenqv of Waterboo 
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%R- (Qd/Qa)xlOO 

TYW 
1997 

Column ID 

31Mar splkedBlank 2441 
Fvl 1168 
1OO%connellyFe (434pv) 61 1 

112 

11 5 

1009c NiFe (41 6 pv) 
100%CwconaFe (394pv) 65 

Blank 

' I  

I 
I 
I 

3Apr SpikedBlank. 
FV1 
10096cXmndtyFe (49pv) 
100% NiFe (467 pv) 
1 0 0 ) 6 ~ F e  (446pv) 

Blank 

2275 
1150 
!583 
113 
57 

11 7 

2872 
2251 
1161 
591 
119 
51 

11 0 

2791 
2327 
1165 
595 
120 
54 

12 0 

21 63 
1120 
576 
109 
53 

10 5 

21 63 
1120 
576 
109 
53 

10 5 

0 
0 

2840 
2188 
1107 
569 
117 
53 

10 5 

2840 
21 99 
1107 
569 
117 
53 

10 5 

0 
0 

1129 
1043 
108 1 
1028 
1226 
1095 

105.2 
1027 
101 2 
1037 
107 5 
111 4 

101 1 
1024 
1067 
1039 
101 7 
962 

1048 

983 
1058 
105.2 
1046 
1026 
101 9 
1143 

A-23 University of Watertho 

! I  



%R= (Qd/Qa)xlOO 

Date T w  Column ID 
1997 

7APr spiked- 2361 

100%Cormellyh (551 pv) 629 
100% NlFe (53 1 pv) 
1OO%cercOnaFe (509pv) 58 

Fv1 1132 

110 

11 2 

21 06 
1075 
606 
111 
52 

11 3 

Blank 

2236 
1146 
574 
111 
52 

10 5 

2238 
1146 
574 
111 
52 

10 5 

0 
0 

1055 
988 

1096 
9Ql 

111 5 
1067 

041 
938 

1056 
1000 
1000 
107 6 

Unrve- of Wdedbo A-24 



% R =  (Qd/Qa)xlOO 

11 Mar 

Blanks 

14Mar spikedhk 
\ w 1  

100%CorwdyFe(12gpVl 
100% NiFe (12 1 pv) 
1 0 0 9 C ~ F e  (121pv) 

2457 
2022 
981 
538 
105 
46 
9 3  

2408 
1 @87 
947 
51 1 
99 
50 
92 

2500 
2078 
976 
49.1 
111 
47 

10 0 

2589 
21 94 
976 
51 0 
111 
9 2  

2483 
2og1 
993 
537 
101 
48 
8 5  

2483 
2091 
QQ3 
537 
101 
48 
9 5  

3 6  
3 6  

2501 
2086 
990 
!502 
101 
48 
9 5  

2501 
2086 
990 
502 
101 
9 5  

38  
4 0  

W O  
967 
988 

1002 
1040 
958 
97 9 

. 
97 0 
950 
954 
952 
960 

1042 
968 

1000 
996 
986 
97 8 

109 9 
97 9 

1053 

103 5 
1052 
986 

101 6 
1099 
968 
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%R= (Qd/Qa)xlOO 

Date Type Cdumn ID 
1997 

19Mar S p l k e d % h b  2687 
FV1 1911 
100% connelly Fe (22 lpv) 986 
100% NiFo (21 1 pv) 51 3 
100%CerconaFo (204pv) 104 

48 
9 9  

2604 
2040 
987 
484 
104 

48 
94 

103 2 
937 
999 

1060 
1000 

1000 
105 3 

2026 
997 
520 
103 
10 0 

2040 
987 
484 
104 
9 4  

993 
101 0 
1074 
990 

1064 

Blanks 3 6  
38  

2694 
2w2 
101 1 
506 
108 
48 
9 3  

2560 
2096 
1032 
522 
105 
40 
9 6  

1052 
989 
980 
069 

1029 
1000 
969 

2571 
2043 
1006 
513 
97 

47 
94 

2580 
2096 
1032 
522 
105 

48 
9 6  

1004 
87 5 
a75 
983 
924 

979 
97 9 

Blank 4 0  
3 6  

A-26 Universrty of Waterloo 
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Type Cdumn ID 
1997 

Qd Qa %R 
(usn) (W 

2 5 W  S p i k d M  2778 
FV1 2054 

1030 
550 

100%CerconaFe (297pv) 114 

50 
10 4 

100% conndly Fe (33 pv) 
100% MFo (31 5 pv) 

105 1 
1028 
97 3 

1036 
111 8 

1064 
1095 

2643 
1999 
1059 
531 
102 

47 
9 5  

2826 
2029 
978 
552 
113 

40 
95 

2643 
1999 
1059 
531 
102 

47 
95  

108 9 
101 5 
924 

1040 
1108 

851 
1000 

Blank 37 
41 

27- SpIkdBknk. 
N 1  
loo9ccOnndfyFe (364pv) 
1oo9c MFo (34 9 pvl 
lOO%Cafoo~Fo (329pv) 

21 92 
1081 
51 2 
110 
51 

12 0 

2090 
1051 
507 
101 
48 
9 5  

1049 
1029 
101 0 
lo80 
lo8 3 
1263 

21 69 
1091 
51 8 
112 
42 

11 0 

2090 
1051 
507 
101 
48 
9 5  

103 8 
103 8 
1022 
1109 
87 5 

1158 

Blank 38  
46 

Untverstty of Watertoo A-27 
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Qd Qa %R 
(usn) (WU 

3 1 W  SplkedBlanka 2692 
N 1  21 20 
loo%ConneltyFe (434pv) lo99 
100% NiFe (41 6 pv) 541 
100%CeaonaFe (3Q4pv) 112 

5% 
11 s 

Blank 

3Apr s p u t e d d a  
N 1  
100% cormdly Fe (49 pv) 
100% NiFe (46 7 pv) 
100%csnxWraFe (446pv) 

2772 
1961 
1032 
51 1 
103 
50 

10 9 

2542 
1996 
1088 
538 
108 
45 

120 

2529 
2051 
1 077 
sn 
111 
45 
96 

Blank 

2582 
1961 
1016 
523 
99 

48 
9 5  

2582 
1961 
1016 
523 
99 
48 
95  

38 
3 8  

2576 
1994 
1004 
51 6 
106 
48 
96  

2576 
1994 
1004 
51 6 
106 
48 
96 

46 
41  

104 3 
108 1 
1082 
1034 
113 1 

121 1 

107 4 
101 0 
101 6 
97 7 

1040 
1042 
1147 

987 
loo 1 
1064 
104 3 
101 9 
838 

12So 

982 
1029 
107 3 
1021 
1047 
Q38 

1000 
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%R (Qd/Qa) xl00 

TYP@ Cdumn ID 
1997 

Qd Qa %R 
~uan) (uan) 

7Apr SpikedBlanks 2888 
FV1 2053 
1ooSCConndlyFe (55lpv) 1060 
100% NiFo (53 1 pv) 560 
100%CarconaFe (509pv) 108 

57 
1 1  3 

2649 
1906 
999 
537 
104 
50 
10 1 

Blank 

2576 
2030 
1039 
sm 
100 
47 
9 5  

2576 
2030 
1039 
520 
100 
47 
95  

4 4  
36 

1043 
101 1 
1020 
107 7 
108 0 
121 3 
1189 

1028 
939 
962 

1033 
1040 
108 4 
1063 

A-29 Universrty of Waterloo 



13- splk.dBknk 
N 1  
100%ConndlyFe (1OQpv) 
100% N l h  (10 2 pv) 

100%Carconah (103pv) 

