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Acbnide Migration Studes at the Rocky Flats Envlronmental Technology Site 
The Effect of Soil-Water Redox Potential on 239% Solubility 

Significant results of the FY 1999 study 

Overall: 
Results of electrochemical cell and core incubatton expenments do not prowde support for the 
hypothesis that reducing condttons in soil/water systems at Rocky Flats Enwonmental 
Technology Site yield enhanced 239% solubility 

Terminology: 
Throughout thls report, placing the word dissolved in quotes (1 e ,  'dissolved') indcates that an 
operabonal definibon of dissolved is used, i e ,  those constttuents that pass a 0 45 p filter 

Water quality cntena are listed in terms of acttvity (eg ,  pCi L-'), Qscussion of chemical 
processes require concentrabon (e g , M or m) The followng conversions can be used 239% 

(1  pCi L" = 67 64 fM), "'Am (1 2 fM) 1 fM = lo-'' M 1 pCi = 10"* Ci 

Specific results: 
Fiscal Year 1999 redox cell results confirm FY 1998 findmgs 
"93?Pu solubility (defined as the acttvity of 239% released from the soil phase upon 
suspension of mil parhcles in an aqueous solution, and which passes a 0 45 pm filter) over a 
range of redox condbons (-90 mV < EH < +800 mv) is relabvely limited for these 
expenments The maxlmum hcfional 239?Pu solubility observed for the expenmental 
condttons was 0 18% of total Pu soil actwity For the condittons of the expenment (10 g L" 
soil suspension = 3 1 x lo3 pCi, pUr = 2 1 x 10' fM), the highest observed 'dmolved 
concentrabon was 6 17 p C i  L-' (4 16 x 10' fMJ 
Although Pu and Am 'dissolved' acbvibes in the analyses reported here are low, they are 
generally at or above Site surface water amon levels 
u9% solubility decreases under moderately-reducing conQttons & < 200 mV) by about 
2/3 relative to oxldmng condittons (+SO0 mv) 
The decrease in Pu solubility wth a lowering in system & is consistent wth a reducbon of 

a'Am solubility is, wthm expenmental error, independent of system EH This result is 
consistent wth the redox independence of Am(m) 
Tangenttal flow ultrafltrabon of soluQons in equilibnum wth soil isolates indicated that 
colloidal (10K Dalton to 0 4 pm) Pu accounts for approximately 75 percent of the 'dmolved' 
Pu at EH values of both +800 and -90 mV 
Redox cell analysis of Pond B4 sediments also produced limited 239% solubility (ca 0 1 to 
0 6 pCiL = 6 7 to 40 1 fM) over the EH range evaluated (-90 mV < EH < +800 mv) 
Laboratory incubabons of sediment cores collected at Pond B4 and SED029 were 
accomplished under condittons designed to accelerate microbial processes and encourage 
reducing ConQQons in sediments Strongly reduang (-234 mV < EH < -387 mV SEDO29, -247 
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mV < I& < -353 mV Pond B4) condibons were achieved in the incubated sample sedrments 
along wlth evldence of enhanced microbial activlty in the sedimentlwater incubabon systems 
A decline in the sedrment-core redox level was sigmficantly enhanced by tandem amendment 
of carbon and nutnents to the sedimentlwater system 
Under the reducing condbons ach~eved in the sedrment incubation chambers, signtficant 
solubilizabon of iron and manganese from the sedrments to the overlying water column was 
acbeved 
The extent of reductwe drssolubon of iron and manganese was maxlmally enhanced by singular 
amendment of microbially-ubhzable carbon (lactate) as compared to other amendment 
combinabons used in thls expenment 
Loss of the stenle integnty of imadated control samples precludes any defimbve conclusion 
regarding the potentd role of microbzaZZy-z~~ced-~edox condbons on potentd 
solubilizabon of plutomum However, limited conclusions regardmg redox-drzven potenbal 
solubilization can be made by companson of matnx controls and samples 
Based on post-incubahon analysis of ‘dissolved’ (<O 45 pm) 239% in the Pond B4 matnx 
water control and Pond B4 expenmental samples, there was no measurable evldence of 
enhanced 239% drssolution from sediments to the water column under the reduang 
condrbons established in the incubabon exPenment 

10 Based on post-incubabon analysis of ‘dissolved’ (<O 45 pm) 239% in laboratory Nanopure 
water (SED029 matnx water control) and SED029 expenmental samples, there was no 
substanbve evldence of enhanced 239% dssolubon from Aments  to the water column 
under the strongly reducing condrbons established in the incubabon expenment 

1. Introductioe 
The chemical behavior of plutomm in response to changtng sal enwonmental condioons at 
Rocky Flats may have a significant impact on approaches to remediabon and strategtes for long- 
term closure of the Site Work preformed at the Colorado School of Mines dunng Fiscal Year 
1998 (Honeyman, 1998) imbated an exarmnabon of 23g*% and % l A m  solubility over a range of 
EH values through the use of an electrochemical cell Fiscal Year 1998 results led to the 
preliminary conclusion that 2 3 9 ~  solubility in soil (soil isolate # 97L1879-002)/water slumes 
does not increase wlth decreasing I& (+800 to -90 mv), indeed, 239% solubility sipficantly 
decreased below ca +200 mV relabve to more oxldizing (+800) electrode potenbals 

Work dmng thls fiscal year (FY 1999) focussed on evaluatmg our ability to generalize the results 
of the FY 1998 work Results descnbed in this report follow from two expenmental strateges 
1) contmued analysis of 239% solubility using the EH cell, 
2) a laboratory incubabon experiment designed to address issues of the potenhal response of 

extant plutomum forms and host soil sediment phase consbtuents (iron and manganese 
oxyhydroxldes, and natural orgmc matter) in intact sediment cores exposed to condrbons 
favonng microbially-mediated reductive condiQons (by nabve microbial popuhons), and the 
potenhal for subsequent release of Pu from the host phases 

In the first approach, system J& was regulated through an imposed potenbal using plabnum (Pt) 
electrodes connected to a potentiometer In the second approach, system EH was likely the 
consequence of microbial amvity rather than an externally-imposed potenbal 
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Figure 1 presents conceptual models illustratmg potenhal effects of changmg system redox on Pu 
solubility Soil pamcles are 
represented as a suite of irregular shapes surrounded by an aqueous phase In this figure, Pu is 
shown as sorbed to an iron oxyhydroxide pamcle Under certEun circumstances, a decrease in 
system redox (1 e , a lowenng in E;s may result in the reductwe dssolubon of the iron hydroxide, 
el3 

Figure la shows a section of a hypothetd soil/water system 

Fe(OH),(s) + 3H' +e- = Fe2+ f 3H,O V I  
A loss of the sorbent (1 e ,  the Fe(Oq3) may result in a release of the Pu to the aqueous phase 
Typically, plutonium has a limited solubility (lW14 to 10'' M) and is not expected to be 
transported to any appreciable extent as a soluble species (e g , Graf, 1994) However, 
contaminants of low solubility may be transported through porous m&a through associatron wth a 
mobile, non-aqueous phase (McCarthy and Wobber, 1993, and references therein, Honeyman, 
1999) This mobile phase may consist of micro-parhcles or colloids 

Another scenario wth respect to Figures la and lb is that the Pu, rather than sorbed to the iron 
omde parhcle, is in the form of mcrometer-sized Pu02(s)' parhcles h c h  are aggregated wth the 
immobile iron oxide soil phase The reductwe dissolubon of the iron omde could result in the 
release of the colloidal Pu species to the flwd stream Considerable research has been conducted 
on the transport of contaminants by colloidal matenals (eg ,  Ryan and Elemelich, 1996) and 
evidence supports the limited transport of colloid-associated Pu through Rocky Flats soil 
macropores (e g , Ryan et ul , 1998) Alternatwely, the Pu may be present in a relatwely insoluble 
form (Figure IC) and subsequently transformed into a more soluble species through changes in 
system redox status (Figure Id) 

Under ce-n condbons, sediment microbiota are capable of influencing the rate and extent of 
redox transformattons of redox-sensitwe elements in sedments At WETS, condbons for such 
transformabons may be expected to be especially pertment to areas of permanent or ephemeral 
water cover (e g , interceptor pondshterceptor ditches) mth microbially actwe sediment-water 
interfaces that are relattvely nutnent and carbon-nch and that contam sedments wth actwe 
established rmcrobial populaaons It has been noted (U S DOE, 1997), for example, that at Pond 
C-2, the annual spnng "turnover" coincided temporally wth concurrent, elevated 'dissolved' 
manganese and plutonium concentrattons in pond surface waters, suggestmg potent~al microbial 
effects on plutonium solubility The spring "turnover" in ponds, and surface water influx to 
interceptor ditches, may be reasonably assumed to be accompmed by increased &mendwater 
column temperatures, influx of &on and nutnents from spnng snowmelt, runoff, and ram events, 
wth accelerated microbimc activity resultmg from these factors 
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Figure 1 SchematJc dlustrabon of  postulated, potenbal Pu release to the solwon phase through the 
reductwe dmolution of host soil conatuents (a, b) or change rn Pu omdabon state (c, d) Refer t 
the text for a detalled explanatxm Work concluchg th~s fiscal year mhcates that sipficaut 
transport of  Pu though the ‘dissolved’ pathway, as delineated m the Site Conceptual Model, is not 
extant Smlarly, work concluded th~s fiscal year demonstrates that soil reducmg concbhons do not 
enhance Pu ‘solubility’ relatwe to omdrmg con&bons 

4 

Best Avaibk Copy 



2. Materials and Methods. 
2 I 
Enwronmental samples &om three locabons were used in the FY 1999 work 

Sample locatrons and form 

Soil isolate 9x1879-002 ThIs sample was prowded to CSM by Rocky Mountam Remedtatron 
Services for the FY 1997 work, from a locatron SW of the 903 Pad in the ‘lip’ area The soil 
sample consisted of a ‘box core’ (ca 10 cm x 10 cm x 10 cm) from whch rocks and debns greater 
than approxlmately one-half centtmeter were removed Six hundred and forty two grams remaned 
of the ongnal sample ThIs porbon was split using a Humboldt Model H3973 bffle Splitter by 
passing the sample through, collectmg one-half, passing it through, untrl eighty grams remaned 
Thus, three passes were required The eighty grams were then used as the stock fiom which 
indtvidual sample aliquots were taken for analysis 

Pond B4 and SED029 Field sampling for core acquuitron and in-si& physico-chemical 
parameters Field sampling for core acqusitron and measurement of in-situ physico-chemical 
parameters was accomplished on March 10, 1999, by Andy Carpentex and Bob Henceman 
(Commodore Advanced Sciences), and wtnessed by kchard Harnish (Colorado School of 
Mnes), Greg Wetherbee (Wnght Water Engneers, Inc ) and Win Chromec (RMRS) Sampling and 
analysis confomed to protocols outlined in the Sampling and Analysis Plan for thls project 

Core samples were collected at two sites 1) PondB4, at the southwest edge of the pond adjacent 
to tall marsh habitat Pond B4 is located in the South Walnut Creek watershed downstream of the 
B-Senes Bypass, which routes South Walnut Creek to Pond B3 (Figure 2), and 2) apprommately 
200 feet upstream of SBD029, near the center of the SID transect SED029 is a tall marsh habitat 
located in the SID (South Interceptor Ditch) just downstream of the 903 Lip Area (Figure 2) 

Figure 2 Site map showmg the locabons of incubatton core sample acqulsiQon 
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On the day of sampling, the weather was clear, cool, wth moderate wnds Sampling took place 
from approximately 9 AM to 4 PM Pond B4 was ice-free, and SED029 surface soil was moist, 
but wlth no standing water in the immedate sampling area 

Depth Below the 
Se&ment/Water 

Interface 
(Inches) 
Interfwe 

1 
2 
3 
4 

2 I I PondB4 Physiochemical parameters of the se&ments and water column were measured 
before core acquisibon began pH, & and the temperature of the d m e n t s  at the &mat-water 
interface were measured by inserting pH, I&, and themistor electrodes into the sediment and 
recordmg responses at 1, 2, 3 and 4 in depth into the sediments (Table 1) Measurements of pH, 
alkalimty, ‘dissolved’ oxygen were performed on Pond B4 water, and samples were field- 
processed for Fe(It)/total Fe analysis 

Temperature PH EH Dissolved 
(“C) (mW w g e n  

(md)  

3 8  8 05 96 8 9(’), 9 3” 
4 3  7 8  -39 6 
4 5  7 8  -69 3 
4 7  7 8  -158 
5 0  7 8  -190 5 

Table 1 Pond B4 In-situ physical and chemcal parameters measured in the field on the day of 
sampling (1 0 March, 1999) 

