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Actinide Migration Studies at the Rocky Flats Envuonmental Technology Site 
The Effect of Soil-Water Redox Potential on 2392’?Pu Solubility 

Significant results of the FY 1999 study 

I 

Overan: 
Results of electrochemcal cell and core incubahon expenments do not provide support for the 
hypothesis that reducmg con&tions m soiVwater systems at Rocky Flats Environmental 
Technology Site yeld enhanced 2392% solubility 

Tennology : 
Throughout this report, placmg the word dissolved m quotes (I e ,  ‘dissolved’) indicates that an 
operational definition of dissolved is used, i e ,  those constituents that pass a 0 45 pm filter 

Water quality cntena are listed in terms of activity (e g , pCi L’), discussion of chemical 
processes requrre concentration (e g , M or m) The followmg conversions can be used 
(1 pCiL-’=6764tM),”’Am(12fM) f f M = 1 0 ’ 5 M  1pCi=10’2Ci 

239 240pu 

Specific results: 
Fiscal Year 1999 redox cell results confirm FY 1998 findings 
239.2”opu solubility (defined as the acbvity of 239240Pu released from the soil phase upon 
suspension of soil particles m an aqueous solution, and which passes a 0 45 pm filter) over a 
range of redox conditions (-90 mV < EH < +800 mV) is relatively limted for these 
expenments The fnaxl~~llltn hchonal 239J40Pu solubility observed for the experimental 
conditions was 0 18% of total Pu soil acbvity For the conditions of the expenment (10 g L’ 
soil suspension = 3 1 x lo3 pCi, Pu, = 2 1 x IO’ fM), the highest observed ‘dissolved’ 239J40Pu 
concentration was 6 17 pCi L-’ (4 16 x IO2 fM) 
Although Pu and Am ‘dissolved’ acbvities in the analyses reported here are low, they are 
generally at or above Site surface water action levels 
2392”opu solubility decreases under moderately-reducing conditions (EH < 200 mV) by about 
2/3 relative to oxidlzing conditions (+800 mV) 
The decrease in Pu solubility with a lowemg in system is consistent with a reduction of 

241Am solubility is, w i t h  expenmental error, independent of system EH This result is 
consistent with the redox mdependence of Am(II1) 
Tangenbal flow ultrafiltration of solutions m equilibnum with soil isolates indicated that 
colloidal (10K Dalton to 0 4 prn) Pu accounts for approximately 75 percent of the ‘dissolved’ 
Pu at EH values of both +800 and -90 mV 
Redox cell analysis of Pond B4 sedunents also produced limited 23924Pu solubility (ca 0 1 to 
0 6 p C A  = 6 7 to 40 1 fM) over the EH range evaluated (-90 mV -= EH < +800 mv) 
Laboratory mcubahons of sedlment cores collected at Pond B4 and SED029 were 
accomplished under condibons designed to accelerate microbial processes and encourage 
reducmg conditions m sednnents Strongly reducmg (-234 mV < EH < -387 mV SED029, -247 

h(V) to PUOV) 
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mV < E+, < -353 mV Pond B4) condlhons were achieved m the mcubated sample sedments 
along with evidence of enhanced mcrobial actwity m the sedimendwater mcubation systems 
A declme m the sedment-core redox level was sigmficantly enhanced by tandem amendment 
of carbon and nutnents to the sedunenvwater system 
Under the reducmg con&bons acheved 111 the sedment mcubation chambers, sipficant 
solubilmtion of Eon and manganese from the sedments to the overlymg water column was 
achieved 
The extent of reductwe dtssolubon of m n  and manganese was maxmally enhanced by smgular 
amendment of mcrobially-uhlmble carbon (lactate) as compared to other amendment 
combmahons used m th~s expement 
Loss of the stenle mtegnty of mahated control samples precludes any defimtive conclusion 
regardmg the potenbal role of mzcrobrally-induced-redox conltions on potential 
solubillzation of plutomum However, lmted conclusions regarding redox-drzven potential 
solubillzation can be made by companson of matnx controls and samples 
Based on post-incubation analysis of 'dissolved' (<O 45 p) 239240Pu m the Pond B4 matnx 
water control and Pond B4 expenmental samples, there was no measurable evidence of 
enhanced 2392% dlssolution from sedments to the water column under the reducing 
con&bons established m the mcubahon expenment 

10 Based on post-incubahon analysis of 'dissolved' (<O 45 pm) 239240Pu m laboratory Nanopure 
water (SED029 matnx water control) and SED029 expenmental samples, there was no 
substantive evidence of enhanced 2 3 9 2 ~  cbssolution fiom sediments to the water column 
under the strongly reducmg con&hons established m the mcubation expenment 

1. Introducaon 
The chermcal behavior of plutomum 111 response to changing soil environmental conditions at 
Rocky Flats may have a sigmficant rmpact on approaches to remediation and strategies for long- 
term closure of the Site Work preformed at the Colorado School of Mmes dunng Fiscal Year 
1998 (Honeyman, 1998) mQated an exammhon of "9240pU and 241Am solubility over a range of 
EH values through the use of an electrochemcal cell Fiscal Year 1998 results led to the 
prelirmnary conclusion that 2392"0Pu solubility m soil (soil isolate # 97L1879-002)/water slurries 
does not increase with decreasing I& (+800 to -90 mV), mdeed, 239240Pu solubility significantly 
decreased below ca +200 mV relative to more oxidizing (+800) electrode potentials 