1037 

801 
sa7 
276 

128 
52 

24 
13 
a6 

1188 

884 

632 

259 
109 

49 

23 
19 

8 0  

20Mu SPilgdBknk 
Fv1 
1009c C0nnd)y Fo ( 2 4 0 ~ ~ )  

10096 N i h  (22.0 pv) 
1 0 0 % ~ F O  (22.1pv) 

1167 
838 

574 
242 
125 
60 

19 

15 
7 8  

1118 
772 
554 

283 

107 

54 

28 

17 
10 1 

1116 

772 
554 

263 
107 

54 

26 

17 
10 1 

0 

0 

1- 

81 3 
534 

280 
107 
54 

27 

17 
9 4  

92.8 

103 6 
120 4 
97 5 

120 6 

w 7  

91 4 
798 

851 

lo8 1 

114 5 
114 1 
91 5 

101 Q 
so9 
87 Q 

110 1 
79 2 

loo 8 

103.1 
107 6 

084 
1168 
111 1 

70 0 

906 

830 

1075 1093 sB4 
777 813 956 

n3 534 107 3 

280 280 100 0 
118 107 1103 
a? 54 1148 
17 27 61 5 

128 17 75 3 

9 0  9 4  Q5.7 
Bbnk 0 

n 
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101 6 

092 
108 0 
105 2 
955 

104 1 
936 

70 8 

653 

2 4 W  SpikdBhnk 1236 
Fv1 722 
100% Conndly Fo (31 2pvj 578 
100% Nih (207pv) 303 

1009LComnaFo @Opv) 101 
50 

25 
11 9 

6 6  

1216 
728 
535 

280 
106 
54 

27 
17 

10 1 

I 1270 1216 104 4 
72s 728 100 1 
524 535 97 9 

108 108 102 1 
58 54 108 0 

11 2 17 667 
8 5  10 1 644 

0 

0 
Blank 

1172 
721 
507 
293 
90 

69 

27 
17 

10 3 

1179 
695 
535 

287 
lo8 
54 

27 
17 

10 2 

994 
103 6 

947 
102.1 
651 

128.2 
100 4 
103 6 

101 0 

1179 
695 
287 
106 
54 

27 
17 

10 2 
0 

0 

981 
S3.0 

107 1 
897 
87 5 

100 4 
78 0 

102.0 

1133 
503 

307 
95 

47 
27 
13 

10 4 1 
Blank 

Universrty of Watediio A-3 1 



%R = ( ad I Qa ) x 100 

Data T Y P  Column ID 
1897 

od Qp %R 
(WL) 

2Apr -- 1321 
w 1  758 

100% conndly Fa (47 pv) 573 
1009c Nih (448 pv) 301 
1009cCUOOMh (428pv) 121 

45 

21 
17 

9 0  

1018 

564 

298 
102 
47 
21 

18 
7 9  

Blank 

3Apr -BI.nkr 
N 1  

100%Conndlyh (487pv) 
100% N i h  (46.5 pv) 
1mCuooll.h (444pv) 

Blank 

1227 
709 
474 
267 

218 
54 
27 
12 
10 

1143 

737 
552 
280 
108 
53 

26 
17 

10 1 

1143 
552 
280 

106 
53 

28 

17 
10 1 

0 

0 

1204 
710 
551 
285 

112 
!n 
26 

17 
10 1 

0 
0 

1155 

103.0 
103 a 
107 5 

113 8 

850 

777 

103 0 

891 

890 

102 3 
108 6 

962 
884 
78 4 

107 1 
78 2 

102.0 

sa8 
860 

e38 

194 8 
100 7 
103 1 

71 4 
DO0 
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%R = ( ad/&) X 100 

Data T Y V  Column ID 
1997 

642 
420 
z?!5 
169 
115 

40 
26 

120 

540 

427 
21 1 
162 
112 
51 
25 

10 1 

1189 

984 
108 8 

104 1 
102.7 
792 

103 6 

118 8 

147 
126 
58 

22 
10 0 

1209 
610 
384 

203 
120 
69 

41 
10 

1209 
826 

357 
224 
10 

162 

112 
51 
25 

10 1 
0 

0 

1216 
566 

417 
224 
110 
74 
51 

10 1 

1216 
566 

417 
224 
10 1 

0 

0 

908 
1125 
114 9 

87 8 

990 

994 
107 8 

87 2 
905 

108 6 

934 
007 
000 

994 
110 6 

655 
009 
990 
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T w  C d m  ID 
1997 

13Mar SpaCadBl~~~ka 1041 

100%ConndlyFe (109pv) 609 
100% NiFo (10.2 pv) 244 
100%CwconaFe (103pv) 103 

W1 71 4 

54 
23 
17 

7 9  

1 079 
801 
580 
227 
45 
22 
19 

8 4  

=Mar SplkdBMU 
N1 
100%conndlyFe@4Opvl 
100% NiFe (22.9 pv) 
1 0 0 % ~ F e  (221pv) 

Blank 

980 
71 3 
533 
234 
106 
51 
23 
17 

7 2  

1034 
690 
535 
271 
95 
50 

14 1 
91  

1039 
71 8 
51 5 
263 

99 
50 

24 
16 

9 4  

1039 
71 8 
51 5 
263 
50 
24 
16 

9 4  

0 
0 

1017 
756 
4% 
260 
100 
50 
25 
16 

8 8  

1017 
756 
496 
260 
100 
50 
16 

8 8  
0 

1002 
994 

1183 
a28 

1040 
1080 
958 

107 1 
840 

103 8 
111 6 
1127 
864 
898 
91 6 

1199 
894 

964 
a43 

107 5 
900 

1063 
101 8 
904 

107 1 
81 8 

101 7 

107 9 
1042 
954 
992 
Bo4 

1034 

e1 3 

U 
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I 

I 
I 
I 
/ I  
I 
I 
I 
I 
I 
I 
i 
1 
I 
1 
I 
1 

I1 

' I  AnalyticalAowraoy %R=(Qd/Qa)x lW 

T Y P  cdumn ID 
1997 

Qd Qa %R 
(W (W 

24Mar SpikedBlank 1200 
N 1  643 
1009c connelly Fe (31 2pv) 518 
100% F ( t h  (297pV) 290 
1OO%CerconaFe (28Opv) 91 

53 
18 

13 5 
6 3  

1165 
641 
486 
97 
56 

12 0 
6 3  

1092 
675 
465 
259 
104 
51 
25 
15 

9 0  

1005 
471 
290 
97 
50 
24 
16 

9 2  
Blank 

1130 
676 
497 
268 
98 
50 
25 
16 

9 4  

1130 
676 
497 
98 
50 
16 

9 4  
0 
0 

1196 
646 
498 
267 

98 
50 
25 
16 

9 5  

1096 
498 

267 
98 
50 
25 
16 

9 5  
0 
0 

1062 
951 

1042 
lo8 2 
929 

1066 
724 
844 
67 0 

103 1 
948 
07 8 
987 

1124 
76 9 
67 0 

91 3 
1045 
e34 
97 0 

106 1 
101 8 
996 
931 
947 

91 7 
046 

1086 
992 
896 
948 

101 9 
968 

Unrversrty of Waterloo A-35 



I 

I 

I 
I 

TYP Cdumn ID 
1 9Q7 

Qd Qa %R 

(uan) 

2Apr spkd0kmk 1209 
W l  684 
100% COMdly Fe (47 pv) 564 
100% NiFe (U 8 pv) 281 
100% Cemona Fe (42.8 pv) 96 

48 
27 
16 
87 

Blank 

I 
I 
I 

~ II 

3Apr SplkdBlatIka 
W1 
100)6CanneWyFe (487pv) 
1009c MFe (46 5 pvl 
lOO%CcKanraFe (U4pv)  

Blank 

9M) 