Bulk water samples were taken (ca 16 L of pond water) Eighteen se&ment cores were acqwed 
from a boat by manually pushmg 6 in long x 2 in hameter core tubes into the sediment and 
capping them before retneval above the water surface Effort was made to mimmize hsturbance 
of the sediment-water interface and exposure to atmosphenc gases dmng sampling The cores 
were kept in an upnght posibon at all bmes The water column overlyng the seQments at the 
sampling locabon was approximately 6 to 8 in deep On retneval, cores were labeled, caps 
taped, and cores stored in a vemcal posinon Following rad-screemng at WETS, the cores were 
delivered to CSM on 15 March 1999 and were immehately frozen at -4 “C Delays necessitated 
by rad-screemng precluded analysis of time-sensihve (4 to 6 hours) Fe(II)/total Fe samples at 
CSM 

2 I 2 SED029 Eighteen sediment cores were acqulred using a core dnver assembly and 6 in x 
2 in diameter core liners On retneval, cores were immediately capped, sealed, labeled, and 
stored in a vertical posiQon Followng rad-screening, the cores were dehvered to CSM on 15 
March, 1999 and were immediately frozen at -4 OC No surface water was evident in the vicinity 
of the sampling site No zn-szta physico-chemical measurements were made at the site 
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TIE of solvwater~edox on 239 240pU 

2 2 Sample dzsposztzon Of the 18 sehment cores and 16 L of pond water collected at Pond 
B4, and the 18 sehment cores collected at SEDO29, one-half of all samples (9 B4 cores, 8 L of B4 
water and 9 SED029 cores) were sent to Peter Santsch (Texas A&M University at Galveston) for 
related research 

2 3 Tracers 242Pu vzeld tracer The 2A2Pu used by CSM was NIST standard solubon NIST 
SRM 4334F at 28 26 Bq S' wth a relattve expanded uncemnty (k = 2) of 0 74% Z43Am weld 
tracer The 243Am used by CSM was NIST standard solubon NIST SRM 4332D at 36 27 Bq g' 
wth a relative expanded uncemnty ( b 2 )  of 0 78% 

2 4 239p240Pu radzochemzstry 
Aqueous soluttons were generally acidified wth  mtnc acid, 2A2Pu and %'Am yield tracers were 
added, and the acihfied solutions were taken to dryness on a hotplate [Note the water column 
samples for the incubabon experiments were aciddied but taken directly to the Fe precipitabon 
step ] Residues from drying were re-dissolved in nitric acid and treated wth sodium nitnte for 
valence adjustment Fe carrier was used to co-preapitate the actmides as an iron oxyhydroxide 
pH adjustment was made wth ammomum hydromde The precipitate was removed fiom solubon 
through centnhgabon, re-dissolved mth 9 M hydrochlonc acid and the solubon passed through an 
amon exchange resin Pu was then eluted and ceprecipitated wth neodymium as a fluonde 
Finally the microprecipitate was mounted on a filter and assayed using alpha pulse height analysis 
Deals of the radmchemical SeparaQons for Pu can be found in Appendix 2 

2 5 "'Am radzochemzstry 
The Am fracbon was dned on a hotplate then re-dissolved in a mtnc acid/methanol solubon and 
fiuther punfied using an amon exchange resin to separate the Am from other actrnides and matnx 
elements The Am was then put through a TEVA Resinm column using ammomum thtocyanate as 
a complmng agent to separate the Am from lanthanides and act~mum The Am was then c e  
preapitated wth neodymium as a fluonde Finally the rmcroprecipitate is mounted on a filter and 
assayed using alpha pulse height analysis Detads of the radiochemical separattons for Am can be 
found in Appenhx 2 

2 6 
An environmental isolabon system was developed (qq v , Honeyman, 1998) to study the effects of 
reducing enwronments on the release of metals and radronuclides from a soil matnx to solutton at 
specified EH values The system as uttlized 

Experzmental apparatus for regulahng system EB (or pe) 

provides a controlled redox environment, 
allows for the conmnment a soil/water sluny unth constant mxlng, 
allows for penodic spectrophotometnc measurements unthout exposure of samples to 
oxlhztng condibons, 
provldes a vanable electncal potenttal and electron current across the slurry, 
allows for the relabvely rapid determinabon of system redox potentml&), 
provides the means for rapid separabon of the liquid and solid phases, thereby effectwely 
halttng further reacbon, 
provides the means to easily monitor and adjust the pH at penodic intervals, 
allows the removal of samples and the introduce new matenal and equipment into the isolabon 
chamber unthout compromising the redox status of the experimental enwronment 
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The followng equipment was ubhzed in the creabon of the redox control system (Figure 3) 
1 Coy Laboratory Products, Inc Anaerobic Chamber and associated Manual Anlock 

(collectwely referred to as the glovebox), 
2 IBM Instruments, Inc EC/225 Voltammetnc Analyzer (Potenbometer), 
3 GeoFilter large diameter filtenng apparatus, 
4 Onon Model 720 pH meter and electrode, 
5 Roy Mlton Co Spectronic 20, 
6 110 volt low RPM stsmng motor, 
7 An electrochemical cell of in-house design for the regulabon of electrochemical potenbal and 

sample mantpulabon (Figure 4) 

In addibon to the equipment listed above, the followng matenals were also utdized 
1 A suite of redox indicators (Sectton 2 7), 
2 0 45 gm large diameter membrane filters, 
3 0 45 pm synnge filters and synnges, 
4 a Zeolite 0, scrubber, 
5 02- free nitrogen (<O 5 ppm) 

2 6 1 AnaZysls procedure All equipment and matenals were introduced into the chamber pnor 
to the evacuabon of ambient a r  and subsequent purgmg and filling wth mtrogen The equpment 
internal to the glovebox was disassembled to allow glovebox evacuabon to the greatest extent 
possible Equipment external to the chamber included the potenbometer, the mtrogen cylinders and 
the zeolite oxygen trap Figure 3 is a schemabc illustrafion of the glovebox and associated 
instrumentabon A pump attached to the atrlock was used to purge the glovebox of gas The 
chamber was filled wth oxygen-free nitrogen and purged for three cycles before the final inflabon 

Two sources of mtrogen were used throughout the expenmental penod The mtrogen entenng 
through the arlock was not further punfied of oxygen from the mandacturer’s speaficatmn of <O 5 
ppm This N2 source was used to refill the chamber and zilrlock after evacuabon of ambient a r  
The second source of <O 5 ppm mtrogen was further scrubbed of 0, by passing it through a zeolite 
trap pnor to entenng the chamber This second source was fed into the bottom of the cell through 
the 5 pm pre-filter/ sparging system that was mounted in the base of the cell apparatus (Figure 4) 
The filters acted as spargmg dewces to bsperse the mtrogen into the slurry Throughout the 
durabon of an expenment, a constant flow of nitrogen passed through the cell, over-pressunng the 
cell and the glove box relabve to ambient pressures thereby preventmg glovebox gas (< 0 5 ppm 
0,) from entenng the cell and ambient room zilr from entenng the glovebox Expenence unth the 
cell and glovebox system demonstrated that a bered gas isolabon system is reqwsite for achewng 
low EH values 



Zeolite 0, 
Scrubber 

Spectrophotometer 

Figure 3 Bagram of the glovebox arrangement developed to m a t a m  reducing condmns Two 
sources of & are used to isolate the glovebox intenor from ambient Q 1) hgh punty N (c0 5 
ppm 02) is the ptunary gas for glovebox &&on, 2) hgh punty NZ whch has been scrubbed of 0, 
by a mhte 02 trap IS used duectly for cell spargmg A senes of valve mmpuhons allows in situ 
separatm of suspended sod partdes from the solutron phase through the use of two flters ~II senes 
1) a 5 0 jm stanless-steel prefilter at the cell base (Figue 4), a 045 jm Nuclepore filter 
Adhbonal equpment mcludes an IBM EC/225 Voltammetnc Analyzer, an Onon Model 720 pH 
meter and a Rov M b n  Co S~ectroruc 20 

A four gram sample was weighed out to the nearest milligram and placed in the cell Four hundred 
milliliters of 1 0 mM potassium chlonde aqueous solutson was also added to the cell A Teflon- 
coated impeller attached to a stmng motor kept the slurry well mixed throughout the expenmental 
penod Sufficient redox indicator was then added to the soil/electrolyte slurry such that the initsal 
percent transmittance readmg from the spectrophotometer was between 10 and 50 (apprommately 
1 mM in total indicator) Readings were taken as soon as the indxator was well mixed in order to 
establish the iniiml indicator concentratton 

htmlly, a three electrode system was used to apply a potenbal to the cell (Figure 4) A 
silvedsilver chlmde reference electrode was immersed in the slurry Two platmum mesh 
electrodes were sealed in posiaon wth thar leads protruding upward through the top of the cell 
The mesh electrodes were completely immersed in the slurry at dmmetncally opposed posibons 
near the wall of the cylindncal cell Eventually, the three electrode system was abandoned in 
favor of the two electrode system Since the potentd established in the slurry was detemned by 
the indicators, the applied potentral had little relevance except in affectmg the rate and the stabilit 
of the redox process (It was found that applyng a potenbal of negatsve two volts over a penod 
of @me could have a destructwe effect on one or more of the indmtors ) Other types of studies 

* 

9 

Best Available Copy 



may warrant the use of the three electrode system 
electrode system was found to be simpler and saicient to prowde a stable pokntml 

For the purposes of this study, the two 

2 6 2 Reduction ofN.04  The followng paragraphs descnbe the procedure followed for the 
redumon of sample NRW All samples were reduced using slight vanaaons on the NRO4 
procedure 

After the NRMKCI slurry contaming the indcator was thoroughly mixed, no potenhal was 
applied dunng the first several hours Spectrophotomettrc measurements were taken every few 
hours to determine if the indicator would be stable in the slurry wth no bias applied A 
disposable pipette was used to remove several milliliters of slurry from the cell into a clean 
vessel A synnge fitted wth a 0 45 p m  filter was used to remove approximately 4 mL of solubon 
from the settled slurry, leaving as much of the NR04 solids in the vessel ad possible 

Figure 4 Detrul of the cell constructed to regulate system EH 1 Platmum electrodes, 2 
combmabon pH electrode, 3 N2 gas sparger/filtr&on port with 5 0 pn statnless steel pre-filter and 
hose bib for connecbon of the flud stream to a downstream 0 45 pm Nuclepore filter (Figure 3), 4 
Teflon sturer, 5 reference electrode, 6 N2 inlet port for cell pressunzabon, 7 port for slurry 
extracbon 

Since every measurement of this type removed a small amount of solids from the slurry, esbmates 
of the total solids removed were made and correchons for a changmg solidholuhon rabo were 
included in data concentration calculations Solids loss determinations were made by weighing 
ten bed filters contsuning filtered solids and companng to the weight of ten unused filters In the 
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study of sample NR04, approximately 0 8 grams of solids were removed throughout the 24 day 
expenment 

Indicator analvsis Cmj v . Seaon 2 7 1  After sample filtrabon, the separated aqueous phase was 
immehately put into a photometry cell and measured for percent transmttance at a wavelength of 
600 nm The separated solubon was then returned to the cell Occasionally, the filtered aqueous 
portion was removed from the glove box to test for reversibility of the reduaon reacbon As 
indicated as part of the indicator selecbon cntena, indicator reversibility is cnttcal to ensure tha 
loss of the oxi&zed species color is due to indxator reductton and not loss through processes such 
as degradabon or sowon Sample oxidatton was carrred out by bubbling rur through the solubon 
for several minutes On at least two occasions m02B and NR03, data not reported), thls 
reversibility was not demonstrated and the expenmental data were determined to be invalid 

Sample NR04 showed a frurly immediate drop in color intensity (9 2 to 18 9 % transmittance) 
pnor to applying a potenbal Such a reducbon may be due to the presence of electron donors in the 
soil or some other process removlng the indicator from solubon Over the course of the NRO4 
study, nearly thlrty indicator& measurements were made Of these, five, at intervals throughout 
the study, were taken to demonstrate reversibility For all five samples, spargtng with ambient rur 
returned the indmtor to a percent transmttance value very near the value ob-ned near the 
bepmng of the study 

The slurry was mantamed at a pH of 7 2 throughout the study though step-wise additton of a weak 
solubon of HC1 as the solutton pH tended to increase as the expenment progressed Note that the 
redurnon of the oxlQzed form of the pe indmtor (eq 2) contnbutes to the consumptton of protons 
and an increase in solubon pH 

Spargmg the electrochemical cell wth & resulted in a small, contrnuous loss in water Thls lost 
water was penodically replaced when the water level decline was nobceable, that is on the order 
of 10 milliliters or 2-3% of the total volume Th~s evaporatwe loss and water reintroductron 
introduces a small uncemnty in the measurements 