Work dunng th~s fiscal year (FY 1999) focussed on evaluatmg our ability to generallze the results 
of the FY 1998 work Results descnbed m this report follow from two expenmental strategies 
1) contmued analysis of solubdity usmg the EH cell, 
2) a laboratory incubabon expenment designed to address issues of the potential response of 

extant plutomum forms and host soil sednnent phase constituents (Iron and manganese 
oxyhydromdes, and natural orgmc matter) m mtact sedment cores exposed to conditions 
favonng mcrobially-mediated reductwe conditions (by native microbial populations), and the 
potential for subsequent release of Pu fiom the host phases 

In the first approach, system E;I was regulated through an unposed potential usmg platmum (Pt) 
electrodes connected to a potentiometer In the second approach, system E" was likely the 
consequence of rmcrobial achvity rather than an externally-imposed potential 

2 



I 

I 

I 

Figure I presents conceptual models illustrattng potential effects of changmg system redox on Pu 
solubility Soil particles are 
represented as a suite of megular shapes surrounded by an aqueous phase In this figure, Pu is 
shown as sorbed to an uon oxyhydroxlde parhcle Under certain crcumstances, a decrease in 
system redox (I e , a lowemg tn &) may result m the reductive dmoluhon of the lron hydroxide, 
e g  

Figure la  shows a section of a hypothetical soiVwater system 

Fe(OH),(s) + 3H’ +e-  = Fe2’ + 3H,O c11 

A loss of the sorbent (1 e ,  the Fe(OH)3) may result in a release of the Pu to the aqueous phase 
Typically, plutomum has a lmted  solubility (10 l 4  to lo-’’ M) and is not expected to be 
transported to any appreciable extent as a soluble species (e g , Graf, 1994) However, 
contarmnants of low solubility may be transported through porous media through association with a 
mobile, non-aqueous phase (McCarthy and Wobber, 1993, and references therein, Honeyman, 
1999) Ths mobile phase may consist of mcro-particles or colloids 

Another scenano with respect to Figures la  and Ib is that the Pu, rather than sorbed to the iron 
oxide particle, is m the form of micrometer-slzed pU02(s)* particles whch are aggregated with the 
immobile tron oxide soil phase The reductwe dissolution of the iron oxide could result in the 
release of the colloidal Pu species to the fluid stream Considerable research has been conducted 
on the transport of contarmnants by colloidal matenals (e g , Ryan and Elemelich, 1996) and 
evidence supports the limted transport of colloid-associated Pu through Rocky Flats soil 
macropores (e g , Ryan et al , 1998) Alternatively, the Pu may be present in a relatively msoluble 
form (Figure IC) and subsequently transformed mto a more soluble species through changes in 
system redox status (Figure Id) 

Under certam condihons, sediment microbiota are capable of influencmg the rate and extent of 
redox transformations of redox-sensitive elements m sedments At WETS, conditions for such 
transformations may be expected to be especially pertment to areas of permanent or ephemeral 
water cover (e g , interceptor pondshterceptor ditches) with microbially active sediment-water 
mterfaces that are relatwely nutnent and carbon-nch and that contain sediments with active 
established mcrobial populations It has been noted (U S DOE, 1997), for example, that at Pond 
C-2, the annual spnng “turnover” comcided temporally with concurrent, elevated ‘dissolved’ 
manganese and plutomum concentrations rn pond surface waters, suggestmg potential mcrobial 
effects on plutonium solubility The spnng "turnover" in ponds, and surface water mflux to 
interceptor ditches, may be reasonably assumed to be accompanied by mcreased sedimenvwater 
column temperatures, milux of carbon and nutnents from spnng snowmelt, runoff, and ram events, 
with accelerated microbiotic activity resultmg fiom these factors 
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Figure 1 Schematic illustrabon of postulated, potential Pu release to the solution phase through the 
reductive dmolution of host soil consbtuents (a, b) or change in PLI oxidation state (c, d) Refer to 
the text for a detailed explanation Work concludmg thls fiscal year mdxates that sipficant 
transport of Pu though the ‘dissolved' pathway, as dellneated ~fl the Site Conceptual Model, IS not 
extant Smlarly, work concluded thls fiscal year demonstrates that soil reducmg conhtions do not 
enhance Pu ‘solubility' relative to oxidrpng mdihons 
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2. Materials and Methods. 
2 I 
Enwonmental samples fiom three local~ons were used m the FY 1999 work 

Sample locations and form 

Soil isolate 97L1879-002 Tlus sample was provided to CSM by Rocky Mountain Remedation 
Services for the FY 1997 work, from a location SW of the 903 Pad m 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 approxunately one-half centmeter were removed Six hundred and forty two grams remamed 
of the ongml sample Th~s portion was split usmg a Humboldt Model H3973 hffle Splitter by 
passmg the sample through, collectmg one-half, passmg it through, until eighty grams remamed 
Thus, three passes were requued The eighty grams were then used as the stock from which 
individual sample aliquots were taken for analysis 