562 
280 
Q2 
50 
27 

17 

1 376 
662 
503 
246 
1 07 
45 
22 
18 
14 

lo83 
885 
51 3 
260 
99 
50 
25 
16 
94  

1063 
51 3 
260 
Q9 
50 
25 

16 
0 
0 

1107 
653 
507 
262 
103 
49 
24 
15 

9 3  
0 
0 

1137 
099 

1099 
108 1 
97 9 
97 0 

1oQo 
105 1 
926 

846 
109 5 
107 7 
929 

1002 
1090 

1oQo 

124 3 
101 4 
09.2 
939 

1039 
91 8 
01 7 

1192 
1505 
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Date TYP Wwnn ID 
1 997 

8Apr spikedBlenk8 507 
FVl 362 
10096ConndlyFo (569pvj 208 
100% NiFe (54 9 pv) 1 76 
100%CorcmaFe (526pv) 81 

34 
24 

130 

526 
444 
244 
113 
19 

13 0 
Blank 

1 lo2 
566 
380 
182 
104 
58 
40 
15 

1081 
524 
401 
199 
62 
12 

Blank 

497 
393 

149 
103 
47 
23 
9 3  

im 

497 
393 

149 
23 
9 3  

0 
0 

im 

1119 
521 
384 
206 
102 
68 
47 
9 3  

1119 
521 
384 

206 
68 
9 3  

0 
0 

102.1 
921 

107 3 
1179 
78 6 
73 1 

1039 
1398 

1059 
1129 
1259 
75 7 
823 

1398 

985 
1087 
990 
882 

1025 
853 
857 

161 3 

966 
1006 
1044 
965 
91 2 

1290 
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-- 
Compound 

%R = (Qd I Oa) x 100 

13Mar SplMBlanla 669 

N1 481 
100%cormdfyFe ( 1 0 9 ~ ~ )  413 
100% NiFe (10.2 pv) 163 

100% cmxmcl h (10.3 pvl w 
28 

16 

12 
4 6  

891 

537 
304 

148 
88 

31 
16 
13 

5 4  

Blanks 

738 
488 

382 

155 
68 

36 

18 
11 

4 0  

6?2 
488 

382 

173 
55 
33 

12 
9 0  

5 0  

Blank 

701 
484 

347 
177 
88 

34 

16 

11 
6 3  

701 
484 

347 
177 

88 

34 

16 
11 

6 3  

0 

0 

686 
510 
335 

176 
67 
34 

17 
11 

5 0  

886 
510 
335 

176 
67 
34 

17 
11 

5 0  
0 

954  
s a 4  

1190 
92.1 
97 7 
82.4 

102.5 

1123 
73 0 

s86 

111 0 
113 5 

836 

97 7 
91 2 
07 5 

125 5 
857 

107 3 

91 8 
114 1 
881 

101 3 
104 4 
104 7 

104 6 

a r e  

SS.0 

058 

1139 
085 
82.1 
97 1 
676 

857 
847 

n 
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--racy 

Compound 

%R = (Qd/Qa) x 100 

D& TYW Cdurnn ID 
1997 

Qd Qa %R 

(W (W 

24Mar SpikedBbnk~ 
FV1 
100% Connelty Fe (31 2pv) 
100%Nih(297pv) 
100%CmonaFe (28Opv) 

888 

428 
338 

198 
a5 
35 

11 

Q O  
38 

774 
425 
348 

56) 

38 

5 6  
3 7  

733 
454 

312 
188 
70 
36 
17 
11 

5 2  

632 

316 
210 

64 
36 
14 
10 

47  

Blank 

763 

457 

335 

181 
62 

34 

17 

11 
6 3  

763 
457 
335 

66 
34 

11 
6 3  

0 

0 

740 
438 

336 

180 
66 
34 

I 7  
11 

6 4  

740 

338 

180 
66 
34 

17 
11 

6 4  
0 

0 

113 5 

938 
100 Q 

loo 5 
882 

104 4 

661 
857 
803 

101 4 
930 

103 Q 

888 
113 3 
533 
587 

991 
104 1 
a30 
a35 

105 6 

107 7 
100 0 

lo4 8 
81 3 

854 

942 
1166 
97 0 

105 7 
857 
090 

73 4 

A-39 Unrversgy of Waterbo 



I 
I 

l,l-[)lchkroah~ (11DcE) 

%R = (a/ Qa) x 100 

T Y P  Cdumn ID 
1997 

Qd Qa %R 
(uon) (ug/L) 

2Apr ww- 
N 1  
100% ConneUy Fe (47 pv) 
100% NiFe (U 8 pvj 
100% C a m  Fe (428 pv) 

703 
431 
395 

1 91 

57 
34 

17 
9 

5 9  

368 

192 
60 
32 

14 
10 

3 4  
Blank 

3Apr spiw81.nkr 
FV1 
100% Condty Fa (48 7 pv) 
100% Hh (465pv) 

1rnC.reoMh (444pvj 

Bhnk 

720 
478 
371 

183 
72 

37 
12 
6 

717 
462 

346 

175 
67 
36 

17 
11 

6 4  

346 

175 
67 
36 
17 

11 
6 4  

0 

0 

755 
446 
346 

179 
70 
34 
16 

11 

0 

0 

lo6 3 

932 
1142 
109 0 

856 

Q63 

105 5 
848 

922 

lo6 2 

109 7 
904 
067 
82.4 
B62 
531 

954 
lo6 8 

107 3 

1024 
102.6 
110 1 
732 

S I 1  
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%R = (Qd I Qa) x 100 

6- 
Wl 
t0096CoMdlyh (!i60pq 

10096 NiFe (54 0 pbj 

10096 Csrcswta Fe (52.8 pv) 

Blank 

340 
255 
152 
111 
58 

24 
14 

80 

371 
290 

183 
85 

51 

22 

11 
7 0  

753 

371 

276 
123 

60 

43 
37 
12 

734 

352 

278 

I54 

52 
47 
14 
11 

Blank 

339 
268 
132 
102 
70 

32 

16 
6 4  

339 

266 

132 

102 
70 

32 

18 
8 4  

0 

0 

763 

355 

262 
141 
69 

46 
32 
83 

783 
355 

262 

141 
89 

46 

32 

83  

0 
0 

100 3 
05.1 

1152 

108 8 
825 
75 7 
888 

125 0 

109 4 
111 6 

138 8 
833 
725 
894 
896 

100 4 

s8.7 
104 5 
105 3 
67 2 

a5.7 
a35 

1156 
180 6 

062 
992 

105 3 

1092 
75 4 

102.2 

438 

174 6 
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I 
I 

(1 

K R =  (Qd/Qa)xlOO 

Date Type Column ID 
1997 

Qd Qa %R 
(usn) (WL) 

18tvlar SpikedBhka 855 
Fv1 125 
1009cCOnndlyFe (202py) 63 
100% NiFe (19 3 pv) 29 
100%CmmaFe (187pv) 11 

628 
121 
55 
28 
12 

Blanks 

MMar SpkedBlanb 
Fv1 
100% Condty Fe (24 lpvj 
100% NIFe (22 9 pvj 
100%cercoMh (222pv) 

Blank 

24Mar spikedBl&nks 
N 1  
100% Conndly Fe (31 4pv) 
100% NiFe (3OOpv) 
1oo%CerconaFe (282pv) 

2!59 
100 
58 
23 

10 0 

245 
108 
49 
21 

120 

282 
127 
57 
15 

10 0 

279 
127 
46 

10 9 

663 
128 
59 
29 
12 

663 
128 
59 
29 
12 
0 
0 

264 
132 
59 
29 

11 8 

264 
132 
59 
29 

11 8 
0 
0 

271 
132 
59 
29 

11 8 

271 
132 
59 

11 8 
0 
0 

Q88 
97 7 

1068 
100 0 
91 7 

947 
945 
932 
% 6  

1000 

981 
75 8 

983 
793 
847 

928 
81 8 
831 
724 

101 7 

104 1 
962 
968 
51 7 
847 

103 0 
%2 
78 0 
924 

A42 
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I 
' I  
I 

' I  
I 
I 

I 
I 
I 

Eofl 

TYP Column ID 
1997 

Qd Qa %R 
(W (WL) 