Once the target EH and reamon bme were obtamed, the aqueous phase was quickly separated from 
the solid phase by pressure filtrabon 1) the sbrnng motor was turned off, the shaft of the propeller 
disconnected from the motor shaft collar and the propeller shaft allowed to drop below the top of 
the gude tube through which it spins dunng operabon, 2) the top of the grude tube was sealed off 
using a connector and plug threaded to match the threads on the connector tube All other ports 
were sealed wth plugs, 3) the nitrogen spargmg line was closed and a connecbon was made to a 
second valve at the top of the cell (Figure 4 #6), 4) a third valve was opened at the bottom of the 
cell allowng the solubon to leave the cell and travel through a tube to the filtenng device (Figure 
3 #3), 5) pressure to the cell was increased to 80 psi and the solution was forced out of the cell 
thraugh the 5 pn prefilter and 0 45pm Nuclepore filter, and into a receiving vessel, 6) the aqueous 
solubon was then removed from the chamber and the volume measured In the case of NRM, 
approximately 66 mL remamed in the cell after pressure evacuation A correcbon factor (0 835 
for NR04) was used in subsequent actwity calculations 

After phase separahon the aqueous phase was re-oxldzed by bubbling ambient au  into the 
soluQon for a pmod of several minutes An aliquot of the soluQon was then tested in a final check 
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of inhcator reversibility 
transmittance value of 27 9, at 600 nm The sample was then submtted for B9'?Pu, 
alpha pulse haght analysis and stable elements by indumvely coupled plasma analysis 

In the w e  of NR04, the soluQon was re-oxiQzed to a final ercent 
Am by 
P 

indigo-5,5', 7,7'-tetrasul fonate 
InQgo-5,5'-dlsulfonate 

2 7 Redox indicators 
Electrode measurements of soil and sediment values are relatwely easy to make but their 
interpretahon is hindered as a consequence of pracbcal and theor&cal limitattons (eg ,  
Thorstenson, 1984) More accurate methods of redox determination involve the measurement of 
m-sztu oxldned and reduced forms of target indicator elements, e g , Fe@)/Fe@I) Problems with 
thrs approach include the concentration of indcator elements at or near the detemon limit of 
rouhne analytical methods and redox-active species that may not be in eqdibnum An addrtronal 
method of assessing system redox is the addifion of colored redox indmtors to the system under 
consideration Selecbon cntena for indicators include (after Tratnyak and Wolfe, 1990) 1) the 
reversibility of the redox couple, 2) that the colors of the indicator must be easily distmguishable 
in sediment suspensions, 3) that the color of the oxidized and reduced forms of the inchcators must 
not be strongly affected by pH, 4) that the owhzed and reduced forms of the indicators must have a 
negligble tendency to sorb, and 5) that the inhcators must have a moderate water solubility 

-0 046 -078 622 124 
-0 125 -211 489 978 

Tratnyak and Wolfe (1990) evaluated a suite of indrcators for use in evaluating the redox status of 
anaerobic sediments Table 2 lists the properhes (Wurmser and Baneqee, 1964) of the redox 
indmttors used in &IS study 

Table 2 Thermodynamic properhes of redox inlcators 

Indicator 
I ... , . I I I 

2,6-dichloro-indo-phenol 0 217 I 367 I 1067 1 213 

w b  and n, =the sto- (eq 1) forthe tmskof p t o m  0 andekdmm (e) 

The redox reactions of all three indxators can be descnbed by the following general reachon 

where Ox and Red represent the oxldized and reduced forms of the indicators, respedwely The 
concentrations of the oxidized forms were followed through analysis of soluhon absorbance, 
relative to a blank, at -600 nm, the approximate absorbance maxima The pe correspondmg to a 
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calculated loss in the oxdzed form was determined from a log q versus pe diagram (Figure 5) 
The fracbonal reducbon of the indicator is defined as 

The indicators are blue in color when in their oxidzed form and are colorless or yellow in their 
reduced form 

r " 
I 

'" 
\ .. I " "  -....*.. I t .  I.. ..I s. ""." "..." ""....I I"" I 

- lu  
-4 0 4 8 12 16 20 

Pe 

Figure 5 Log hct~onal &stnbutIon (a) of the redox m&cator 2,6-d1chloro-mdo-phenol as a 
hctlon of pe See Table 2 for mddcator charactenstm a, is the fiacbon of the m&cator m the 
orn&zed (colored) form, al is the h h o n  m the reduced form pe values can be converted to EH as 
described m the footnotes to Table 2 
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EH (mv) 
-90 +165 

-9 
-10 -1 1 

-12 
-13 
-14 

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 7 8 9 1 0  

Pe 
Figure 6 Cornpanson of three mdlcators used to ascertslln system I& a, is the fistion of the 
mdicator m the omdlzed form The vertical reference lmes m&cate the target & values for the 
expenm ental runs Each indcator is opbmal for a parhcular EH value 

2 8 Tangennaljow ultra$ltration 
Post 0 45 pm filtraaon was accomplished using a Mllipore Mnitan filtr&on system (Figure 7) 
wth 10,000 NLMW (nominal molecular weight) filter plates guided by protocols descnbed in the 
manufacturers user guide (M~llipore, 1995) Filter plates used were type PLGC (Millipore 
catalogue number PLGCCOMPO4) 1 OK low-protein-bindmg regenerated cellulose (Lot number 
RGEM72608) Four filter plates were used, for a total filtration surface area of 240 cm2 Pnor to 
filtration, filters and filtraaon apparatus (acrylic filter holder, filter separators, silicone pump 
tubing, polypropylene apparatus tubing) were cleaned using a sequence of soak and nnse steps 1) 
20 minutes exposure to 005% detergent solution for metal removal, 2) 10 liter nnse wth 
Nanopure water, 3) 20 minutes exposure to 0 1 M NaOH for organic removal, and 4) a final nnse 
wth 10 liters of Nanopure water A filter integrity test was run at an inlet pressure of 5 psi pnor to 
filtrabon 

Sample filtraaon was done in the concentraaon mode, at an average transmembrane pressure of 8 
psi Filtraaon was accomplished in a glove box under positive UHP (ultra hgh punty) mtrogen 
atmosphere As an addiaonal step to preserve anoxlc con&aons dunng filtration, the headspace of 
sample contamers were purged wth UHP argon for the durabon of the filtration 
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Figure 7 Schemabc illustrabon of the tangenttal-flow ultrafiltratton system 

2 9 Incubation experiments 
2 9 I Experimental apparatus for sediment core incubatton An apparatus of in-house design 
was developed and fabricated for sediment core incubaaons, based on the follomng crrtena to 
1 Provide mimmal Qsturbance of core and sedimendwater column interface d u n g  handling, 
2 Mamtmn extant mcrobial colmes at depth by mamtamng intact core (1 e no homogemzatm 

of sediments), 
3 Delimit exposure of core, so that only the sedmendwater column intefiace is exposed to the 

water column, 
4 Design a system that is relattvely gas-impermeable and capable of mamtatning sub-oxlc 

conQbons over the penod (several weeks) of the incubabon, 
5 Allow for penodic sampling of the water column (sample mthdrawals) and equal volume 

water addibons (sample addifions), while rnamtamng an inert atmosphere (argon) in incubator 
headspaces 

The design of the incubabon chamber is detatled in Figure 8 Chambers were constructed of y/, 
inch 0 D (2l/4)) I D  ) acrylic tube, 10” long, unth W thlck acrylic sheetstock used for the upper 
and lower plates Upper plates were dnlled and tapped to accommodate two W plasbc or brass 
compression fitangs, whch held in place 1 lmm silicon-based septa The internal Qameter of the 
acrylic reacbon chamber allowed unhsturbed, core-liner encased cores to be inserted in the 
chambers wth mimmum perturbation Fabncation of the chambers was completed 3 weeks before 
initlabon of the incubatton expenment to allow for complete cwrng and degassing of solvent based 
adhesives and sealers used in fabncaQon in order to avoid potenfial toxlc effects on microbiota 
Pre-expenment, the reacbon chambers were leached urlth several changes of 1OOh mtnc acid (4 
hours exposure) followed by distdled water (20 hours exposure) and further repeated nnses wth 
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distdled water Stenlizabon of the chambers by immersion in isopropyl alcohol was performed 
before the expenment was begun 

Sampling ports with septa for syringe sampling 

1 Acryk upper plate 
I I Argon-purged headspace 

Watermatrix: 300 mL 

Open sediment-water interface 

Acrylic tube ceaction chamber: 2.5” diameter 

Encased, intact sednuent core: 2.0” diameter, 
6” long, ca. 480 cm3 volume, sealed at bottom 

core cap 

‘Acryk bottom plate 

Reaction Chamber 

Figure 8 The 
chambers were designed to mimmized handling of the cores pnor to the incubaon 
expenments The encased core is  the sediment sample in the ongnal core liner 

Illustratton of the incubabon chambers used in the core expenments 

2 9 2 Synopsis of experimental approach . -  

Intact &res were collected from Pond B4 and the SID (SEDO29) before Spnng turnover (10 
March, 1999) 
Gamma-stenlized (6oCo) sediment cores were established as microbial actwity controls, 
‘duplicate’ cores (cores fi-om the same site) were procured for the incubabon analyses 
Sediment cores were placed in sealed reactor vessels with 300 mL Pond B4 water (de- 
iomzed, Nanopure grade water for SED029) Supernatant water was amended with carbon 
alone (C+, NO), nutnents alone (CO, N+), carbon and nutnents (C+, N+), or remaned 
unamended (CO, NO) 
Controls and samples were incubated at 35 ‘C, water column samples were taken every 
several days for analysis (e g , Fe, Mn) or archived for later analysis 
‘Dissolved’ (<O 45 pn) Mn and Fe were measured for evaluabon of system redox status 
The incubabons were terminated when Fe and Mn data suggested that system & might be 
increasing 
Post-expenment, water columns from the incubabon chambers were analyzed for 239240py 
metals (ICP), iron redox state, and total organic carbon 

2 9 3  Gamma sterzlzzatzon of cores Prior to begnmng the incubatton expenment, 3 frozen 
cores from each site were sent to the bdahon  Center at Oregon State Umversity for gamma 
stetllization in a Gammacell 220 irradiabon chamber Cores were gamma-irradated ~ C O )  for a 
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penod of 20 7 hours at an irradiation intensity of 1 2 E +5 radhour (Pratt, 1999) The cores were 
irradtated on 4 May 1999, then frozen at 4 "C until the beginrung of the incubabon penod These 
cores served as irradiated controls on microbial amvity in the sdment/water column dmng 
incubation The remamng cores (samples) were not irra&ated, but kept frozen at -4 "C unbl the 
inibabon of the incubabon expenment 

, m2po4 0 5  
"4Cl 1 0  
Na2S04 2 0  
CaCl2-2H20 1 0  
Mac1,-7H,O 1 0  

2 9 4 Sample Ma- and amendment protocol A schemabc illustrabon of the expenmental 
control and sample matnx is shown in Figure 9 Cores fiom each site were assigned as either 
irradiated controls (3 each) or samples (4 each), along with a matnx control consistmg of matnx 
water alone Controls and samples were treated wth 4 combinattons of water matnx amendments 
1) carbon alone (6 grams& lactate as s d u m  lactate), 2) nutnents alone (Table 3), 3) carbon and 
nutnents, or 4) matnx water wth no amendments Practtcal issues of scope of effort precluded 
replicate samples and controls only single representatwes of controls and samples were 
established for the incubabons Matnx water for the Pond B4 experrments was Pond B4 water 
collected on the day of core acquisition, then autoclaved before introducbon to the reamon 
chambers Matrix water for the SED029 experrment was laboratory Nanopure water, autoclaved 
before introduction to the reacbon chambers The chemical composibon of the nutnent 
amendments is shown in Table 3 Lactate added in the sodium form at 6 g/L served as the carbon 
source in the carbon-amended samples and controls Solubons were autoclaved before thar 
mtroducbon into the reaaon chambers 

Yeast Extract 
FeS04-7HzO 

Table 3 Chemical composibon of the nutnent medla used in the nutnent-amended samples and 
controls Nutnent solubons were autoclaved before introductton into the reamon chambers 

0 4  
5 Ox 10" 
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Controls 

Irradiated Control #1 Gamma-sted~zed core, autoclaved 
pond water amended mth carbon and nutnenb (C+, N+) 

Irradiated Control #2 Gamma-smked core, autoclaved 
pond water, no amendments (CO, NO) 

Irradiated Control #3 Gamma-stenllzed core, autoclaved 
pond water, no amendments (CO, NO) 