Pond B4 and SED029 Field sampling for core acquisition and in-situ physico-chemical 
parameters Field samplmg for core acquisition and measurement of m-situ physico-chemical 
parameters was accomplished on March 10, 1999, by Andy Carpenter and Bob Henceman 
(Commodore Advanced Sciences), and witnessed by &chard Harnish (Colorado School of 
Mmes), Greg Wetherbee (Wnght Water Enpeers, Inc ) and Wm Chromec (RMRS) Samplmg and 
analysis conformed to protocols outlmed rn the Samplmg and Analysis Plan for this project 

Core samples were collected at two sites 1) Pond B4, at the southwest edge of the pond adjacent 
to tall marsh habitat Pond B4 is located m the South Walnut Creek watershed downstream of the 
B-Senes Bypass, whch routes South Walnut Creek to Pond B3 (Figure 2), and 2) approximately 
200 feet upstream of SED029, 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 locations of mcubation core sample acquisition 
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Depth Below the Temperature PH 
SedunenWater ("(3 

Interface 
(Inches) 
Interface 3 8  8 05 

1 4 3  7 8  
2 4 5  7 8  
3 4 7  7 8  
4 5 0  7 8  

On the day of samplmg, the weather was clear, cool, with moderate wmds Samplmg took place 
from approxmately 9 AM to 4 PM Pond B4 was ice-fiee, and SED029 surface soil was moist, 
but wlth no standmg water m the m e d a t e  samplrng area 

EH Dissolved 
(mV oxygen 

(mim 

96 8 9(I) 9 3(2) 9 

-39 6 
-69 3 
-158 

-190 5 

2 I I Pond B4 Physiochemcal parameters of the sedunents and water column were measured 
before core acquisition began pH, & and the temperature of the sedunents at the sedunent-water 
interface were measured by msertmg pH, &, and therrmstor electrodes mto the sedunent and 
recordmg responses at 1,2, 3 and 4 m depth mto the sedments (Table 1) Measurements of pH, 
alkalinity, 'Qssolved' oxygen were performed on Pond B4 water, and samples were field- 
processed for Fe(II)/total Fe analysis 

Notes Temperature, pH, and & were measlped at depth m the xdment unng calibrated electrodes Dsolved 
oxygen was mm~raed m the wata oohmm near the sedtment-water m- ( ' h s o ~ e d  oxygen concentraton as 
measwed usmg a YSI ptobe, '*'l)lssOlved oxygen -on as measured usmg a Hach lat method. 

Bulk water samples were taken (ca 16 L of pond water) Eighteen sediment cores were acquired 
from a boat by manually pushmg 6 m long x 2 in diameter core tubes mto the sedunent and 
cappmg them before retneval above the water surface Effort was made to mrnunlze disturbance 
of the sedunent-water lnterface and exposure to atmosphenc gases d m g  samplmg The cores 
were kept m an upnght positron at all tunes The water column overlying the sediments at the 
sampling locabon was approximately 6 to 8 in deep On retneval, cores were labeled, caps 
taped, and cores stored m a vertical posihon Following rad-screening at WETS, the cores were 
delivered to CSM on 15 March 1999 and were immediately frozen at -4 "C Delays necessitated 
by rad-screenmg precluded analysis of he-sensitwe (4 to 6 hours) Fe(lI)/total Fe samples at 
CSM 

2 I 2  SED029 Eighteen sediment cores were acquired using a core dnver assembly and 6 in x 
2 in diameter core h e r s  On retneval, cores were immediately capped, sealed, labeled, and 
stored m a vertical posibon Followlng rad-screemng, the cores were delivered to CSM on 15 
March, 1999 and were unme&ately frozen at -4 OC No surface water was evident in the vicinity 
of the samplmg site No In-situ physico-chemcal measurements were made at the site 
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2 2 Sample dzspositzon Of the 18 sedunent cores and 16 L of pond water collected at Pond 
B4, and the 18 sedunent cores collected at SED029, 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 Umversity at Galveston) for 
related research 

2 3 Tracers 242Pu weld tracer The 242pU used by CSM was NIST standard solution NJST 
SRM 4334F at 28 26 Bq gi wlth a relahve expanded uncertamty (k = 2) of 0 74% 243Am vzeld 
tracer The 243Am used by CSM was NIST standard soluhon MST SRh4 4332D at 36 27 Bq g' 
with a relahve expanded uncertamty (k2) of 0 78% 

2 4 239 2"0Pu radiochemistry 
Aqueous solutions were generally acidified wth nitric acid, 242Pu and 24'Am yield tracers were 
added, and the acihfied solutions were taken to dryness on a hotplate [Note the water column 
samples for the mcubation expenments were acidified but taken directly to the Fe precipitation 
step J Residues fiom drying were re-dissolved m nitnc acid and treated with sodium nitnte for 
valence adjustment Fe camer was used to co-precipitate the actimdes as an von oxyhydroxide 
pH adjustment was made with ammomum hydroxide The precipitate was removed from solution 
through centnfugahon, re-dmolved with 9 M hydrochloric acid and the solution passed through an 
m o n  exchange res= Pu was then eluted and co-precipitated with neodymmm as a fluonde 
Fmally the mcroprecipitate was mounted on a filter and assayed using alpha pulse height analysis 
Details of the radiochemcal separations for Pu can be found m Appendix 2 