26W spaC0dBlartk8 288 256 111 7 
FV1 1 47 135 1089 
100% Ccndly  Fe (347pv) 37 59 62.9 
100% Nik (33 2 pv) 19 29 655 
100%CamonaFe (31 3pv) 12 0 11 8 101 7 

Blank 

1Apr SpikedBlank 
FV1 
100% conndly Fe (45 3 pv) 
100% NIFo ( 4 3 2 ~ ~ )  
l O O % ~ F o  (41 1 pv) 

270 256 1OS5 
136 135 1007 
56 59 952 
29 29 1000 

13 0 11 8 1102 
0 
0 

262 
126 
51 
24 
91 

258 
127 
12 0 

289 

127 
64 
21 

122 

262 
128 
57 

11 0 

Blank 

259 
118 
59 
30 

11 8 

25.9 
118 
11 8 

0 
0 

263 
129 
59 
29 

11 8 

263 
129 
59 

11 8 
0 
0 

101 2 
1068 
064 
800 
771 

m6 
107 6 
101 7 

1099 
Q04 

1085 
724 

103 4 

996 
992 
966 
932 

A43 Unavemqv of Waterloo 
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%R= (Qd/Qa)x100 

Date Type Column ID 
1997 

1 l M N  spikOdBknk8 2657 
N 1  2189 
loo%ConnelIyFe (72pv) 1064 
100% NIFe (6 6 pv) 582 
lOo%CerconaFe (69pv) 114 

51 
11 0 

Blanks 

1 4 k  S p i k e d b k ~  
Fv1 
loo%CocvrellyF0(129pv) 
100% NIFe (121 pv) 
100% CmonaFo (12.1 pv) 

2568 
21 19 
1033 
551 
107 
54 

11 0 

2677 
2233 
1036 
53s 
116 
51 

11 0 

2778 
2401 
1058 
563 
121 
10 0 

Blank 

2658 
2239 
1063 
575 
108 
51 

10 7 

2658 
2239 
1083 
575 
108 
51 

10 7 

0 
0 

2677 
2233 
1060 
538 
108 
51 

10 0 

2677 
2233 
1060 
538 
108 
10 0 

0 
0 

1000 
97 8 

1001 
101 2 
1056 
1000 
1028 

966 
946 
972 
958 
991 

1059 
lo2 8 

1000 
1000 
97 7 
994 

107 4 
1000 
1100 

1038 
1075 
QQ8 

1046 
1120 
1000 

Unrversqy of Waterloo A 4  



I 
I 
i 
1 
I 
I 
I 
1 
R 
I 
1 
I 
1 
I 
I 

' 1  I 

%R= (Qd/Qa)x100 

Date Type Column ID 
1997 

19Mar Spikeut&lank 2947 
Fv1 21 23 

1095 
582 

100%CarconaFe (204pv) 115 
54 

13 0 

100% Candy Fe (22 lpv) 
100% NIFe (21 1 pv) 

2787 
21 83 
1057 
51 8 
111 
51 

10 0 

105 7 
e7 3 

1036 
1124 
1036 
1059 
1300 

21 75 
1064 
564 
1 07 

21 83 
1057 
51 8 
111 

996 
100 7 
1089 
064 

Blanks 0 
0 

2975 
221 4 
1091 
565 
119 
55 

190 

2741 
2243 
1106 
559 
112 
51 

10 0 

1085 
987 
986 

101 1 
1063 
107 8 
1300 

1040 
987 
986 

1007 
929 

1020 
1100 

2850 

221 4 
logo 
563 
104 
52 

11 0 

2741 
2243 
1106 
559 
112 
51 

10 0 

Blank 0 
0 

U'vcrsrty of Wateho , I  



I 
' I  

I 

I 
' I  

I 
I 
' I  

%R- (Qd/Q.)xlOO 

Date TYP@ Cdumn ID 
1 997 

%Mar SpikdBlenb 2937 
FV1 2209 
100%CowllyFe Wpv) 1109 
100% NiFe (31 5 pv) 594 
100%CerconaFe (297pv) 119 

54 
10 1 

31 87 
2234 
1069 
61 3 
1 27 
45 
94 

Blank 

27Mar S p l k d 0 h - h  3246 

1009CConndlyFe (364pv) 1163 
1006 NiFe (34 9 pv) 

RI1 2335 

551 
1006CemomFe (32.9pv) 116 

51 
10 1 

3032 
2373 
1092 
572 
120 
41 
83 

Blank 

2829 
21 40 
1140 
588 
109 
51 

10.2 

2829 
21 40 
1140 
568 
109 
51 
10 2 

0 
0 

2853 
2238 
1125 
542 
108 
51 

10.2 

20!53 
2238 
1125 
542 
108 
51 
10 2 

0 
0 

1036 
1032 

G7 3 
1046 
109.2 
1059 
990 

1127 
1044 
938 
107 9 
1165 
882 
922 

1138 
1043 
1034 
101 7 
107 4 
loo 0 
090 

1063 
1060 
97 1 
1055 
111 1 
804 
81 4 

Unrversrty of Waterioo A46 



I 
I 
1 
I 
I 
1 
I 
I 
I 

I I 
I 
I 
I 
I 
I 
I 

' 1  
I 

I 

TYW Column ID 
1997 

3 1 W  S p i k d h k a  3094 
W l  2326 
100%ConndlyFe (434pv) 1174 
100% MFe (41 6 pv) 606 
100%CcmonaFe (394pv) 116 

65 
11 0 

Blank 

3038 
21 95 
1152 
571 
114 
56 

11 8 

2823 
21 50 
1184 
578 
119 

frD 
120 

2759 
2245 
1172 
582 
121 
52 

12 0 

Blank 

2764 
21 00 
1087 
560 
106 
51 

100 

2764 
2100 
1087 
560 
106 
51 

100 

0 
0 

27R 
21 35 
1075 
652 
114 
51 

10 0 

2757 
21 35 
1 075 
552 
114 
51 

10 0 

0 
0 

111 s 
1108 
1080 
1082 
1094 
127s 
1100 

1099 
1W 5 
1060 
1020 
107 5 
1098 
1180 

1024 
1007 
108 3 
101 0 
1044 
980 

1200 

100 1 
1052 
1090 
1054 
106 1 
1020 
1200 
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7 Apr Spiked B h k 8  2sQ 
FV1 2244 
10096ConndlyFe (551 pv) 1131 
10096NiFa(!531pv) 61 8 

59 
102 

10096CerconaFe (509pv) 112 

2955 
2042 
1 070 
591 
111 
49 

104 

Blank 

2758 
21 73 
1113 
557 
107 
50 

102 

lo51 
1033 
101 6 
111 0 
1047 
1180 
1000 

2758 
21 73 
1113 
557 
1 07 
50 

10 2 

0 
0 

107 1 
940 
961 

108 1 
1037 
980 

1020 

Unaversrty of WaterJoo A48 



I 

AnalytioalA=uracy 

Compound 1,1,1-T~loroethamt (111TCA) 

Type Column ID 
1997 

Qd Qa %R 
(W (ugll) 

l lMar  S p i k e d % h b  2668 
W l  2339 
1009CConndlyFe (72pv) 1140 
1009c NiFb (66pv) 565 
1009cCemo~Fe (69pv) 129 