Matnx Control Autoclaved pond water, no amendments 

Samples 

Sample #1 Sample #2 Sample #3 Sample #4 
Un-stenlrzed Un-sterilrzed Un-stedaed Un-stenlaed 

core, autoclaved core, autoclaved core, autoclaved core, autoclaved 
pond water pond water pond water pond water, 

amended wth amended with amended with no amendments 
nutnents carbon carbon and nutnents 
G O ,  N+) (C+> NO) (C+, N+) (CO, NO) 

Figure 9 Schemabc illustrabon of the sample matnx ‘+’ intllcates that the incubabon chamber 
was amended wth either carbon (6 g/L lactate) or the nutnent media (Table 3) ‘0’ denotes an 
unamended core wth respect to either C or nutnents 

2 9 5 Incubahon protocols h o r  to introdurnon of cores into the incubabon chambers, the 
incubaaon chambers were immersed in isopropyl alcohol for four hours, then allowed to a r  dry 
Thls stenlizabon technique was used in lieu of autoclaving to prevent autoclavlng damage to the 
reamon chambers Reused sampling equipment (I e ,  needles and syringes), was soaked in 10 
“03 soluQon to prevent cross contaminabon dunng sampling) All amendment soluuons were 
autoclaved for 30 minutes Pnor to the expenment, samples were taken from all amendment 
solubons for chemical analysis 
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Incubahons were done in a constant temperature environmental chamber at CSM Incubabon 
temperature was held at 35 degrees C (+/- 1 'C) for the durabon of the incubatton penod The 
expenmental incubahon chambers remaned physically und~sturbed for the durabon of the 
incubahon except dunng p e n d c  wrthdrawal of water column samples for analysis or archlval 
purposes To avoid potenhal photoreductive reacbons, samples and controls were mantamed in 
complete darkness for the durahon of the expenment, wth the excewon of bnef penods of 
fluorescent light exposure (several hours per sampling) dunng penodic water sample extraction 
Sediment incubation protocols are shown in Table 5 

Incubabon experiment 
Sample 

Desi jpabon 

Pond B4 Irradiated Control #1 (C+, N+) 
Pond B4 Irradiated Control #2 (CO, NO) 
Pond B4 Irradiated Control #3 (CO, NO) 
Pond B4 Matnx Control 
Pond B4 Sample #1 (CO, N+) 
Pond B4 Sample #2 (C+, NO) 
Pond B4 Sample #3 (C+, N+) 
Pond B4 Sample #4 (CO, NO) 

Incubahon of the control and sample suites for Pond B4 and SED029 were begun at 4 00 PM on 20 
May, 1999 Incubabon of Pond B4 samples and controls was temnated at 11 00 AM, 1 1  June, 
1999 after 22 days of incubmon Incubahon of SED029 samples and controls was temnated at 
9 00 AM, 14 June, 1999 after 25 days of incubahon 

- 
Cham of custody Cham of custody 
Sample number Sample number 

(core) (water) 

99D5920 0 12 99D5920 023/024 
99D5920 0 13 99335920 023/024 
99D5920 0 14 99D5920 023/024 

none 99D5920 023/024 
99D5920 0 15 99D5920 023/024 
99D5920 016 99D5920 023/024 
99D5920 01 7 99D5920 023/024 
99D5920 019 99D5920 023/024 

2 9 6 Sumple zdent-i$cutzon The cham of custody idenbficabon numbers of collected cores, and 
the conespondrng incubahon expenment sample designabons are shown in Table 4 

SED029 Irradrated Control #1 (C+, N+) 
SED029 Irradiated Control #2 (CO, NO) 
SED029 Irradiated Control #3 (CO. NO1 

Table 4 Cham of custody idenbficabon numbers of cores and water samples used in the sehment 
incubahon expenments Laboratory Nanopure grade water was used as the water matnx for 
SED029 incubaQons 

J 
99D5920 035 nme 
99D5920 036 none 
99D5920 037 none 

SED029 Matnx Control 
SED029 Sample #1 (CO, N+) 

m e  none 
99D5920 038 none 

SED029 Sample #2 (C+, NO) 
SED029 Samule #3 (C+. N+) 

99D5920 039 none 
99D5920 040 none 

I SED029 Sample #4 (CO, NO) I 99D5920 041 I none I 

I 
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Frozen core samples were refngerated for 24 hours before incubation to imbate thaunng Cores 
were placed intact (core liner remuning in place) in the reacfion chambers wth the bottom cap 
remaning in place The top cap was removed to expose the sediment-water interface 300 mL of 
appropnate water phase was added, then the reaaon vessels were sealed at the joint between the 
top and bottom segments wth vinyl tape Once sealed, the reacfion vessels were removed from 
the glove box and moved to the 35 "C incubabon chamber for the durabon of the expenment 

2 9 7 Samplzngprotocols 
Samples of the water columns Erom the Pond B4 expenmental swte were taken every several days 
for chemical analysis The expenmental sute from SED029 was sampled less frequently For each 
sample and control, 6 mL was wthdrawn for metals analysis, 15 mL was wthdrawn for anion and 
total organic carbon analysis, and 10 ml was wthdrawn for archval freeztng at each sampling 
event All samples were 045 um filtered using disposable 25-mm synnge filters before 
preservatxon Samples for metals analysis were collected in 25 mL polypropylene bottles, 
preserved with ultrapure mtnc acid to pH <2, and stored at room temperature Anion samples 
were collected in amber glass wals and immediately refngerated, Arclvval samples were 
collected in 25 mL polypropylene bottles and immedately frozen All samples were taken from 
mid-depth in the water column using a 20 mL polypropylene synnge wth a 6" long stamless steel 
sampling needle through the septa of one of the sampling ports Dunng sampling, grade 5 0 UHP 
(ultra-hgh punty) argon purged the gas headspace through a needle inserted into the second 
sampling port to preserve anoxia in the headspace Followmg sampling, the volume of water 
wthdrawn from each sample/control dunng sampling was replaced wth the same volume (31 
mL ) of appropnate ongnal liquid phase (1 e , amended or unamended) to match the ongnal water 
sample matnx and to mantam a total 300 mL of water matnx in each of the r m o n  chambers 
Care was taken to avoid perturbabon of the sediment-water interface dunng sampling To avoid 
cross-contaminabon dmng sampling, separate synnges and needles were used for each 
sampldcontrol If reused, sampling equpment was soaked in 10?h €€NO3 and nnsed wth 
Nanopure water between samplings Over the course of the incubabon, 8 samplings were made on 
the Pond B4 expenmental suite, 5 samplings were made on the SED029 expenmental suite 

2 9 8 Incubahon experzment terminahon protocols The decision to terminate the incubabons 
was based on temporal measurements of 'dissolved' (<045 jm) iron and manganese 
concentrations in the water columns The goal was to terminate the expenment on or near 
indcation of maximum dissoluaon of (0xy)hydroxldes of these elements to achteve an end point 
indicatwe of mmmally intensive reducing condtions in the dmentdwater column, and of active 
microbially-mdated redox state transformabons 

2 9 9 Post incubation sample processing htxal post incubabon expenment sample processing 
was done under nitrogen atmosphere in the glove box Reacbon chambers were disassembled and 
the water matrix phases decanted into 250-mL coacal polypropylene centnhge tubes whch were 
capped under N2 atmosphere Sediment cores were capped and immediately fiozen for archival 
purposes Sealed water matnx phases were then removed from the glove box and centnfkged at 
3000 rpm for 30 minutes to separate partxculates from the aqueous phase as a preclude to final 
filtrabon Final filtration (0 45 pn synnge filtraaon) was accomplished wth contxnual purgmg of 
centnfbged samples wth UHP nitrogen dunng the filtrabon process Immediately followng 
filtrabon, 20 mL samples were taken and processed for iron speciation (Fe(n)/Fe(III)) Bulk 
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filtered water samples (ca 250 mWsample) were acidified to < pH2 wlth ultrapure HN03, then 
refrrgerated in preparabon for acbnide analysis 

2910 Analytzcal Methods All analybcal procedures (wth the excemon of day-of-sediment 
acquisibon measurements made by RFETS personnel) were accomplished by qualified CSM 
personnel using CSM instrumentabon All analyses were gwded by published and generally 
accepted analflcal and quality assurance protocols 

2 9 10 1 Iron and Manganese analwts Iron and manganese analyses were performed using a 
Perhn-Elmer Opbma 3000 inducbvely-coupled plasma emission spectrometer wth a Perlun- 
Elmer AS-91 autosampler The system sohare  provides two techniques for miniminng spectral 
interferences inter-element correaon and mulb-component spectral fimng Sample preparabon 
and analysis were performed per Perkm-Elmer specificabons and were gwded by protocols 
outlined in EPA Method 6010B (EPA 1996) Detecbon limits measured on thls instrument in May, 
1999 were iron 5 ppb , manganese 1 ppb Acidsfied samples were analyzed wrthout drlubon 
Scandium at 1 ppm was added to each sample before analysis as an internal standard to access 
instrument stability 

2 9 I O  2 Iron redox state analysw Immediately followmg sedimedwater phase separabon by 
centnfbgabon and 045 um filtrabon at the end of the expenment, water column samples were 
analyzed for iron redox state using modified colorometnc bipyndme mkthods for ferrous 
(Skougstad et al , 1979a) and total iron (Skougstad, et al , 1979b) Femc iron concentrabon was 
calculated as the difference between measured total iron concentrabon and measured ferrous iron 
concentrmon 

Summary of Method Iron, total recoverable, bipyndine Thls method is based on the reamon 
between ferrous iron and 2,2-bipyn&ne that yields a red complex Hydroxylamme hydrochlonde 
reduces femc iron to ferrous iron The color develops immehately and is stable for several 
hours The color intensity is independent of pH in the range 3-10 

Summary of Method Ths method is 
idenbcal to the iron, total recoverable, bipyndme method, except that no reductant is added to 
reduce femc iron in solubon 

Iron, ferrous, dmolved, colorometrrc, bipyradine 

Apparatus Mlton Roy Company Spectroac 20 spectrophotometer, wavelength 520 nm , 10 mm 
cell 

2 9 10 3 Total organic carbon analysis Total orgamc carbon analysis of water column samples 
by catalybc combusbon-non-hspersive infrared gas analysis was accomplished on a Shimadzu 
Total organtc Carbon Analyzer, Model TOC-500, accordmg to manufacturers instrucbons 
(Shimadzu Corporabon, 1990) and Standard Method 53 IOB, Total Orgamc Carbon, Combusbon- 
Infrared Method (Amencan Public Health Associabon, 1989) 
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2 9 10 4 Metals analysrs Fracbons of the acbrude-contamng solubons were taken from the 
digested andor extracted samples for metals analyses The fracbons were &luted wrth 1 M nitnc 
aad to approximately 15 mL and then submitted for drrect aspiraaon and quanbficabon by 
induchvely coupled plasma emission spectrometry 



All metals analyses under thls study were performed by personnel of the Colorado School of 
Mnes Chemstq Department on a Perkm Elmer Opbma 3000 inductwely coupled plasma 
emission spectrometer with a Perkm Elmer AS 91 Auto Sampler The system software prowdes 
two techniques for minimizlng spectral interferences inter-element corremon and mulb- 
component spectral fittmg Metals were analyzed per Perkm Elmer specificabons using standard 
protocols 

Quality Assurance measures for these analyses include inihal calibrabon wlth NIST traceable 
standards, wnbnuing calibrabon venficaoon throughout the analflcal run bme Scandium is 
utdized as an intemal spike for assessing performance parameters Data rewew is performed by 
qualified ICP operators and the ICP laboratory supemsor prior to final reportrng 

2 9 20 5 VH and Ew measurements Measurement of pH and & were accomplished using an 
Onon Model 720 pH meter, and calibrated pH and EH electrodes 

3. Results and Disclrssion: redox cell experiments. 
3 I Analysrs of 239 ’“Pu and ’“Am solubilines over a range of redox conditions 
The release of 239% and from framons of WETS soil isolate 9 x 1  879-002 suspended in 
aqueous soluaon, to solubon, was examined as a fbnmon of suspension Detads of the 
expenmental system are descnbed in Semons 2 6 and 2 7 Expenmental tnal charactensbcs are 
summanzed in Table 6 A complete tabulaaon of ex enmental results (FY 1998 and 1999) can be 
found in Table 7 Figure loa shows 239% and ‘lAm aqueous-phase actwibes (&A) as a 
b c b o n  of slurry EH For these expenments, the ‘solutton’ phase was operabonally-defined as the 
portion of the system passing 0 45pm filters Figure lob contmns a plot of Pu concentrabon as a 
h C t l O l l  Of EH 

Am solubon phase actwibes over the range of I& values stu&ed were, withn expenmental 
error, independent of slurry &, with an average value of 1 2 f 0 8 pCi I? (1 44 fM) For the 
condibons of the expenment (a 10 g L” soil/water slurry 438 pCi L1 241Mot.I), approximately 
0 27% of the soil %lAm was released to solubon Pared t-tests showed no significant correlabon 
(at the 95% confidence level) for 241Am actwity and 1) EH, or 2) length of equilibrabon bme 