Am radiochemistry 241 2 5  
The Am hction was dned on a hotplate then re-dissolved in a nitnc acid/methanol solution and 
further punfied usmg an amon exchange r e m  to separate the Am from other actmides and matnx 
elements The Am was then put through a TEVA RemTM column usmg ammomum bocyanate as 
a complexrng agent to separate the Am from lanthamdes and actmum The Am was then co- 
precipitated with neodyrmum as a fluonde Finally the mcroprecipitate is mounted on a filter and 
assayed using alpha pulse height analysis Details of the radiochemical separations for Am can be 
found m Appenhx 2 

2 6 
An environmental isolation system was developed (qq v , Honeyman, 1998) to study the effects of 
reducing envvonments on the release of metals and radionuclides from a soil matnx to solution at 
specified EH values The system as utillzed 
1 provides a controlled redox envlronment, 
2 allows for the containment a soiVwater sluny with constant mixmg, 
3 allows for penodic spectrophotometrtc measurements without exposure of samples to 

oxldmng conhhons, 
4 provides a vanable electncal potenQal and electron current across the slurry, 
5 allows for the relabvely rapid de temahon of system redox potential (&), 
6 provides the means for rapid separation of the liquid and solid phases, thereby effectively 

haltmg further reacbon, 
7 provides the means to easily momtor and adjust the pH at penodic mtervals, 
8 allows the removal of samples and the mtroduce new matenal and equipment mto the isolation 

chamber wthout compromsmg the redox status of the expenmental envlronment 

Expenmental apparatus for regulating system EH (or pe) 

7 
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The followrng eqwpment was utlllzed 111 the creabon of the redox control system (Figure 3) 
1 Coy Laboratory Products, Inc Anaerobic Chamber and associated Manual Alrlock 

(collectwely referred to as the glovebox), 
2 IBM Instnrments, Inc Ea225 Voltammetnc Analyzer (Potentiometer), 
3 GeoFilter large hameter filtemg apparatus, 
4 Onon Model 720 pH meter and electrode, 
5 Roy Milton Co Spectromc 20, 
6 110 volt low RPM s t m g  motor, 
7 An electrochermcal cell of m-house design for the regulation of electrochemical potential and 

sample mampulation (Figure 4) 

In addition to the eqwpmwt hsted above, the following matenals were also utilized 
1 A suite of redox mdicators (Section 2 7), 
2 0 45 pm large diameter membrane filters, 
3 0 45 pm synnge filters and synnges, 
4 a Zeolite 02 scrubber, 
5 0 2  - free mtrogen (<O 5 ppm) 

2 6 I Analysis procedure All equipment and matenals were introduced into the chamber pnor 
to the evacuation of ambient av  and subsequent purgmg and fillmg with mtrogen The equipment 
internal to the glovebox was Qsassembled to allow glovebox evacuation to the greatest extent 
possible Equipment external to the chamber mcluded the potentiometer, the mtrogen cylinders and 
the zeolite oxygen trap Figure 3 is a schematic illustration of the glovebox and associated 
instrumentation A pump attached to the avlock was used to purge the glovebox of gas The 
chamber was filled with oxygen-free mtrogen and purged for three cycles before the final inflation 

Two sources of mtrogen were used throughout the expenmental penod The mtrogen entenng 
through the airlock was not further punfied of oxygen from the manufacturer's specification of <O 5 
ppm Ths  Nz source was used to refill the chamber and alrlock after evacuation of ambient air 
The second source of <O 5 ppm mtrogen was further scrubbed of 0, by passmg it through a zeolite 
trap pnor to entenng the chamber Thls second source was fed lnto the bottom of the cell through 
the 5 pn pre-filter/ spargrng system that was mounted rn the base of the cell apparatus (Figure 4) 
The filters acted as spargmg devices to disperse the mtrogen into the slurry Throughout the 
duration of an expenment, a constant flow of rutrogen passed through the cell, over-pressurmg the 
cell and the glove box relative to ambient pressures thereby preventing glovebox gas (< 0 5 ppm 
02) from entenng the cell and ambient room an from entenng the glovebox Expenence with the 
cell and glovebox system demonstrated that a tiered gas isolation system is requisite for acheving 
low EH values 
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Figure 3 Diagram of the glovebox arrangement developed to maintam reducmg condtions Two 
sources of & are used to isolate the glovebox lntenor fiom ambient Q 1) high punty N ( ~ 0  5 
ppm 02) is the pnmary gas for glovebox da t ion ,  2) hgh punty N2 which has been scrubbed of 9 
by a zeolite O2 trap is used dnectly for cell spargmg A senes of valve mmpulations allows zn situ 
separabon of suspended soil particles from the solution phase through the use of two filters in senes 
I )  a 5 0 pn stamless-steel prefilter at the cell base (Figure 4), a 0 45 pm Nuclepore filter 
Adhbonal equpment mcludes an IBM EC/225 Voltammetnc Analyzer, an Onon Model 720 pH 
meter and a Roy Milton Co Spectromc 20 