81 
13 0 

Blank 

1 4 W  S p l k d B h h  
w 1  
10096ConndyFe(12gpv) 
100% NiFe (12 1 pv) 
100%CarconaFe (121 pv) 

2724 
2267 
1098 
542 
122 
80 

10 6 

281 3 
2378 
1039 
363 
114 
54 

11 0 

3073 
261 1 
1053 
593 
113 
10 0 

Blank 

2793 
23!j2 
1117 
605 
114 
54 

10 4 

2793 
2w 
1117 
805 
114 
54 

10 4 

0 
0 

281 3 
2346 
1114 
565 
113 
54 

11 0 

281 3 
2346 
1114 
565 
113 
11 0 

0 
0 

102.7 
994 

102 1 
934 

1132 
1600 
1250 

97 5 
064 
888 
896 

107 0 
148 1 
101 9 

1000 
101 4 
933 
QB6 

1009 
1000 
1000 

1092 
111 3 
945 

1 w o  
loo 0 
909 
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1 ,l ,l-Triohloroahane (1 11TCA) %A = percent T~OOVB(Y 
Qd = q w  determined by adpi8 
Qa=trUevalUe 

cornpound 

Dab TYW Column ID 
1 997 

w Qa %R 
(W (W 

l 9Mw SpikedBlankr 2300 
N 1  1148 
100% Conndly Fe (221pv) 641 
100% NiFe (21 1 pv) 121 
100%CwoonaFe (204pv) 46 

11 0 

Blanks 

21Mar spikedBlank 
Nl 
loo%CendyFe (258pv) 
100% Nih (24 6 pvj 
100%cemnaFe (236pv) 

31 95 
2394 
1126 
61 6 
112 
56 

10 0 

231 8 
1157 
61 7 
121 
55 

11 0 

2468 
1151 
600 
104 
54 

11 0 

Blank 

2294 
1088 
534 
115 
!i3 

10 0 

2929 
2294 
1088 
534 
115 
53 

10 0 

0 
0 

2358 
1162 
587 
118 
54 

11 0 

2358 
1162 
587 
118 
54 

11 0 

0 
0 

1003 
1055 
1200 
1052 
866 

1100 

1oQ 1 
1044 
103 5 
1154 
97 4 

1057 
1000 

903 
996 

106 1 
1025 
101 9 
1000 

1047 
991 

102.2 
881 

1000 
1000 
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Type Cdumn ID 
1 997 

25 Mar spiked Blank 2338 

~ ~ C o n n e u y F ~ ~ p v l  628 
100% NiFe (31 Spv) 126 
l O O % ~ F e  (297pv) 54 

W l  1189 

11 0 

2249 
1192 
597 
122 
53 

11 0 

1040 
997 

1052 
1033 
101 9 
1000 

2249 
1192 
597 
122 
11 0 

1059 
988 

1089 
1139 
600 

2362 
1178 
850 
139 
6 6  

Blank 0 
0 

27Mar SpikdBlank8 
Fv1 
100%ConndlyFe (364pv) 
100% NiFe (34 9 pv) 
1009CCmonaFe (329pv) 

2471 
1151 
587 
114 
51 

11 0 

2352 
1182 
S70 
113 
54 

10 7 

105 1 
97 4 

1030 
lo09 
944 

102.8 

2s36 
1194 
61 7 
129 
80  

23s2 
1182 
570 
113 
10 7 

107 8 
101 0 
108.2 
114.2 
74 8 

0 
0 

Blank 

University of Waterloo A-5 1 



Qd Qa %R 
(W (UgR) 

31Mm SfHkdBlanlCr 2589 
w 1  1211 
100% Conndly Fe (43 4 pv) 629 
100% NiFe (41 6 pvj 117 
100%Cerco~Fe (394pv) 57 

10 9 

2206 
1142 
588 
111 
54 

10 7 

1174 
1060 
107 0 
1054 
1056 
101 e 

1069 
1022 
1022 
1009 
889 

1000 

2358 
1167 
601 
112 
48 

10 7 

2206 
1142 
588 
111 
54 

10 7 

Blank 0 
0 

3Apt SpikdBlanke 
Fvl 
100%ConndlyFe (49pvj 
100% NIFe (46 7 pv) 
100%CerconaFe (446pv) 

2943 
231 6 
1154 
61 4 
118 
41 
6 6  

2898 
2244 
1130 
581 
120 
54 

10 8 

101 6 
1032 
102 1 
1057 
a 3  
75 9 
61 1 

2863 
2379 
1135 
61 5 
119 
54 

11 0 

2898 
2244 
1130 
581 
120 
54 

10 8 

088 
1060 
1004 
1059 
992 

1000 
101 9 

Blank 0 

0 
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' I  

I 
I 

Eofl 

I 

Qd Qa %R 
(W (uen) 

7Apr spikedBlanks 2401 
FV1 1179 
100%ConndlyFe (551pv) 653 
lOO%NiFe(531pv) 114 
lOD%CsrooncrFo (509pv) 52 

11 7 

2161 
1122 
595 
117 
10 8 

Blank 

2284 

1169 
585 
113 
53 

10 7 

2284 

1169 
585 
113 
10 7 

0 
0 

105 1 

111 6 
1009 
981 

1093 

1009 

946 
960 

101 7 
1035 
1009 
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Date Type Cdwnn IO 
1997 

W8 
97 3 
999 

101 1 
1060 
1000 
1032 

11Mar SpikedBIanka 2454 
Fv1 201 4 
100%comdIyFe (7 .2~~)  982 
100% NiFe (6 6 pv) 538 
1 O O % C e ~ F e  (69pv) 106 

47 
9 7  

2450 
2070 
983 
532 
100 
47 
9 4  

983 
944 
981 
953 
990 

104 3 
1000 

2368 
1954 
945 
507 
99 
49 
94  

2458 
2070 
983 
532 
100 
47 
9 4  

0 
0 

Blank8 

2476 
21 10 
981 
490 
109 
46 

11 0 

1000 
102.2 
881 
986 

log0 
W Q  

1170 

14Mar SpikedBlanb 
FV1 
loo%conm9HyFe(129pv) 
100% NiFe (12 1 pv) 
100%CorconaFe (121 pvl 

2476 
2085 
980 
497 
100 
47 
9 4  

2579 
2224 
971 
508 
111 
10 0 

2476 
2065 
980 
497 
100 
9 4  

1042 
107 7 
991 

1022 
111 0 
1064 

0 
0 

Blank 
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Date Type Column ID 
1 997 

Qd Qa %R 

(UaN (UON 

19 Mar Spiked Blank 2742 
FV1 1 974 
100% Condly Fe (22 lpv) 1024 

569 

53 

100% NiFe (21 1 pv) 
1OO%cenxwUrFe (204pv) 135 

21 Mar SpikedBlanks 
Fv1 
100%cOflndlyFe(258pv) 
100% NiFe (24 6 pv) 
100%thmonaFe (236pv) 

Blank 

2084 
1007 
558 
128 

2735 
2057 
lo00 
51 2 
100 
49 

1 20 

26021 
2065 
993 
51 1 
96 
48 

10 0 

2577 
2019 
977 
479 
103 
47 

2019 
977 
479 
103 

0 
0 

2534 
2075 
1022 
51 7 
104 
47 
9 5  

2534 
2075 
1022 
517 
104 
47 
95  

0 
0 

1064 
97 8 

1046 
1188 
131 1 
1128 

1022 
103 1 
1165 
124 3 

107 9 
991 
97 8 
990 
a62 

1043 
1263 

102.7 
995 
97 2 
gS8 
923 
97 9 

1053 
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I 
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I 