241 

Analysis of B9% solubon-phase activlty was conducted as a b m o n  of 1) &, 2) soil/water 
contact bme, at a set E;I, and 3) molecular weight separabon using tangenbal flow ultrdiltrabon 
2 3 9 9 u  solubon-phase amvibes (Figures loa, Table 7) are considerably more vanable than in the 
case of aiAm Furthermore, examinaoon of Figure 10a shows the broad charactensbcs of the 
expenmental results 239% solubon-phase amvity decreases with EH 

EH = -90 mV * 0 30 x 
The average 239% acbvity at -90 mV is 1 96 f 0 46 pCi/L (1 30 x lo-” 

M) for the three expenmental tnals at that EH (NR02, NR04 and NR07) 

EH = +165 rnV Three experimental tmls were also conducted at an EH value of ca +165 mV 
(NRO1, NR06 and NR08) The mals at ca 24 days produced 239% amwoes of 2 1 
and1 15 pCi/L, the mal at 2 days (NRO1) yielded 6 17 pCi/L It is yet to be determined 
whether NRO1 reflects a lanac component to reduction or that the data is an experimental 
‘outlier’ 
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EH = +800 rnV Four expenmental trsuls were conduced under con&tions open to the 
atmosphere (N002, N003, NO04 and N006) Three trrals (-02, -03 and -06) were grouped, 
yielding an average P9’??uvalue of 4 85 f. 0 32 pCiL (328 f 22 x M) A fourth tnal, 
N004, produced a P9% aavity of 2 32 pCi/L Three (-03, -04 and -06) of the four tnals 
were conducted at prolonged contact bme of 24 days Pared t-tests of the data inQcate that 
NO04 (2 32 pCi/L) can be rejected at part of the population consistmg of N002, NO03 and 
NO06 at the 95% confidence level 

Expenment 

NO02 
NO03 
NO04 
NO06 
NRO 1 
NR02 

NR04 

[Note Fiscal Year 1998 work (Honeyman, 1998) evaluated removal of Pu and Am by the Pt 
electrodes Honeyman (1998) concluded that because the Pu and Am associated with the 
electrodes was stabstdly indrstrngwshable from the bulk soil ”9%a1Am rabo that the 
electrode buildup is the consequence of the entrapment of fine soil parbcles that could not be 
removed by scrubbing ] 

Sample ID’ Equilibration bme Final & Indlcator 
(days) (mv) 

97L 1879-02 1 5  +800 None2 
97L 1879-02 24 +800 None 
97L 1879-02 24 +800 2,6-d1chloro-mdo-phenol 
97L1879-02 24 +800 2,6-dlchloro-mdo-phenol 
97L1879-02 1 5  +164 2,6-&chloro-mdo-phenol 
97L 1879-02 1 5  -90 ~1&g0-5,5’,7,7’- 

97L1879-02 24 -90 m&g0-5,5’,7,7’- 
tetrasulfontlte 

Table 6 Expenmental tnal charactenstrcs 

tetrasulfonate 
NR06 97L 1879-02 22 + 1 65 2,6-&chloro-mdo-phenol 
NR07 97L 1879-02 2 

?NO02 was open to the atmosphere The EH was calculated from the stability of &O with respect 
to oxidahon at pH 7 2 and Po, = 0 17 atm 
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Figure 10 a) 2399240Pu or 24'Am ac~vity (pci L-') as a funchon of & The expenmental apparatus 
for the achtllde solubihty expements IS shown rn Figures 4 and 4 In all cases, the soil 
concentrabon was 10 g L-' and the irubal solubon composibon was 17 M ohm Nanopure water 
made lW3 M in KCl System I& was determmed through the method descnbed m Sectxm 2 7 
Table 7 provide debls on the mdwiduai expenments The u9i240Pu and 241Am sod acttvihes for the 
soil isolate are 3 10 +- 55 7 and 43 8 k 7 4 pCi g-', respectwely b) The Pu data presented as 
concentrahon (1 fM = = 2 1 x lo-'' M) Error bars are based on a relame error of 20% 
M (3 1 x 103 P c ~ L - ~ )  



Figure 11 shows 239% concentrabon (M) is shown as a b a o n  of (mv) and represents the 
data set wth the greatest reproducibility The total 'dissolved' Pu data have been 'corrected' to 
include only the fracbon of Pu that passed the 1OK Da ultrafilter Pu species considered in the 
construmon of the diagram are Pu(OH):(aq), whch is the domnant soluble Pu(N) species at pH 
7 2 in the regon -200 mV c EH < -600 mV, and Pu0,CO; which is the pnmary h(V) species at 
ca +800 mV, for the condhons of the expenment (1 e ,  M) The chemcal idenbty of 
the Pu specles in the system, both solid phase and 'Qssolved' are not known at ths bme, the 
diagram has been constructed only to provide a reference frame for discussions concemng Pu 
solubility It is not even c-n, for example, if the Pu data represent eqwlibnum condibons 

= 

The posibon of the data relahve to solubility control by a Pu (0xy)hydroxlde is hlghly dependent 
on the idenhty of the solid phase (and the quality of the thermodynamic data) For example, if the 
controlling solid phase is postulated to be P~(oH)~(am), rather than PuOz (c), the solubon-phase 
concentrabon of Pu(OH)i,,, and Pu0,CO; become 1 02 x 10'" and 8 5 x lo-* M, respecbvely 
In addlbon, the idenbty of the solubon-phase Pu species also remams unc-n For example, 
tangenhal-flow ultrafiltrabon analysis of the solubon-phase indcates that a sipficant fimon of 
the 'dissolved' Pu IS associated wth matend of colloidal size (Smon 3 4, below) and of 
unknown composibon 

-100 0 100 200 300 400 500 600 700 800 
EH (mW 

Figure 11 Companson of Pu solubility from thermodynamic dculahons and measured 
values fiom the EH cell, as corrected for the < 1OK Da fraaon pH 7 2 239% solubility 
was calculated from AG," (kcal/mole) data compled by Puigdomenech and Bruno (1 991) 
Pu(OH),"(,, (-329 3 9 ,  Pu0,CO; (-336 28), PuOz(c) (-238 53) 



3 2 
The results of redox cell analysis of Pond B4 sedsments is provided in Table 7 As wth the soil 
isolate, reduction of B4 seQments suspended in Pond B4 water produced limited 239% 

solubility (ca 0 1 to 0 6 pCi/L) over the EH range evaluated (-90 mV < ;Es, < +800 mv) 

Electrochemical cell unalysls of Pond B4 sediments 

3 3 
Fiscal Year 1998 work (Honeyman, 1998) indicated that only a small fraaon of the soil isolate 
Fe and Mn was solubilized dmng the redumon experiments Fe and Mh soil concentr&ons were, 
for isolate 9x1879-02, 18 and 0 37 ppt, respectwely For all I$ values, less than 1 % of the Fe 
was solubilized in the electrochermcal cell indcattng that the system 

Reductaon of hematate (mFe20J) using the E* cell 

An expenmental mal was undertaken thm fiscal year to evaluate the ability of the & cell to 
reductively-dmolve Fe(III) The trral condibons were 3 4 x lo2 mg/L of hemattte (a-F~03),  
which was prepared as descnbed by Matqemc and Schemer (1978), at pH 7 2 The hematite was 
suspended in a 001 M NaC104 electrolyte solution, the system EH was -90 mV, the 
hemabte/solubon contact time was 24 days, the pH was 7 2  and the system was free of 
atmosphenc CO:! The total Fe in the system (hematite + soluble Fe) was 1 06 x M 

ICP analysis of 'dmolved' Fe at the conclusion of the expenment yielded 0 056 ppm Fe (= 1 02 x 
10" M) The detection limit of the ICP for iron under the operatmg conhtions ofthe analysis is 5 
PPb 

The solubility of hemahte is descnbe by the followng reamon (Morel and Henng, 1993) 

XFe203(s) + XH,O + H' = Fe(OH),' [41 

where Fe(0H); is the domnant F e O  species at pH 7 2 in the absence of other iron-complexmg 
ligands Log K for reaaon [4] is -6 4 which yields a Fe(0H); concentration of 2 5 x M at 
pH 7 2 Thls result indxates that the electrochemical cell has aded in the pma l  dmolution of 
the hemabte 

3 4 Ultrafiltration experiments 
Figure 12 shows the results of tangential flow ultrafiltration (TFUF) analysis of 'solution-phase' 

acbvities for expenmental runs at -90 (12a) and +800 mV (12b) A schematic illustrabon 
of the ultrafiltration system is presented in Figure 7 

Sepmbon of the post-045 pm solubons for NO03 (+800 mv) was carned out at ambient 
atmosphenc conditions The separabon protocol for NR07 (-90 mV) was considerably more 
elaborate In this latter case, a separate Nrfilled glove bag was set up near the pnmary glovebox 
system shown in Figure 3 A transfer contamer was constructed to take the post-0 45 pn solubon 
O2-f?ee enwronment of the primary chamber to the glovebag housing the tangential flow system 
(Figure 7) The general redox status of transfer was monitored visually by the inhcator color 
development 

I 
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Mass balances for the ultrafltrabon analyses were f a r  and excellent for the -90 and +800 mV 
analyses, respecbvely The error bars on the data shown in Figure 12 are an esbmated 
propagation of errors of 20 % Mass balances were determined by replicate expetrments one for 

and the second for the TFUF total ‘dissolved ’ 239% 

239,240 239,240 
~ 0 4 5 ~ - 1 O K D d t o n +  fi<lOE;D*twl 

PU total 
Mass Balance = 239,240 PI 

The total 239% actmty used for the mass balance for the +800 mV system is the average value of 
4 85 p C f i  as discussed in Sechon 3 1 

Results from both I& values indicate that about 75% of the ‘dissolved’ 239% is in the colloidal 
size range The chemcal speaahon of the Pu is not known 
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Figure 12 Companson of total ‘dissolved’ 239% (1 e , 0 45pm filter passing) wth 
its component colloidal (0 4 5 p  to 1OK Da) and < 10K Da fiachons a) Cross-flow 
ultrafiltrahon of 10 g/L, sal  (97L1879-002) at -9OmV, sample volume was 400 mL 
The mass balance is 1 47 * 0 51 b) System open to the atmosphere ca +800mV), 
sample volume was 5 L The mass balance is 0 94 f 0 35 
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4.0 
4 I 
Tables 8 and 9 compare pre-experrment €$.J values determined using an €$.J electrode with post- 
expenment EH values for both Pond B4 and SED029 sediments For samples from Pond B4, post- 
expenment-measured & values at 2 inches depth in the sediments ranged from -171 1 to -353 4 
mV The most reduang sdment con&bon (maxrmum negatwe I& value) was noted in the carbon 
and nutnent-amended sample (Sample #3 C+, N+) For samples from SED029, measured & 
values ranged from -65 5 to -386 8 mV As with the Pond B4 expenmental sute, the most reducing 
sedment condibon for the SED029 expenmental suite was noted in the carbon and nutnent- 
amended sample (Sample #3 C+, N+) Post-expenment & values for the C+, N+ amended 
samples for both Pond B4 and SED029 were significantly more negabve in intensity (by 
approximately -90 to -120 mv) than those measured in other samples of the sample swtes ' h s  
observabon suggests that reducing sehment EH condibon is markedly enhanced by combined 
carbon-nutnent input (C+,N+) and that the introduaon of carbon and nutnents in tandem was more 
effectwe than carbon alone (C+, NO), nutnents alone (CO, N+), or no amendments (CO, NO) in 
establishment of reducing conditions in the sedment columns 

Results and dkussion: Incubation experiments. 
Cornparason of redox values 

EH measurements of post-expenment Pond B4 incubated sample cores demonstrate slgnificantly 
enhanced reducing condibons in the incubated cores as compared to E;I measurements taken at the 
same depth below the sehment-water interface in-situ in the field on the day of collecbon of the 
cores (Table 1) The & value measured at 2 in depth zn-situ in Pond B4 on the date of sedlment 
core acquisibon was -69 3 mV, compared to -246 6 mV measured at 2 in depth for unamended 
Sample ##4 (CO, NO) at the conclusion of the incubabon expenment 

Mcrobial medabon of enhanced reducing condiaons under the condibons of the incubabon 
expenment protocol was evidenced by 1) visual observabons of increased water column turbidity 
in undisturbed sample incubabon chambers as compared to initml condibons, 2) wsual evidence 
of gas producbon (gas bubble produaon at the sediment-water interface) not evident under in i td  
condittons, and 3) pronounced sulfide odor in the water columns, indmbve of hydrogen sulfide 
produaon, not evldent in pre-incubatton samples 