A four gram sample was weighed out to the nearest rmlligram and placed in the cell Four hundred 
milliliters of 1 0 mM potassium chlonde aqueous solution was also added to the cell A Teflon- 
coated unpeller attached to a stimng motor kept the slurry well mixed throughout the expenmental 
penod Sufficient redox indicator was then added to the soiVelectrolyte slurry such that the initial 
percent transmittance readmg fiom the spectrophotometer was between 10 and 50 (approximately 
1 mM in total mdicator) Readlngs were taken as soon as the mdicator was well mxed in order to 
establish the mtial mdicator concentrabon 

Imtially, a three electrode system was used to apply a potential to the cell (Figure 4) A 
silvedsilver chlonde reference electrode was immersed in the slurry Two platinum mesh 
electrodes were sealed m position wth  thev leads protruding upward through the top of the cell 
The mesh electrodes were completely m e r s e d  in the sluny at diametncally opposed positions 
near the wall of the cyllndncal cell Eventually, the three electrode system was abandoned in 
favor of the two electrode system Smce the potential established rn the slurry was determined by 
the mdicators, the applied potential had httle relevance except in affecting the rate and the stability 
of the redox process (It was found that applying a potential of negative two volts over a period 
of time could have a destructwe effect on one or more of the indicators ) Other types of studies 
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may warrant the use of the three electrode system 
electrode system was found to be sunpler and sufficient to provide a stable potential 

For the purposes of t h s  study, the two 

2 6 2 Reduction of NR04 The followtng paragraphs descnbe the procedure followed for the 
reduchon of sample NRO4 All samples were reduced using slight vanations on the NR04 
procedure 

After the NR04KC1 slurry c0n-g the mdxator was thoroughly mxed, no potential was 
applied d m g  the first several hours Spectrophotometnc measurements were taken every few 
hours to d e t e m e  if the mdicator would be stable 111 the slurry with no bias applied A 
disposable pipette was used to remove several milliliters of slurry from the cell into a clean 
vessel A syrmge fitted with a 0 45 pn filter was used to remove approxmately 4 mL of solution 
from the settled slurry, leavmg as much of the NR04 solids in the vessel as possible 

Figure 4 Detail of  the cell constructed to regulate system EH 1 Platinum electrodes, 2 
combmation pH electrode, 3 N2 gas sparger/filtration port with 5 0 p m  stamless steel pre-filter and 
hose bib for connection of  the fluid stream to a downstream 0 45 pm Nuclepore filter (Figure 3), 4 
Teflon stmer, 5 reference electrode, 6 N2 mlet port for cell pressunzation, 7 port for slurry 
extraction 

Since every measurement of ths type removed a small amount of solids from the sluny, estlmates 
of the total solids removed were made and corrections for a changing solidholution ratio were 
mcluded in data concentration calculabons Solids loss determinations were made by weighing 
ten dned filters con tamg  filtered solids and companng to the weight of ten unused filters In the 
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study of sample NRO4, approxunately 0 8 grams of solids were removed throughout the 24 day 
expement 

Indicator analvsis ha u , Section 2 7) After sample filtration, the separated aqueous phase was 
meQate ly  put mto 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 
pomon was removed from the glove box to test for reversibility of the reduction reaction As 
indicated as part of the mdlcator selection cntena, indicator reversibility is cntical to ensure that 
loss of the o x i M  species color is due to mdicator reduction and not loss through processes such 
as degradabon or sorption Sample oxldation was camed out by bubblmg air through the solution 
for several m u t e s  On at least two occasions (NR02B and NR03, data not reported), this 
reversibility was not demonstrated and the expenmental data were determlned to be mvalid 

Sample NR04 showed a falrly m e d i a t e  drop m color intensity (9 2 to 18 9 % transmttance) 
pnor to applymg a potenbal Such a reducbon may be due to the presence of electron donors in the 
soil or some other process removmg the mdcator fiom solution Over the course of the NR04 
study, nearly hrty mdicatorh measurements were made Of these, five, at lntervals throughout 
the study, were taken to demonstrate reversibility For all five samples, spargmg with ambient air 
returned the indicator to a percent transmttance value very near the value obtalned near the 
begmmng of the study 

The slurry was mamtamed at a pH of 7 2 throughout the study though step-wise addition of a weak 
solution of HC1 as the solubon pH tended to mcrease as the expement progressed Note that the 
reduction of the oxidized form of the pe mdicator (eq 2) contnbutes to the consumption of protons 
and an increase m solution pH 

Sparging the electrochemical cell with N2 resulted in a small, continuous loss in water This lost 
water was penodically replaced when the water level decline was noticeable, that is on the order 
of 10 milliliters or 2-3% of the total volume This evaporative loss and water reintroduction 
introduces a small uncertamty m the measurements 