1 6  

I 

%R= (Qd/Qa)xlOO 

Date Type Column ID 
1997 

25Mar SpikedBlanks 2732 
Fv1 2066 
100% Connelly Fe (33 pv) 1017 
100% NiFe (31 5 pv) 544 
l O O % ~ F e  (297pv) 111 

48 
9 8  

Blank 

2 7 k  Sp(k8dBlanlCs 
N 1  
100%conndlyFe (364pv) 
100% NiFe (34 9 pv) 
100%CerconaFe (329pv) 

2904 
2070 
978 
556 
115 
40 
88 

2987 
21 97 
1066 
504 
108 
4% 
9 5  

2787 
2202 
1092 
51 8 
110 
37 
82  

Blank 

281 6 
1979 
1049 
525 
101 
47 
9 4  

261 6 
1 979 
1049 
525 
101 
47 
94  

0 
0 

2638 
2089 
1040 
502 
100 
47 
9 5  

2638 
2089 
1040 
502 

100 
47 
95  

0 
0 

1044 
1044 
969 

1036 
log9 
102 1 
1043 

111 0 
1046 
932 

la59 
1139 
851 
936 

1132 
1062 
1025 
1004 
1060 
97 9 

1000 

1056 
1064 
1050 
1032 
1100 
78 7 
863 
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Type Column ID 
1997 

Qd Qa %R 
(ugn3 (uen) 

31 Mar Spiked EUanks 2792 

100%ConnellyFe (434pv) lo81 
100% NiFe (41 6 pv) 
10096CercomFe (394pv) 109 

w 1  21 46 

545 

58 
10 8 

2556 
1942 
1005 
51 7 
98 
47 
94  

1092 
1105 
107 6 
1054 
111 2 
1234 
1149 

108 5 

103 1 
1033 
992 

lo6 1 
102 1 
1138 

2773 
2002 
1038 
51 3 
104 
48 

107 

2556 
1 942 
1005 
517 
98 
47 
9 4  

Blank 0 
0 

2529 
2008 
1068 
534 
110 
44 
98  

2550 
1 974 
994 
51 0 
106 
47 
9 5  

992 
101 7 
1072 
1047 
1048 
936 

103 2 

3Apr SpikedBlanks 
w 1  
10096ConnellyFe (49pv) 
100%NiFe(467pv) 
100%CerconaFe (446pv) 

2500 
2099 
1 078 
532 
113 
46 

11 0 

2550 
1 974 
994 
51 0 
105 
47 
9 5  

980 
1063 
108 5 
1043 
107 6 
97 9 

115 8 

Blank 0 

0 
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%R = ( ad / Qa ) x loo 

Date Type Column ID 
1997 

Qd Qa %R 
(uen) (W 

7Apr SpikedBlank8 2697 
N1 21 12 
100%ConnellyFe (551pv) 1060 
100% Nih (53 1 pv) 569 
100%ceKxxlaFe (509pV) 105 

55 
9 9  

2723 
1907 
990 
537 
102 
44 
9 5  

Blank 

2550 
2009 
1029 
615 
99 
47 
9 4  

2550 
2009 
1029 
51 5 
99 
47 
9 4  

0 
0 

1058 
105 1 
1030 
1105 
106 1 
1170 
1053 

106 8 
949 
982 

1043 
1030 
936 

101 1 
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%R = (Qd I Qa) K 100 

Type Cdumn ID 
1997 

Qa %R 
(Wl) 

1 3 W  SpikadBhks 
RI1 
1ooscConnotlyh (109pV) 

1- NiFo (10 2 pv) 
1 m - h  (103pV) 

1156 

785 

838 

260 
124 
45 

25 
15 

8 0  

1180 

701 
588 

228 
91 
40 

22 
17 

10 1 

1081 
757 
5s3 

277 
104 

86 

21 
12 

8 3  

1180 
751 

boo 
274 

85 

49 

10 
13 

10 3 

Blank 

1- 
752 
53s 

275 
104 

52 
26 
16 

9 8  

lOB0 

752 
530 

275 
104 
52 
26 
16 

9 8  

0 

0 

1172 
792 

520 
280 
104 
52 

20 

10 

9 8  

1172 
792 

520 

280 
104 
52 
20 
16 

9 8  

0 

loo 2 
104 4 
iia4 
945 

1192 
805 

962 
500 

87 0 

108 4 

105 2 
1100 

82.0 

87 2 
773 

858 
m3.1 
103 1 

922 
950 

114 0 

909 
100 0 

120 9 
78 7 

71 8 

047 

100 7 
948 

1154 

97 e 
(I1 7 
942 
72.2 
78 5 

105 1 

n 
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Wnyl chloride (vc) 

%R = (Qdl Qa) x 100 

24Mar SpikodRbkn 
N1 
100% conndlyfe (31 2p3 

100%cemonafe (28opv) 

100% Nife (29 7 pv) 

Blank8 

27Mar SpikedBlanla 
Fv1 
100%ConnstlyFe(363pv) 
100% NiFe (34 8 pv) 

100%(kmonnFe ( 3 2 . 8 ~ ~ )  

Blank 

1389 
722 
543 

276 
99 
53 

39 

18 
10 7 

1217 
732 
509 

303 

118 
58 
9 0  

1143 
bw 

425 
216 
100 
50 

28 
18 
34 

072 

590 

428 
262 

102 
51 
14 
37 

1185 
710 
521 
201 
103 
53 

26 

16 
9 8  

1185 
710 
521 
281 
lo3 
53 

9 8  

0 

0 

1149 
877 

522 

279 

103 
52 
28 
10 

0 9  

1149 
677 

522 
279 
103 

52 

18 
9 9  

0 

0 

1172 
101 7 
104 2 
s82 
981 

100 0 

150 0 

111 7 
109 2 

102.7 
103 1 
97 7 

107 8 
1120 
109 4 
91 a 

995 
86.0 

81 4 
774 
97 1 
962 

loo 0 
960 

343 

616 

87 1 
820 

939 

990 

981 

87 5 
37 4 
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Analytical- 

Compound 

2Apr SpikdBknk 
N 1  
100% conndty Fe (47 pv) 
100% NIFe ( U  8 pv) 
100% c.roorU Fe (42.8 pv) 

Bhnk 

3Apr spiked81.nk 
FV1 
100%conndlyFe (487pv) 
100% NIFe (46 5 p3 

l O O # ~ F e  (U4pv) 

1300 
71 1 
564 

289 

114 
48 
34 

18 

12.1 

023 

801 
267 

06 
59 

29 

14 
14 6 

1174 
704 
516 
282 

100 0 

58 

26 
16 

10 0 

1114 
718 
537 

272 
103 
s2 
26 
16 

0 0  

1114 
537 
272 

103 
52 

26 

18 
00 

0 

0 

1172 
602 

537 
277 

109 0 
52 
26 
16 

0 8  
0 
0 

1167 
990 

loA8 

OB0 
110 7 
02.3 

120 3 

lo9 8 

1222 

020 

111 0 

082 
032 

1135 
1103 
854 

147 5 

1002 
101 7 
061 

101 8 

01 7 
107 7 

100 0 

loo 0 

101 0 
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%R = (Qd loa )  x 100 

Blank 

Blank 

501 526 

305 416 

278 205 
165 154 

101 109 

52 40 

25 25 
14 0 o s  

589 526 

430 416 

253 205 
108 154 

55 109 

22 25 
00  00  

' 0  

0 

1194 

535 

408 

210 

102 

62 

43 

70  

1008 

441 

417 

205 
104 
69 

52 

6 0  

1185 
551 

407 

218 

108 

72 
50 

0 0  

1185 

5 5 1  

407 
21 8 
108 

72 

50 

0 0  

0 

0 

052 

950 
1 3 5  6 

107 1 

927 
106 1 
102.0 

141 4 

1120 

103 4 
123 4 
70 1 

505 
898 

900 

100 0 

97 1 

m e  
06.3 

044 

861 

860 

70 7 

840 

800 

102.5 
040 

983 

058 

104 0 
606 
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Inorganic Analvses 