4 2 
As inferred from iron speciahon (Table 10 and Figure 13), Fe@)]/Fe@I)] measurements 
performed on water columns post-expenment (6-1 1-99 for Pond B4 samples), and (6-14-99 for 
SED029 samples), reducing condibons were evident in the water columns (predominance of Fe(n) 
species), with the excepaon of Sample #2 (C+, NO) in which, for both the Pond B4 and SED029, 
the oxtdzed form (Fe@I)) predomnated Mnimum detmon limits of the bipyndine method 
precluded assessment of the iron redox state of Matnx Controls from the Pond B4 and SEDO29, 
and of Sample #3 (C+, N+) of Pond B4 

Water column redox conditzon 

The EH values shown in the last column of Table 10 were calculated using the follounng 
stolchometry 

Fe(0H); + H+ + e- = FeOH+ + H,O C61 



g s  

m 

? 



coupled to the assumpbon that, for the pH values of interest, Fe(m)~ = [Fe(OH)l] and Fe(II)T = 
PeOHt] Note that water-column & values are considerably less reducing than are the sdment 
values determined wth the EH electrode 

Figure 13 Iron oxldatton-state distnbutton at the cessabon of the incubabon expemments 
Fe(II) was determined by the bi-pyndine method and Few) by difference (Fe- Fe(II)) 
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Table 10 Iron oxidaoon-state dstnbubon at the cessabon of the incubahon expenments (6-1 1-99 
for the Pond B4 expamental sute, 6-14-99 for the SED029 expenmental suite) Fe total and Fe 
(11) were determined by the colorometnc bipyndine method and Fe04) by dsfference between Fe 
total and Fe@) 

Total 
h n  

PoldB4 lnacbaledcom1R (C0,No) 2155 
PodB4 hrxbted CQrn1#3 (a), No) 2155 
bdB4 Mabaxcornl 0 
F’ondB4 Sample #I (a),N+) 168 
PondB4 sanqde #2 (C+,NO) 3997 
P d E M  Smpk #3 (C+,N+) 0 
PondB4 Samp le## (COYNO) I 1758 

I 

SED029 Imrarfiated control #2 (a), NO) I 538 
-9 ImdmtedConiml#3 ((&NO) I 488 
SED029 MatnxChntml 

-29 
SEW29 Sample ## (CO,NO) I 5812 

7 58 
120 48 6 78 0 71 152 

3004 I 6 9 3  I 0 25 I 170 
0 I 0 I 7 1 5  I - I . _- 

1670 I 88 I 678 I 0 95 I 144 
I I I I 

2832 - r  14 I 6 2  I 0 95 I 179 I 
538 I 0 I 6 2 6  I 100 I 174 
353 I 135 I 631 I 0 72 I 179 

1075 0 18 
293 6 82 0 91 
5047 I 765 I 623 1 0 87 

4 3 Irradiated control integrity 
Several observabons and measurements indcate that the integnty of the stenle controls (Irradsated 
Control #1, Irradiated Control #2 and Irradiated Control #3) for both the Pond B4 and SED029 
expenmental suites were compromised at some point dunng the penod 28 May,1999-1 June,1999 
(7 days to 10 days after inibation of the expenment) 
1 The water columns of the irradsated controls, imbally clear visually as compared to the 

pronounced wsual turbid~ty of the Sample water columns, began to show increasing turbidity 
on 28 May whch increased d u n g  the course of the expenment 

2 Pronounced sulfide odor (indicatwe of microbial actmty of sulfate reducing bactena in 
suboxic condstions), previously not noted, became apparent in all of the irradiated controls in 
the 1 June sampling 
‘dissolved’ iron and manganese concentrations in the water columns of the irradiated controls, 
imt~ally very low, showed a pronounced increase between the 28 May and 1 June samplings 
for Pond B4, and between the 21 May and 1 June samplings for SED029 (Figures 14 and 15 
for Pond B4 and SEDO29, respectwely, Tables 11 through 14) 

3 

I 36 



Dissolved Iron Concentr&on 

sal199 y2yee 5t2lws 811199 8/2/98 W3m 8111199 

Dah 

D~ssolvad Manganese Concentratmn 

I I 

5121199 5125199 5128199 w1199 6/2199 M199 6&99 6l11199 
Date 

Figure 14 
incubanon expenments 

a) ‘Ihssolved’ iron and b) manganese as a funmon of date for Pond B4 
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Figure 15 
incubahon expenments 

a) 'Dissolved' iron and b) manganese as a funchon of date for SED029 
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The source of apparent delayed contaminabon the irradrated controls is unclear It is conceivable 
that the ongnal irradrabon dose was insufficient to completely stenlize the cores, and left some 
porbon of the microbial populabon viable, or, it is possible that cross-contaminabon of microbial 
populabons from acbve sample cores to stenle irradated controls occurred dunng water sample 
acquisibon, or that contarmnabon of irradiated controls occurred at some point dmng inibal core 
handling steps Gwen the recognized difficulty of establishmg complete stenlizabon of bulk 
soil/se&ment samfies, and the steps taken to avoid cross contaminabon of samples, it seems 
probable, although not demonstrable, that incomplete inibal stenlizabon was responsible for the 
delayed loss in stenle integnty 

Gwen the apparent loss of stenle integnty of the irradated controls, these samples were 
dismissed as valid controls for microbial actwty in both the Pond B4 and SED029 expenmental 
sutes Nevertheless, they continued to be sampled dmng the remamder of the expenment to 
ascertam any similan0eddifferences in chemical/redox behavior between amended and 
unamended controls, and between the delayed-microbial amvity compromised controls and the 
expenmental samples, which exhbited microbial acbwty earlier in the ome course of the 
expenment 

4 4 
Under the strongly reducing sediment condrbons established dunng the incubabon, sipficant 
solubilizaoon of manganese and iron in the sample water columns were measured as compared to 
imbal condibons and to matnx controls 

Manganese and Iron drssolutron 

4 4 1 Pond B4 Manganese and Iron dusolutron 
‘Dissolved’ manganese and iron condbon of the water columns for the Pond B4 expenmental 
sute are presented in Table 1 1 (Mn), Figure 14b (Mn) and Table 12 (Fe) and Figure 14a (Fe) 

1) Observabons regarding the status of manganese and iron drssolubon as a funcbon of incubabon 
bme course 

‘Dissolved’ Mn and Fe concentrabons in the matnx control are generally low compared to 
concentrabons in the sedrment-contacted sample matnces, establishing that the source of 
the ‘dissolved’ Mn and Fe in the sample water columns was the sedrment 
‘Dissolved’ manganese concentrabons in the irradiated controls and in Samples 1,2 and 3 
remaned relatwely low untd 11 days into the incubabon, at whch bme concentrabons 
increased sharply 
Elevated ‘dissolved’ iron concentrabons in the irradiated controls and in Samples 1,2 and 
3 became apparent earlier in the incubabon bme course than drd elevated manganese 
concentrabons, reflecbng dissoluQon of Fe (0xy)hydroxldes at less reducing (less negabve 
EH) condrbons than for Mn (0xy)hydroxldes 
For both manganese and iron, the unamended sample (Sample A4 CO, NO) showed 
dissolubon earlier in the incubabon bme course, at concentrabons that remaned relatively 
more constant over the course of the incubabon than those from Samples 1,2 and 3 



2) Observabons regardmg the effect of carbon and nutnent input on manganese and iron 
dissolubon (relatwe to the unamended sample CO, NO) 
a Nutnent adhbons alone (CO, N+) appear to inhibit dissolubon of manganese and iron 
b Carbon addibon alone (C+, NO) appears to facilitate dlssolubon of manganese and iron 
c Carbon and nutnents, amended in tandem (C+, N+), appear to facilitate dissolubon of 

manganese and iron to a greater extent than carbon additton alone (C+, NO) 

4 4 2 SED020 Manganese and Iron dmolution 
‘Dissolved’ manganese and iron condfion of the water columns for the SED029 expenmental suite 
are presented in Table 14 (Fe), and Figure 15a (Fe), Table 13 (Mn), Figure 15b (Mn) 

1) Observabons regardmg the status of manganese and iron dssolubon as a functm of incubabon 
ttme course 
a As compared to the Pond B4 expenmental suite, ‘dlssolved’ Mn and Fe appeared in the 

water columns of the SED029 samples earlier in the incubabon time course ‘Dissolved’ 
Mn 
concentrabons in the SED029 samples were sigmficantly hgher than those measured in the 
Pond B4 samples 

b ‘Dissolved’ Mn and Fe concentrabons in the matnx control are generally low compared to 
concentrabons in the sedimentantacted Sample matnces, establishing that the source of 
the ‘dissolved’ Mn and Fe in the sample water columns wasthe sedlment 

2) Observatmns regarding the effect of carbon and nutnent input on manganese and iron 
dissoluQon (relabve to the unamended sample CO, NO) 
a Nutnent addibons, either alone (CO, N+) or in tandem wth carbon addibons (C+, N+) 

appear to faalitate early dlssolution of manganese and iron, although the effect dmimshes 
rapidly over the course of the incubabon as Mn and Fe concentrabons fall 

b Carbon additlon alone (C+, NO) appears to facilitate Qssoluaon of manganese and iron, 
and to mantam hssolved concentrabons of these elements at relafively stable levels over 
the course of the expenment 

c Carbon and nutnents, amended in tandem (C+, N+), appear to facilitate early dissolubon of 
manganese and iron and an accelerated drop in concentrabon over the course of the 
incubahon 

4 5 
Results of total orgmc carbon (TOC) analysis performed at intervals on the water columns of the 
expenmental sample sute are presented in Table 15 and Figure 16a for the Pond B4 experiment, 
and in Table 16 and FIGURE 16b for the SED029 expenment Elevated TOC concentrabons in 
the C+ amended samples reflect lactate additions to these samples TOC concentrabon in the Pond 
B4 matnx control reflects natwe organic carbon content of the Pond B4 water The matnx control 
for SED029 was laboratory Nanopure grade de-iomzed water Pre-experiment measures of TOC 
in amended and unamended matrix waters were made on 5-20-99, and are included in Tables 15 
and 16 as a baseline for imtml condibons 

Total Organic Carbon Analysls 
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Table 13 Results of ‘dissolved’ (< 0 45 pn) Manganese analysis of SED029 incubatton expenment 
water column samples 

Incubabon expenment 5/21/99 6/1/99 
sample Mn Mn 

6/3/99 6/8/99 6/14/99 
Mn Mn Mn 

designahon 
SED029 Irrabated Control #1 (C+, N+) 
SED029 Irradiated Control #2 (CO, NO) 
SED029 
SED029 Matnx Control 
SED029 Sample #1 (CO, N+) 
SED029 Sample #2 (C+, NO) 
SED029 Sample #3 (C+, N+) 
SED029 Sample #4 (CO, NO) 

Irradiated Control #3 (CO, NO) 

(ma) ( m a )  (mg5) (ma) ( m a )  
4160 7920 8210 6410 7864 
66 402 900 1200 1595 
128 548 1000 1200 2010 
0 0 0 0 0 

1440 4550 4600 3240 2163 
1390 4950 5080 5410 5557 
373 5530 4420 2000 1259 
4 1340 1740 2310 2829 

I 

Pre-Incubaaon expenrnent 5120199 
matnx water Mn 

I I I I 

I SED029 Pre-expenment sample (CO, NO) I 0 1 

designatton 

43 

( m a )  
SED029 Pre-expenment sample (CO, N+) 0 . 
SED029 Pre-expenment sample (C+, NO) 
SED029 Pre-exoenment samole K+. N+) 

1 
1 



Table 14 Results of ‘dissolved’ (< 0 45 um) Iron analysis of SED029 incubaaon expenment water 
column samples 

Incubahon expenment 
sample 

designah on 
SED029 Irrdated Control #1 (C+, N+) 
SED029 Irradiated Control #2 (CO, NO) 
SED029 Irradiated Control #3 (CO, NO) 
SED029 Matnx Control 
SED029 Sample #1 (CO, N+) 
SED029 Samde #2 (C+. NO) 

5/21/99 6/1/99 6/3/99 6/8/99 6/14/99 
Fe Fe Fe Fe Fe 

( m a )  ( m a )  (ma) (ma) (ma) 
229 5660 5930 6280 1974 
6 65 143 278 148 

101 34 144 217 518 
3 112 0 0 0 

177 1350 2020 391 12 
510 5630 6180 8450 6822 

SED029 Sample #3 (C+, N+) 
SED029 Samole ##4 (CO. NO) 

454 1150 3 17 217 0 
95 558 488 257 229 

Pre-Incubahon expenment 
matnx water 

I I I I 
5/20/99 

Fe 

I SED029 Re-expenment sample (CO, NO) I 0 I 

designahon 

44 

( m a )  

SED029 Re-expenment sample (C+, NO) 1 
SED029 Pre-expenment sample (C+, N+) 10 -. 