Once the target EH and reaction bme were obtained, the aqueous phase was quickly separated from 
the solid phase by pressure filtration 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 guide tube through whch it spins dunng operation, 2) the top of the guide tube was sealed off 
using a connector and plug threaded to match the threads on the connector tube All other ports 
were sealed with plugs, 3) the nitrogen sparging lme was closed and a connection was made to a 
second valve at the top of the cell (Figure 4 #6), 4) a thxd valve was opened at the bottom of the 
cell allowing the solubon to leave the cell and travel through a tube to the filtenng device (Figure 
3 #3), 5) pressure to the cell was mcreased to 80 psi and the solution was forced out of the cell 
through the 5 p prefilter and 0 45pm Nuclepore filter, and mto a receivmg vessel, 6) the aqueous 
solubon was then removed fiom the chamber and the volume measured In the case of NRW, 
approxunately 66 mL remamed m the cell after pressure evacuation A correction factor (0 835 
for NR04) was used 111 subsequent acbvity calculations 

Afrer phase separation the aqueous phase was re-oxidized by bubbling ambient air into the 
solution for a penod of several m u t e s  An ahquot of the solution was then tested in a fmal check 
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2,6-dichloro-indo-phenol 
indigo-5,5',7,7'-tetrasulfonate 
Indi~o-5.5'-disulfonate 

of mdicator reversibility In the case of NRW, the solution was re-oxidized to a final percent 
transrmttance value of 27 9, at 600 nm The sample was then subrmtted for 239J?'u, 241Am by 
alpha pulse height analysis and stable elements by lnductively coupled plasma analysis 

0 217 367 1067 21 3 
-0 046 -078 622  124 
-0 125 -2 11 489  9 7 8  

2 7 Redox indicators 
Electrode measurements of soil and sedlment & values are relatively easy to make but their 
interpretation is h d e r e d  as a consequence of practical and theoretical limitations (e g , 
Thorstenson, 1984) More accurate methods of redox detemunation mvolve the measurement of 
in-srtu oxidlzed and reduced forms of target mdxator elements, e g , Fe(II)/Fe(III) Problems with 
thls approach mclude the concentrabon of mdxator elements at or near the detection limit of 
routme analytical methods and redox-active species that may not be m equilibnum An additional 
method of assesslng system redox is the addaon of colored redox mdicators to the system under 
consideration Selection cntena for mdicators lnclude (after Tratnyak and Wolfe, 1990) 1) the 
reversibility of the redox couple, 2) that the colors of the mdicator must be easily distinguishable 
in sedunent suspensions, 3) that the color of the oxidized and reduced forms of the indicators must 
not be strongly affected by pH, 4) that the oxidlzed and reduced forms of the indicators must have a 
neglig~ble tendency to sorb, and 5) that the mdcators must have a moderate water solubility 

Tratnyak and Wolfe (1990) evaluated a suite of mdicators for use 111 evaluating the redox status of 
anaerobic sediments Table 2 lists the properbes (Wurmser and Banerjee, 1964) of the redox 
indicators used III this study 

Table 2 Thermodynamic properties of redox indicators 

Indicator 

E (w) IS the standard elechde potentd at pH "7, pe' =-log{e } at pH = 0 under standard condlhons In general, & and 
r 

2 3RT 
pearerelatedasfollows pe=-EE, =169E, mwItsat25"C SuruMy 

n EL(w)=l69Ei(w) and peo = p e " ( w ) + 1 7  and nHpeo =logK F peo (W) = - 
2 3RT "e 

where nr and tk are the sto~chmc coeffictents (eq 1) for the transfer of protons 0 and electrons (e) 

The redox reactions of all three indicators can be descnbed by the following general reaction 

Ox+2H'+2e- =Red PI 

where Ox and Red represent the oxldlzed and reduced forms of the indicators, respectively The 
concentrations of the oxihzed forms were followed through analysis of solution absorbance, 
relative to a blank, at -600 nm, the appromate absorbance maxuna The pe correspondmg to a 
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calculated loss m the oxidzed form was de temed  from a log a0 versus pe diagram (Figure 5) 
The fractional reduction of the lndrcator is defined as 

[Ox1 
[Ox]+[Red] 

01, = [3 1 

The mdicators are blue 111 color when m ther oxidized form and are colorless or yellow m thelr 
reduced form 

2 6-dichlom-indo-phenbl 

p H = 7 2  
- - I -  - - - 
- -, - - - - 
..4".-."" .. 

i - - -  - _ -_  -a'---- 7 - - -  - r - -  

"--.."" . +: ""." ...A" "."; " " I "  t " " I  .. 
I 

0 4 8 12 16 20 

Pe 

Figure 5 Log fractional dxtnbutron (a) of the redox lnlcator 2,6-dichloro-mdo-phenol as a 
function of pe See Table 2 for mdxator charactenstics a, is the fraction of the tndxator ~ I I  the 
oxidized (colored) form, al IS the fracbon m the reduced form pe values can be converted to EH as 
descnbed in the footnotes to Table 2 
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a0 
M 
0 
II 