Redox potentlal (Eh) was determmed usmg a combmatlon Ag/AgCl reference electrode with a 
platmum button and a Marksonm Model 90 meter The electrode was standard- with 
ZoBellTM Millivolt readlngs were converted to Eh, usmg the electrode readmg and the standard 
potential of the Ag/AgCl electrode at a given temperature The pH measurements were made 
uslng a combmation pHlreference electrode and a Marksonm Model 90 meter, standardlzed with 
the pH buffer 7 and the appropnate buffer of either 4 or 10. A 2 0 mL sample was collected 
with a glass on glass syrrnge and analysed mediately for Eh and then pH 

Aqueous water samples are collected from the mfluent and effluent of each column and sent to 
MDS Environmental Services Ltd , 6850 Goreway Dnve, Mlssissauga, Ontano for catlon and 
amon analyses Catlon analyses Elude Fe (total), Na, Mg, Mn, Ca, K and a suite of other 
cations These analyses are performed usrng lnductlvely coupled plasma (ICP) The unfiltered, 
60 mL samples were acidfied to a pH of 2 with mtnc acid and stored at 4°C untll analysed 
Amon analyses, mcludlng C1, SO4 and others are performed on 120 mL unfiltered samples usmg 
ion chromatography Alkalmty is determrned by automated colonmetry 
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Table A2: Detection Lits (DL) 

Inoreamc ComDounds 

Iron, total (Fe) 
Nickel (Ni) 
Sodium (Na) 
Magnesium (Mg) 
Calcium (Ca) 
Potassium (K) 
Manganese (Mn) 
Sdica (Si) 
Zlnc (Zn) 

CNonde (CI) 
Sulphate (SO,) 

Alkalmty (as CaCO,) 

DL (mn/L) 

0 02 
0 01 
0 10 
0 10 
0 10 
0 50 
0 005 
0 50 
0 005 

1 0  
2 0  

1 0  

~ ~~ 
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Table A3: Inorganic concentrations of the colllmns for both influent effluent samples at 
steady state conditions. (nd= not detected) 

Calcium (Ca) 

Magnesium (Mg) 
14 8 

Phosphorus (P) 

Chlonde (Cl) 

Sulphate (SO,) 
55 59 

TDS (Calculated) 

1 4  nd 

14 
14 

58 
57 

45 
43 

2 1  0 26 
2 8  0 21 

1 4  8 8  
1 4  8 8  

0 13 006 
0 03 004 

97 95 
95 95 

52 54 
56 54 

e7 146 
97 143 
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I I 
Environmental Services Limited 

, 

Client Umversity Of Waterloo 
Earth Sciences Department - BFG 
Waterloo, ON", CANADA 
N2L 3G1 

Attn StephameF O'Hannesin 

Date Subrmtted 
Date Reported 
MDS Ref# 
MDS Quote# 

Apnl3/97 
ApIll10/97 

972823 
96-564-EG 

Analysis Performed 

' I Methodology 

1 

I 
1 

Certificate of Analysis 

-tY 
Ammollla 
AIUOIS(C~,NO~,NO~,O-PO~ & SO4) 
RCAP 50 Package, 24 Element ICPAES Scan 
Reacttve Sihca 

RCAP Calcula~ons 
Manual Conve~o&(pH,Turbi&ty,Conducttvlty, 
Dissolved Orgamc carbon, as carbon(Autoanalyzer) 

Lead, by ICP-MS 

1) Deternunatton of alkalmty m water by automated 
colounmetry 
U S EPA Method No 310 2 

c o m o u s  liqrud flow 
ASTM Method No D1426-79 C 
Refer - Method No 11OO106 Issue 122289 

by colonxnetry 
U S EPAMethodNo 300 0 or 
U S EPAMethodNo 350 1 ,354  1,353 1, 
365 1 and375 4 

2) Analysls of ammoma m water by colourrmetry m a 

3) Analysls of mons m water by ion chtamatography and/or 

A-67 

Page 1 
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Environmental Services Limited __ 

Client Unwemty Of Waterloo 
Earth Sciences Department - BFG 
Waterloo, ON", CANADA 
N2L 3G1 

I Date Submtted 
Date Reported 
MDS Ref# 
MDS Quote# 

4 1 1 1  3/97 
Apnl 10/97 

972823 
96-564-EG 

Attn. StepharueF O'Hannesm 

Certificate of Analysis R Methodology (Cont'd) 
4) Analysu of trace metals m water by induchvely coupled 

plasma atonuc -on spectrometry 
U S EPA Method No 200 7 

slllca 
Standard Methods(l7th ed ) No 45OO-Si G 

5) Analysls of sdicon m water by ICPABS and convemon to 
I 

I 
I 
B 
I 
I 

6) Analysls of lead m water by Induchvely Coupled Plasma 
Mass Spectrophotometry or by graph& furnace atonuc 
absorphon spectrometry 
U S EPAMethodNo 200 8(Mod1ficatlon) 
U S EPA MethodNo 239 2 

CalCUlatlOIL 

EPL Internal Reference Method 
8) Analysls of water for pH@y electrode), w&chnty(by 

measuring rtslstance m m c m  sluncns/cm), turbi&ty(by 
nephelometry) and color(by W Vmble spectrometry) 
U S EPA Method No 150 1, 120 1,  180 1 
and 110 3 

7 )  Deterrmnatlon of thcomcal RCAP parameters by 

Unrversrty of Waterloo 

I A-60 

.I Page 2 



I Environmental Services Limited 

Chent Umverslty Of Waterloo 
Earth Sciences Department - BFG 
Waterloo, ON", CANADA 
N2L 3G1 

I Date Submtted Apnl3/97 
Date Reported Apnl lO/W 
MDS Ref# 972823 
MDS Quote# 96-564-EG 

Attn StephameF O'Hannestn 

' I  
Certificate of Analysis 

I Methodology (Cont'd) 
9) Sample IS filtered, followed by the colounmetnc 

detemmahon of dmolved orgmc carbon in a 
commous hqmd flow 
MOE Method No ROM - 102AC2 
Refer - Method No 1102106 Issue 122989 

I 
I 

I 
I I SampleDescnphon. 

1 ,2)  Cobas Fara Centrifugal Analyzer 
3) Dioncx Ion Chromatograph, 45oOMlCUh or Cobas Fara II Analyzer 
4,5) Therm0 Jarrell Ash ICAP 61E Plasma Spectrophotometer 
6) PI3 Sciex ELAN 6OOO ICP-MS Spectrometer 
7) Calculahon from exlshng results, no instrumentabon requred 
8) Onon pH meterWometer Conductometcr/Turbi&ty meter/UV-Vwble 
9) Techcon Autoanalyzer 

Water 

I QNW Refer to CERTIFWATB OF QUALITY CONTROL report 

I 
I 

Refer to REPORT of ANALYSIS attached 

4 e m i i e d  BY 
Eva Cottenden 

Director, Laboratory Operahorn 

I 

I Unrvemty of WatcrIoo A-69 
I '  
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Client Umversity Of Waterloo 
Contact SqhameP O’Hamesm 