4 5 I Pond B4 Experimental Suite 
Time course TOC analysis of incubated Pond B4 sehment-water columns suggest 
1 For the unamended sample (Sample #4 CO, NO), the inihal TOC of the matnx water increased 

from 39 mg/L to 62 mg/L after one day of exposure to the incubated sdment, increasd fhther 
to 95 mg/L after 4 days incubabon, then showed a moderate general increase and stabihzabon 
untd the conclusion of the expenment Th~s observabon is interpreted to reflect imbal rapid 
dissolution of carbon under the elevated temperature condibons established dunng the 
incubabons, followed by relabve steady state, wrth no evidence of microbial carbon hmitabon 
in the nabve core or measurably accelerated use of nabve carbon sources by exrshng mcrobial 
popul abons 

2 For the carbon and nutnent-amended sample (Sample #3 C+, N+), the inihal amended TOC of 
the matnx water decreased from 2475 mgL to 1685 mg/L after one day of exposure to the 
incubated sediment, then showed a general stabilizahon of TOC concentrahon wth bme unhl 
the end of the expenrnent ‘&s observabon suggests rapid facultabve uptake of introduced 
carbon (lactate) under the conditions of the incubabon, followed by relabve steady state of 
‘dissolved’ TOC in the water column A simlar pattern was noted for the carbon-alone- 
amended sample For the carbon amended sample (Sample #2 C+,NO), the inihal amended 
TOC of the matnx water decreased from 2365 mg/L to 1585 mg/L after one day of exposure to 
the incubated sedlment, then showed relabve stabilizabon of dissolved TOC over the course of 
the expenment 
‘Dissolved’ TOC in the water column of the nutnent-only-amended sample (Sample #1 COY 
N+) were relahvely constant over the course of the incubahon, suggeshng that nutnent adhaon 
unaccompamed by carbon (lactate) introducbon had no measurable effect on natwe carbon 
uhhzation or hssoluQon 

3 

4 5 2 SED029 h‘xperrmental Suite 
Time course TOC analysis of incubated SED029 sediment-water columns suggest 

For the unamended sample (Sample ##4 CO, NO), the inihal TOC of the matnx water m d  
from 0 mg/L to 51 mgL after one day of exposure to the incubated sediment, remamed 
relahvely stable over the first 12 days of the incubation, then showed a moderate increase near 
conclusion of the expenment This observabon is interpreted to reflect intbal rapid 
dissoluhon of carbon under the elevated temperature condibons established dunng the 
incubabons, followed by relatwe steady state, wth no evidence of microbial carbon limitation 
in the nabve core or measurably accelerated use of name carbon sources by exisbng mcrobial 
popul abons 
For the carbon and nutnent-amended sample (Sample #3 C+, N+), the inihal amended TOC of 
the matnx water decreased from 2015 mg/L to 1295 m g L  after one day of exposure to the 
incubated sedlment, followed by a general stabihzabon of TOC concentrahon wrth hme unhl 
the end of the expenment This observabon suggests rapid facultatwe uptake of introduced 
carbon (lactate) under the condihons of the incubabon, followed by relabve steady state of 
‘dissolved’ TOC in the water column A similar pattern was noted for the carbon-alone- 
amended sample For the carbon amended sample (Sample #2 C+, NO), the imbal amended 
TOC of the matnx water decreased from 2175 mg/L to 1605 mg/L &er one day of exposure to 
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the incubated*sediment, then showed relahve stabilizahon of ‘dissolved’ TOC over the course 
of the expenment 

3 ‘Dissolved’ TOC in the water column of the nutnent-only-amended sample (Sample #1 CO, 
N+) were decreased from 147 mg/L to 64 mgL over the first day of the incubahon, then 
stabilized, suggestmg that nutnent addthon sbmulated rmcrobial carbon uhhzabon this sample 

Total Organic Carbon 

2500 t I 
1* m 

5500 

+ Coml #l (C+, N+) 
+ Conbol#2 (CO, NO) 

+ Matrix Control (CO, NO) 

-m- Sample #l (CO, N+) 
+Sample #2 (C+, NO) 
+Sample M (C+, N+) - Samk #4 (CO, NO) 

- 8- Conboi w3 (CO, NO) 
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“ I  Ynm 

K“” I a t  I 
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6/8/99 6/14/99 

+ Control#l(C+,N+) 

Control #2 (CO, NO) 
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+ Matrlxcontrol (CO, NO 
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Figure 16 Total orgaruc carbon (TOC) as a fbnaon of date for the Pond B4 (16a) and SED029 
(16b) incubation expenments 
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4 6 
Results of ~3~240 Pu analysis performed post-incubaon on the water columns of expenmental 
sample suttes Pond B4 and SED029 are summanzed in Table 17 Table 18 presents the summary 
data for sediment core digemom Note that the specific 239% actwiaes are quite low Such 
low acbvibes may preclude defimbve conclusions about the ‘solubilizabon’ of Pu from these 
cores In other words, the Pu source term yielded a bias agasnst solubility enhancement 

Post-rncubatron 239 240 PU actrvitres 

4 6 1  Pond&# 
‘Dissolved’ 239240 Pu actlvitles measured post-incubabon in the water columns of the Pond B4 
sample suite reveal no indcabon of redox-influenced plutomum dmolubon from the sediments to 
the water column under the reducing sediment condbons established in hs expenment Measured 
plutomum acbvibes were uniformly low or not detected, and in no case d d  reported 
aawbes exceed the sample specific MDA (mmmum detmon hmt) 

4 6 2  SED029 
‘Dissolved’ 2392401)13 acbwbes measured post-incubabon in the water columns of the Pond E34 
sample sute offer no conclusive ewdence of plutomum dissolubon from the sediments to the water 
column under the reducing condibons of h s  expenment With the excepbon of Sample #4 (CO, 
NO), ‘dissolved’ ~3’240 plutonium acbvibes did not exceed the sample specific MDA In the single 
sample where measured 239240h acbwty exceeded the MDA, Sample# (CO, NO) water column 
239% amwty was low, measured at 0 123 pCfi, with a counbng uncerbunty of 0 0185 pCfi, 
and a mimmum detecbon m w t y  of 00962 pCiL The lack of a nabve mattlx water control 
precludes any companson with inibal, ephemeral, water column condlbon at the SID sampling 
site However, the inclusion of a Nanopure-grade de-ionized water matnx control allows 
companson of the incubated core-contacted aqueous phases wth an aqueous phase not influenced 
by sedment reamons With the excepbon of Sample ##4, results of this expenment demonstrate no 
measurable difference in post-experrment ‘dissolved’ 239% acbvifies between the de-ionized 
water matrix control and the vanously-amended, de-ionized-water-based, sample water columns 
Ifthe 239% acbwty measured in the water column of Sample #4 represents b d n v e n  reducbve 
dissolubon of sedment plutomum, the effect is negligble and is considered unsubstantive gven 
the munbng uncertamty and the prommity of the result to the mimmum detecbon acbwty 

5. Summary. 

1) Results of electrochemical cell and core incubation expenments do not provide support for the 
hypothesis that reducing condibons in soil/water systems at Rocky Flats Enwronmental 
Technology Site yield enhanced 239y% solubility 

Evidence: The followmg figure (Figure 17) shows the locabon of the data sets in WpH ‘space’ 
Data for the electrochemical cell are summanzed in Figures 10 and 11, Table 7, data for the 
incubabons is presented in Table 17 
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Figure 17 Locatm of data sets in EdpH ‘space’ and their relabonshp to selected 
environmental ‘systems’ ‘AMD’ indcates the range of charactensocs of aad mine 
dramage, for companson The suite of systems evaluated ranged from those characterisbc 
of oxygenated surface waters to deeply water-logged soils Lines labeled ‘oz/H20’ and 
‘H2/H20’ designate the limts of water stability wth respect to oxidabon and redurnon, 
respectively 
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2) Under the conditrons of the incubahon expenments, wth intense reduang concbbons 
established in the Pond B4 secbments, no measurable 239?Pu dissoluaon was noted in 
expenmental incubated samples as compared to the Pond B4 matnx water control No 
evidence of redox-dnven solubilizabon of 23g% was demonstrated 

239,- Evidence: Under reducing sediment con&bons rangng from -171 1 to -353 4 mV, 
actmhes measured in the Pond B4 matnx water control and in the water columns of expenmental 
reaaon chambers post-expenment were umformly low or not detected, no measurable difference 
in 239% acbvlbes between the matnx water control and the experimental samples was 
evidenced, and in no case did measured 2 3 9 2 ~  achmtres exceed the sample specific mimmum 
detecbon limit 

3) Under the condibons of the incubahon expenments, w ~ t h  intense reduang condbons 
established in the SED029 sediments, no substanbve evidence of 239% dissolubon was 



noted in expenmental incubated samples as compared to the Nanopure-grade de-iomzed water 
control No evidence of redox-dnven solubilizabon of 239% was demonstrated 

Evidence: Under reduclng sedment condbons rangng from -65 5 to -386 8 mV, 2 3 9 2 ~ u  
actwihes measured in the SED029 matnx control water and in the water columns of expenmental 
reactton chambers post-expenment were umformly low or not detected In one sample only 
(Sample #4 C0,NO) was actmty measured at a level above sample specific mimmum 
detemon amvity ‘Dissolved ’ 239% measured in the Sample #4 water column was low (0 128 
pCfi), wth a countmg uncertamty of 0 0192 pCi/L, and a mimmum detemon acbvity of 0 0962 
pCdL %s result is considered unsubstautwe gven the countmg uncertamty and the proxlmty of 
the result to the mimmum deteaon mvlty 

4) Under the conduons of the incubatm expenments (elevated temperature and carbdnutnent 
input), natwe cores responded wth significantly enhanced reducing conhtrons in the 
sediments, and sigmficantly enhanced manganese and iron dissolubon, conhbons that were not 
accompanied concurrently by demonstrable 239% dmolutmn from the sediments to the water 
cdumn 

Evidence: h h a l  and end-of-expenment measurements of xxbment & condibon showed a 
marked decrease in &intensity Time course measurements of ‘Qssolved’ Mn and Fe over the 
durabon of the expmment, and end-of-expenment ‘dissolved’ 239% measurements showed no 
concurrence of elevated ‘dissolved’ W e  and u9% 
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Appendix 1. SOP Total dissolubon of solids for the radiochemical determinahons of amnides, 
other non-volatrle radionuclides and metals 

Place 1-3 grams of the prepared sample into an appropnate sized Teflon beaker Add 
approxlmately lOmL of I&$ nitnc acid to allow carbonates to react Add the appropnate yield 
tracers to the samples 

To each of the samples add 25 mL of concentrated mtnc acid, 5 mL of concentrated hydrochlonc 
acid and 25 mL of 48% hydrofluonc aad Place a Teflon watch glass over each of the beakers 

Place the beakers on a hot plate at a temperature s a n g  of 100-150 degrees Cenagrade Allow the 
digesbon to proceed for at least twelve hours Remove the samples from the hotplate and allow 
them to cool 

Add 10 mL of 48% hydrofluonc acid and return the samples to the hotplate uncovered Increase 
the temperature to 200-250 degrees Cenbgrade Allow the acids to evaporate untrl there is 
approximately 10 mL remamng Repeat this sequence untrl the soil residue IS mimmal 

Add 10 mL of concentrated perchlonc acid and 10 mL of hydrofluonc acid to each beaker Turn 
the hotplate to a temperature of 400-450 degrees Cenbgrade After the heavy whte fiunes of 
perchlonc acid have evolved for several minutes, remove the sample from the hotplate to cool 
Do not allow all of the acid to evaporate away 

Dlute the mixture wth 2M mtnc acid to a volume of approxlmately 50 mL Transfer the solutmn 
to a 250 mL comcal bottom centslfbge bottle &me the beaker well wrth a mtnc acid and 
transfer to the centnfbge bottle Dilute the sample to approxlmately 150 mL unth 2 nitnc acid 
Add 1 gram of solid bonc acid to the samples and mix well Proceed to the sepmbon procedure 
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Appendix 2 Separaaon Procedure of Plutomum from Rocky Flats SoildSedlments Followng 
Redox Treatment 

After filtenng the soluhons (from the redox cell or the microbiologcal cells) through a 0 45 pn 
filter, spike the solubons wth a known amount of Pu-242 tracer Use approxrmately one-tenth the 
expected quanaty of Pu-239/240 in the sedlment (e g , a sample is 100 pCi/g Pu-239/240 A 3 
gram aliquot of soil is taken The Pu-242 tracer used should be 30 pCi for the solubon ) 