EH (mv) 
-90 +165 

1 Indigo 5 5’-disulfonate 
2 indigo 5,5’,7,7’-tetrasulfonate 
3 2,6-d~chlor0-1ndo-phenol 

-101 t’ 

-13 
-14 
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.* 
- 5 - 4 - 3 - 2 - 1  0 1 2  3 4 S 6 7 8 9 1 0  

Pe 
Figure 6 Comparison of three m&catars used to ascertam system & 
indicator m the omdeed form The vert~cal reference lmes mdicate the target 
expenmental runs Each mdcator is optunal for a particular EH value 

~6 is the fraction of the 
values for the 

2 8 Tangentialflow ultrafiltration 
Post 0 45 pn filtration was accomplished using a Millipore Mimtan filtration system (Figure 7 )  
with 10,000 NLMW (normnal molecular weight) filter plates guided by protocols descnbed in the 
manufacturers user guide (Millipore, 1995) Filter plates used were type PLGC (Millipore 
catalogue number PLGCCOMPW) 10K low-protein-bmding regenerated cellulose (Lot number 
RGEM72608) Four filter plates were used, for a total filtration surface area of 240 c d  Pnor to 
filtration, filters and filtration apparatus (acrylic filter holder, filter separators, silicone pump 
tubing, polypropylene apparatus tubmg) were cleaned usmg a sequence of soak and nnse steps 1) 
20 mrnutes exposure to 0 05% detergent solution for metal removal, 2) 10 liter nnse with 
Nanopure water, 3) 20 mmutes exposure to 0 1 M NaOH for organic removal, and 4) a final nnse 
with 10 liters of Nanopure water A filter mtegnty test was run at an inlet pressure of 5 psi pnor to 
filtration 

Sample filtration was done in the concentrabon mode, at an average transmembrane pressure of 8 
psi Filtraoon was accomplished m a glove box under positive UHP (ultra hgh  punty) mtrogen 
atmosphere As an additional step to preserve anoxic conditions d u n g  filtration, the headspace of 
sample contamers were purged with UHP argon for the duration of the filtration 
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Figure 7 Schematic Illustrahon of the tangentd-flow ultrafiltration system 

2 9 Incubation experiments 
2 9 I 
was developed and fabncated for sedunent core mcubations, based on the followmg cntena to 
1 Provide m m a l  disturbance of core and sedunendwater column interface d w g  handlmg, 
2 Mamtam extant microbial colomes at depth by mamtamng mtact core (1 e no homogemzation 

of sedments), 
3 Delimit exposure of core, so that only the sedunendwater column interface is exposed to the 

water column, 
4 Design a system that is relatively gas-mpenneable and capable of maintainmg sub-oxic 

conditions over the penod (several weeks) of the incubation, 
5 Allow for penodx sampling of the water column (sample withdrawals) and equal volume 

water additions (sample additions), whle maintainmg an mert atmosphere (argon) in incubator 
headspaces 

Experimental apparatus for sediment core incubation An apparatus of m-house design 

The design of the incubabon chamber is detailed m Figure 8 Chambers were constructed of 2’/* 
mch 0 D (2’/4)’ I D ) acrylic tube, 10” long, with %,’ thck acrylic sheetstock used for the upper 
and lower plates Upper plates were dnlled and tapped to accommodate two %” plastic or brass 
compression fittmgs, whch held m place 1 lmm silicon-based septa The internal diameter of the 
acrylic reaction chamber allowed undisturbed, core-liner encased cores to be inserted in the 
chambers with f~~lllmum perturbabon Fabncation of the chambers was completed 3 weeks before 
mitiation of the mcubaaon expenment to allow for complete cunng and degassing of solvent based 
adhesives and sealers used m fabncation m order to avoid potential toxic effects on microbiota 
Pre-expenment, the reaction chambers were leached with several changes of 10% nitnc acid (4 
hours exposure) followed by distilled water (20 hours exposure) and further repeated nnses with 
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distilled water Stenllzation of the chambers by mmersion in isopropyl alcohol was performed 
before the expenment was begun 

Sampling ports wth septa for syringe sampling m m  - Acryhc upper plate 
Argon-purged headspace 

Water matrix 300 mL 

Open sediment-water interface 

Acrylic tube reachon chamber 2 5” diameter 

Encased, intact sediment core 2 0” diameter, 
6” long, ca 480 cm3 volume, sealed at bottom 

Core cap 

‘Acrylic bottom plate 

Reaction Chamber 

Figure 8 The 
chambers were designed to muumlzed handlmg of the cores pnor to the mcubation 
expements The encased core is the sedlment sample in the ongmal core h e r  

Illustration of the incubahon chambers used m the core expenments 

2 9 2 Synopsis of experimental approach 
Intact cores were collected from Pond B4 and the SID (SED029) before Spnng turnover (10 
March, 1999) 
Gamma-stenhzed (%o) sediment cores were established as microbial activity controls, 
‘duplicate’ cores (cores from the same site) were procured for the incubation analyses 
Sediment cores were placed m sealed reactor vessels with 300 mL Pond B4 water (de- 
ionzed, Nanopure grade water for SED029) Supernatant water was amended with carbon 
alone (C+, NO), nutnents alone (CO, N+), carbon and nutrients (C+, N+), or remained 
unamended (CO, NO) 
Controls and samples were mcubated 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 p) Mn and Fe were measured for evaluation of system redox status 
The mcubahons were termmated when Fe and Mn data suggested that system Eh mght be 
lncreasmg 
Post-expenment, water columns from the rncubation chambers were analyzed for u9240Pu, 
metals (ICP), Eon redox state, and total orgmc carbon 