Analysls of Water 

MDS Environmental Services Limited 

Report of Analysis 

LOQ 

1 

0 05 

1 

0 05 

0 01 

0 01 

2 

0025 

0 005 

0 005 

0 05 

0 01 

0 003 

0 1  

0 005 

0 005 

0 003 

OM 
0 1  

0 005 

0 01 

0 01 

0 1  

o s  
os 

0 003 

0 1  - 

uw-57 

164 

nd 

84 

nd 

nd 

nd 

52 

nd 

0 124 

nd 

nd 

0 05 

nd 

61 2 

nd 

nd 

nd 

0 05 

14 5 

0 489 

nd 

nd 

nd 

5 3  

13 9 

nd 

53 5 

uw-57 

Replicate 

160 

nd 

na 

nd 

nd 

nd 

M 

nd 

0 124 

nd 

nd 

OM 
nd 

61 5 

nd 

nd 

nd 

006 

14 6 

0 488 

nd 

nd 

nd 

5 7  

14 0 

nd 

53 7 

UW-58 

LQQ 
M = Not Applicable 

nd 

LI Lrmt of Quanbtabon = lowest level of the pammder that can be quant~ficd wtth confidasc 

= paramder not detodad 1 = LDQ lugher than hstod due to dtlution ( ) Ad~Usted 

167 

nd 

91 

nd 

nd 
0 01 

55 

nd 

0 124 

nd 

nd 

0 05 

nd 

62 3 

nd 

nd 

nd 

OM 
14 8 

0 495 

nd 

nd 

nd 

5 3  

14 1 

nd 

542 

uw-59 

33 

nd 

97 

nd 

nd 

007 

61 

nd 

0 015 

nd 

nd 

0 16 

nd 

253  

nd 

nd 

0 018 

0 37 

8 5  

0 236 

006 

nd 

0 2  

5 9  

1 8  

nd 
55 2 

41.6 pc 
uwdo 

97 

nd 

97 

nd 

nd 

nd 

52 

nd 

0 067 

nd 

nd 

0 87 

nd 

55 0 

nd 

0 010 

nd 

78 0 

14 1 

2 %  

0 03 

1 63 

445  

5 9  

1 4  

nd 
57 6 

Unrversaty of Waterloo 72 
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Client Umverslty Of Waterloo 
Contact Stephame F O'Hannesm 

Analysls of Water 

MDS Environmental Services Limited 

Report of Analysis 

Report Date 
MDS Ref # 

Parameter 

0 005 

0 05 

005 

0 01 

0 005 

0002 

M 

1 

1 

M 

5 

1 

0 1  

0 01 

M 

M 

0 1  

M 

M 

1 

0 1  

0 5  

- 

units 

& I 3  
uw-57 

0 417 

nd 

nd 

nd 

nd 
0002 

6 72 

163 

nd 

6 12 

JM 

655 

213 

0 os 
0202 

-0 198 

7 7  

7 48 

7 88 

383 

0 4  

2 0 3  

uw-57 

Repuepte 
0 418 

nd 

nd 

nd 

nd 

JM 

658 

7 7  

m 

uw-58 

0 421 

nd 

nd 

nd 

nd 

0 005 

7 05 

167 

nd 

6 82 

6 

656 

217 

1 63 

-0 234 

-0 634 

7 2  

746 

7 86 

397 

0 3  

19 1 

LOQ = h u t  of Qmntrtntron = low& level of the paramctu that can be qumbfied with confidence 

= NotRcquested 

na = Not Applicable 

nd 

na = Insuffiaent Sample Submtted 

= parameter not ddcded I = IAlQ lughex than hated due to Lluhon ( ) Adjustad LAX) 

UW-59 

0 194 

nd 

nd 

nd 

0 085 

0004 

4 67 

33 

nd 

4 51 

11 

498 

98 1 

177 

-1 50 

-1 90 

7 1  

8 55 

8 95 

275 

0 2  

203 

4 n i  IO/W 
972823 

96-564-EG 

e 
vi4 b B  - 

uw-60 

0 381 

nd 
nd 

nd 

0 132 

0 008 

5 16 

97 

nd 

6 51 

82 

660 

1% 

6 52 

-1 17 

-1 57 

6 6  

7 75 

8 15 

341 

340 

18 4 

Universrty of Wateho 
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Client Uxuvemty Of Waterloo 
Contact Stephame F O’Hannesm 

Analym of Water 

MDS Environmental Services Limited 

Report of Analysis 

LOQ 

- 
1 

0 05 

1 

0 05 

0 01 

0 01 

2 

0025 

0 005 

0 005 

0 05 

0 01 

0 003 

0 1  

0 005 

0 005 

0 003 

002 

0 1  

0 005 

0 01 

0 01 

0 1  

0 5  

0 5  

0 003 

0 1  - 

units 

3 4 w  

146 

nd 

95 

nd 

nd 

nd 

54 

nd 

0 093 

nd 

nd 

005 

nd 

58 a 

nd 

nd 

nd 

109 

14 6 

0 259 

0 03 

nd 

nd 
5 7  

a a  
nd 

55 8 

39 

nd 

94 

nd 

nd 

006 

59 

nd 

0 016 

nd 

nd 

0 15 

nd 

254 

nd 

nd 

0006 

0 17 

8 a  

0 102 

007 

nd 

0 1  

5 8  

2 6  

nd 

55 1 

u w 4 3 ‘  

U)Q = h u t  of Quanthtion = lowest level of the parameta that can be quanmed wth confidence 

= Not Rquested 

= paramctcx not dctcdod 1 = LOQ lughex than hated due to &luhon ( ) Mpsttd L.QQ nd 

97 

nd 

95 

nd 

nd 

nd 

56 

nd 

0 068 

nd 

nd 

0 83 

nd 

55 2 

nd 
0 008 

nd 

652 

14 0 

2 81 

0 03 

140 

43 3 

5 7  

1 4  

nd 

57 2 

uw-64 

143 

nd 

95 

nd 

nd 

0 14 

54 

nd 

0 086 

nd 

nd 

0 05 

nd 

57 1 

ad 

nd 
nd 

0 59 

14 2 

O Z M  

0 03 

nd 

nd 
5 5  

8 8  

nd 

55 0 

ApnllOi97 
972823 

96-564-EG 

uw-64 

Replicate 

Unrversrty of Waterloo 14 
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I 
1 

Client Umverslty Of Waterloo 
Contact Stephame F O'Hannesm 

I 

Analysls of Water 

I 

MDS Environmental Services Limited 

Report of Analysis 

- 
toQ 

- 
0 005 

0 05 

0 05 

0 01 

0005 

OOCn 

M 

1 

1 

M 

5 

1 

0 1  

0 01 

M 

M 

0 1  

M 

M 

1 

0 1  

0 5  

- 

units 
UW-61 

y\ QQJ 

0 422 

nd 

nd 

nd 

0 059 

0 018 

6 14 

145 

nd 

6 IO 

19 

661 

m 
025 

0064 

-0 331 

1 6  

I 55 

I 95 

381 

3 3  

18 4 

Report Date Apnl10/97 
MDS Ref # 972823 
MDS Quote # 96-564-EG 

UW-62 

0 192 

nd 

nd 

nd 

0023 

0 008 

4 65 

39 

nd 

454 

9 

501 

995  

1 21 

-1 03 

-1 43 

1 4  

8 41 

8 87 

n 4  

0 3  

18 5 

445% p\l 

~ 

0 381 

nd 

nd 

nd 

0 032 

0 010 

5 I9 

97 

nd 

654 

8 

633 

1% 

6 11 

-1 11 

-1 51 

6 6  

7 75 

8 15 

343 

19 8 

18 5 

COQ Lnut of Qruntrtatron = lowat level of the prnmder that can be quantrficd with confidence 
= Not Requcstcd 

na = Not Applicable 
nd = paramdu not ddcdcd 1 = LOQ lugher than listed due to dhtton ( ) AdJusttd LOQ 

~ 

0 411 

nd 

nd 

nd 

0 039 

0 012 

668 

142 

nd 

6 55 

15 

651 

201 

0 98 

0 232 

-0 168 

I 8  

I 51 

797 

316 

2 4  

16 9 
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