Add 1 ml of 20 mg/ml Fe(1II) carner 

Add a spatula bp 1 1 1  of s d u m  nitnte crystals to the soluhon and mix well 

Allow the sample to stand for at least ten minutes 

Add conc ammonium hydroxlde in excess to precipitate the Fe carner as iron hydroxide 

Centnfbge the sample for 5-10 minutes and discard the supernatant liqwd 

Esbmate the volume of the femc hydroxrde precipitate, add 4 times the volume of wnc 
hydrochlonc aad and mix by vortexing Add hydrochlonc acid to bnng the solubon to a 
final volume of 10- 15 ml 

Fill a hsposal plasbc column ( approxlmately 5mm I D , 10 ml capacity) wth 2 ml of AG 1x8 
m o n  exchange resin Cover the top of the resin wth a small plug of glass wool 

Condlbon the resin wth 10 ml of 9& hydrochlonc acid Discard the effluent 

Filter the solubon onto the column if necessary 

Load the sample solubon onto the column 

hnse the column wth 1,2,5,10 ml successive nnses of hydrochlonc acid allowng each 
nnse to pass completely through before adding the next Collect the effluent and combine wth 
the Am framon 

Rmse the column wth an addlbonal40 mL of 9 s  hydrochlonc acid and dlscard the effluent 

knse the column wth 3 successive 5 ml porbons of 0 5 & mtnc acid Collect these pomons 
in a plastic test tube as the Pu fracbon 

Add approximately 0 5 ml30% hydrogen peroxlde to the Pu pomon and swrl 

Add 100 pg lanthanum carner M x  well Add 5ml25% HF M x  well Allow the sample to 
stand for at least 15 minutes 

Place a 25 mm 0 1 prn filter membrane in a filter b e l  assembly and wet the membrane wth a 
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small amount of methanol or ethanol Vacuum filter the solubon then nnse wth 10-15 ml of 
slightly basic water 

Remove the filter, dry at low heat and mount on the planchet wth double coated tape for 
APHA (alpha pulse height analysis) 
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Appendix 3: Quality assurance summary. 

Anaerobic CellLEllectrode Redox 

THE PRECISION DATA ARE PRESENTED AS STANDARD DEVIATIONS OF POPULATIONS AND ARE 
THEREFORE A COMBINATION OF ALL OF THE SYSTEMATIC AND RANDOM UNCERTAINTIES ASSOCIATED 

WHEREVER THERE IS BIAS, HOWEVER, SUCH AS IS SUSPECTED WITH THE 
ANALYSIS OF 0 45 FRACTION OF SAMPLE NR08, THE UNCERTAINTY DOES NOT REFLECT THE 

SUSPECTED BIAS 

WITH THE ANALYSES 

Total uncertambes of the ana l~ca l  data are esbmated to be similar to those of the exchangeable 
fiacaon in the sequenbal analysis, which are based upon the standard dewabons of the populabon 
of results The counbng un-nbes are gven in percentages as the two sigma (95% confidence 
interval) uncertambes Where the counbng uncertamty is less than the sample specific MDA, due 
to extremely low munt rates, the MDA was used as the default counbng uncertrunty in the raw data 
presentabon The followmg table of data represents the 1999 generated data only 

TPU % TPU / Ymunbng Unc 
Sample Pu-2391240 

NR07 (0 45 urn) 
NR07 (10K MW) 
NR08 (0 45 um) 
NR08 (10K MW) 
NO04 
NR10 
N R B O  1 
NRB02 
NO05 
NO06 
NRl 1 
NRl2 

47 
47 
NA 
47 
46 
47 
46 
47 
49 
46 
48 
47 

1 1  
10 
NA (see anomalous occun-ences at the end of thls s-on) 
10 
5 
1 1  
6 
9 
16 
4 
15 
8 

DER cntena were not applied to these data since the nature of the process has not been 
charactenzed well enough to make a DER value meanin@ 
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Core Incubation 

% TPU / %countmg Unc 

BioRedox P~-239/240 

B4 MC 
B4 S2 
B4 S3 
B4 S4 

B4IC 1 
B4 IC 2 
B4 IC 3 
B4 S1 

SED029 IC 1 
SED029 IC2 
SED029 IC3 
SED029 MC 

SED029 S1 
SED029 S2 
SED029 S3 
SED029 S4 

SED029 CC 
B4 CC 

49 
48 
48 
48 

48 
110 
49 
49 

49 
49 
49 
52 

49 
50 
49 
48 

49 
50 

16 
15 
14 
15 

14 
100 
17 
16 

17 
18 
17 
24 

17 
19 
17 
15 

17 
19 

~ 

DER cntena were not applied to these data since the nature of the process has not been 
charactenzed well enough to make a DER value meaningfbl 

Accuracy 

Anaerobic CeWElectrode Redox 

MDA calculations are performed using the formula gwen in WETS Module RCOl-B 2 section 
5 2 A conservative background count of 5 is utdized in each case The actual backgrounds were 
monitored to less than thls conservatwe value In every case, actwity above the MDA is 
demonstrated and the analytical uncertsunty becomes the value of interest as indicated in ANSI 
Standard N42 23 MDA as an aprzorz concept is of no value to theseposterzorz data 

Count times of 1000 minutes are routme in order to increase the sensitwity of the measurements 
Count times are recorded in the raw data spreadsheets provided as an appendix 



Chemical yields are hgh and wthm acceptable limits inhcabng that the chemical separabons and 
analyses are performed correctly Sample number NRO8-0 45 has an unacceptably hgh chemical 
yield for reasons unknown Possibly it was doubly traced 

Blanks are generally a small percentage of the sample acbvibes and are whn acceptable limts 
for these data An excepaon is sample NRBO1 whch indicates significant contaminabon There 
is no apparent explanabon for this contammatton NRBOl was taken through the enbre apparatus, 
including the cell wth applied voltage It is possible that the contaminabon is the result of an 
incompletely cleaned electrode As shown by the data of 1998, the electrodes can retam small but 
measurable percentages of total Pu in the sample 

Laboratory Control Samples are only meaninghl in thls work if they are processed through the 
cell as a normal sample Time and equipment conshunts led to the decision to not perform spiked 
sample analyses since the spikes could not represent the binding properhes of the normal sample 
The control for these expenments is found w t h n  the expenmental design For example, valid 
control samples for this process is the subjectmg of a hemabte solubon to the cell/electrode system 
wth subsequent analysis of the Iron @)/Iron cm) couple to venQ the accuracy of the indicators as 
a measurement of the cell Eh 

Previous analyt~cal data show that the cedied tracer uttlized in these expenments IS reliable as 
cross-referenced wth NIST SRM Pu-239 spikes 

Core Incubation /BioRedox. 

A SMALL AMOUNT OF PU-239 WAS INADVERTENTLY ADMlTTED INTO THE TRACER SOLUTION UPON 
DISCOVERY OF THIS CONTAMINATION, A CORRECTION FOR THE QUANTITY WAS APPLIED AFTER 
SEVERAL, DETERMNATIONS OF THE LEVEL OF CONTAMINATION WITHIN THE TRACER WAS CARRIED 
OUT A NEW TRACER SOLUTION WAS SUBSEQUENTLY PREPARED FOR THE REMAINDER OF ANALYSES 
THE SLIGHT NEGATIVE BIAS IN THE DATA INDICATE? THAT THERE MAY BE A SMALL OVERESTIMATE OF 
THE CONTAMINATION, BUT THE EFFECT UPON THE FINAL DATA IS MINIMAL k ESSENCE, THE PU 
239/240 DATA INDICATE NO STATISTICALLY POSITIVE PU RELEASED UNDER EXPERIMENTAL 
CONDITIONS THE TPu VALUES AS INDICATED IN THE PREVIOUS SECTION MAY BE SLIGHTLY 
UNDERESTIMATED BUT ARE A REASONABLE ESTIMATE OF THE UNCERTAINTY OF THE MEASUREMENTS 
ALL EXCEPT ONE RESULT FALLS BELOW THE CALCULATED MDA 

MDA calculattons are performed using the formula gven in WETS Module RCOl-B 2 seaon 
5 2 A mnservafive background count of 5 is uttlized in each case The actual backgrounds were 
monitored to less than ths  conservative value In every case, acfivity above the MDA is 
demonstrated and the analyttcal uncemnty becomes the value of interest as indicated in ANSI 
Standard N42 23 MDA as an a przorz concept is of no value to theseposterzorz data 

Count times of 1000 minutes are roubne in order to increase the sensitivity of the measurements 
Count ttmes are recorded in the raw data spreadsheets provided as an appendix 

61 

ICY 



Chemical yields are withm acceptable limits indlcabng that the chemical separabons and analyses 
are performed correctly with the excepbon of sample number B4 IC 2 whch has an unacceptably 
low chemcal yield The lack of ths datum does not &kct the overall conclusions from the study 

Blank values for Pu-239/240 are stabstically zero as are the samples 

Laboratory Control Samples are only meaningfbl in ttus work if they are processed through the 
incubabon procedure as are the samples Time and equipment constrants led to the decision to not 
perform spiked sample analyses since the spikes could not represent the bindmg properties found 
withm the normal sample The control for these expenments is found wthin the experimental 
design For example, valid control samples for this process are those that were subjected to a 
rahabon field for stenlizabon (samples indlcated with the notabon "IC") and whose released Pu 
quanbbes are then compared to Pu released from samples whch have undergone reducbons from 
microbiologcal actmty 

PREVIOUS ANALYTICAL DATA SHOW THAT "E CERTIFIED TRACER UTILIZED IN THESE EXPERIMENTS IS 
RGLIABLE AS CROSS-REFERENCED WITH NIST SRM PU-239 SPIKES 

Representativeness 

A cham of custody form was received and retamed for sample 97L1879-002 dunng fiscal year 
1997 A copy is provided in the raw data package 

A cham of custody form was recaved and retamed for samples from the B4 pond and SED 029 
Copies are included wth the raw data package 

Work plans were approved by the Site and followed 

Holdmg bmes, as they apply to metals analyses and TOC analyses, were met 

Preservabon of samples is not a cntena that can be addressed in the convenbonal manner since 
samples have to be unadulterated in order for the data to be m m n g f b l  However, after imbal 
treatment through the cell or incubabon, samples were properly preserved wth acid pnor to 
analyses 

Comparability 

Analysis of metals, total orgmc carbon and iron speciabon used for the sedlment incubabon 
expenments was gulded by established methods referenced in the report and included with the data 
packages 
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Completeness 

The number of samples analyzed (both real and QC) match the work plan except for noted 
excepbons as documented in the “Anomalous Occurrences” porhon of thls QNQC smon 

Anomalous Occurrences 

As dscussed in smon 2 6 of ths document, the configurahon, cost, and hme (3-4 weeks per 
sample) for runmng mulbple analyses for the redurnon expenments poses senous limitabons on 
the feasibility of performing the usual quality control measures (duplicates, spikes, and matnx 
spikes) for routme analytical protocol Quality control measures were performed that were 
feasible under the constramts menboned and are included for revlew The pnmary quality control 
in these data are the samples whch are expenmentally designed to demonstrate whether or not 
there is a stahshcal dfference between samples that have undergone a redurnon process and those 
that have not W i t h  the financial constrants of thls study the control O ~ J ~ V ~ S  have been met, 
with the excepbons as noted 

As indicated in the specific analytical porbons of th~s sechon, samples with tracer recoveries of 
less than SO% were not reanalyzed The data quality objernves were not adversely affected by 
these lower recovmes due to the fact that the indiwdual data were a part of a populabon of data 
that supported the indimdual results The value of reanalysis in these cases was detemned to be 
mimmal 

The mass of soil parhculate removed with each redurnon potential measurement introduces a 
small, immeasurable bias in the final result of the solubilized Pu from the reducbon extrachon 
expenments The value of 0 0397 grams of parhculate removed per measurement was denved 
from pre-waghing 10 filter dsks pnor to sampling and then re-weighmg the ten &sks after a 
drying penod If twenty measurements are made throughout the course of the redurnon phase, 
apprommately 0 8 grams or 20% of parhculate will have been removed by the terminabon of the 
reducbon penod The majonty of these measurements (>go%) are made after the target reduchon 
potential has been reached Since the kmettcs of the Pu release are unknown, the effect of the 
removal of tlvs mated  is unknown and unquanbfiable There IS an upper bound whch limits the 
effect to a Pu value 20% higher than that obtaned but is likely a much smaller effect, probably less 
than 5% 

As dscussed in Sechon 4 3 of the report, there occurred an apparent loss of stenle integnty of the 
irradated control samples of the sediment incubabon expenment at approximately 7 - 10 days 
followmg the inihabon of the expenment These samples were therefore dsmissed as valid 
controls for microbial amvity in the Pond B$ and SED029 samples 