2 9 3 Pnor to b e g m g  the rncubahon expement, 3 fi-ozen 
cores from each site were sent to the Rahahon Center at Oregon State Umversity for gamma 
stenlization in a Gammacell 220 irradiation chamber Cores were gamma-irradiated PCo)  for a 

Gumma sferrlzzatzon of cores 
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penod of 20 7 hours at an Irradiation lntensity of 1 2 E +5 radhour (Pratt, 1999) The cores were 
mchated on 4 May 1999, then frozen at 4 "C until the beglnrwg of the mcubation penod These 
cores served as mahated controls on rmcrobial activity in the sedimendwater column dunng 
mcubation The remamng cores (samples) were not mcbated, but kept frozen at -4 OC unbl the 
mtrahon of the mcubahon expement 

2 9 4 Sample Matrrx and amendment protocol A schematic illustration of the expenmental 
control and sample matnx is shown m Figure 9 Cores from each site were assigned as either 
irralated controls (3 each) or samples (4 each), along with a matnx control consistlng of matnx 
water alone Controls and samples were treated with 4 combmations of water matnx amendments 
1) carbon alone (6 gramsL  lactate as sodium lactate), 2) nutnents alone (Table 3), 3) carbon and 
nutnents, or 4) matnx water with no amendments Practical issues of scope of effort precluded 
replicate samples and controls only smgle representatives of controls and samples were 
established for the mcubahons Matnx water for the Pond B4 expenments was Pond B4 water 
collected on the day of core acquisitron, then autoclaved before mtroduction to the reaction 
chambers Matrrx water for the SED029 expenment was laboratory Nanopure water, autoclaved 
before mtroduction to the reachon chambers The chermcal composition of the nutnent 
amendments is shown in Table 3 Lactate added m the sodium form at 6 g& served as the carbon 
source in the ahn-amenM samples and controls Solutions were autoclaved before their 
mtroduction mto the reaction chambers 

Table 3 Chemcal composihon of the nutnent media used UI the nutnent-amended samples and 
controls Nutnent solutions were autoclaved before introduction into the reaction chambers 
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Controls 

Irralated Control # 1 Gamma-stenhzed core, autoclaved 
pond water amended wth carbon and nutnents (C+, h' t )  

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

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

Matrix Control Autoclaved pond water, no amendments 

Samples 

Sample #1 Sample #2 Sample #3 Sample #4 
Un-stentized Un-stentized Un-stenlized Un-stenlized 

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

amended wth amended wth amended with no amendments 
nutnents carbon carbon and nutnents 
KO, N+) (C+, NO) (C+, h+) (CO NO) 

Figure 9 Schematic illustrabon of the sample matnx '+' mdicates that the incubation chamber 
was amended with either carbon (6 g/L lactate) or the nutnent media (Table 3) '0' denotes an 
unamended core with respect to either C or nutnents 

2 9 5 Incubation protocols Pnor to mtroduction of cores into the mcubation chambers, the 
incubation chambers were m e r s e d  rn isopropyl alcohol for four hours, then allowed to air dry 
Ths stenlization techruque was used m lieu of autoclavmg to prevent autoclavmg damage to the 
reaction chambers Re-used samplrng eqwpment (1 e ,  needles and synnges), was soaked in 10 
"03 solubon to prevent cross contammbon dunng sampling) All amendment solutions were 
autoclaved for 30 m u t e s  Pnor to the expenment, samples were taken from all amendment 
solutions for chemical analysis 
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Cham of custody 
Sample number 

(core) 

Incubations were done m a constant temperatwe envlronmental chamber at CSM Incubation 
temperature was held at 35 degrees C (+/- 1 'C) for the duration of the mcubation penod The 
expenmental mcubahon chambers r e m e d  physically undisturbed for the duration of the 
incubahon except dmng penodic wthdrawal of water column samples for analysis or archival 
purposes To avoid potential photoreduchve reactions, samples and controls were maintamed ~fl 

complete darkaess for the duration of the experunent, with the exception of bnef penods of 
fluorescent light exposure (several hours per sampling) dunng penodic water sample extraction 
Sedunent mcubation protocols are shown m Table 5 

Cham of custody 
Sample number 

(water) 

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

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

2 9 6 Sample zdentlficatzon The cham of custody identification numbers of collected cores, and 
the correspondmg incubation expenment sample designations are shown in Table 4 

99D5920 035 none 
99D5920 036 none 
99D5920 037 none 

none none 
99D5920 038 none 
99D5920 039 none 
99D5920 040 none 
99D5920 041 none 

Table 4 Cham of custody idenbfkation numbers of cores and water samples used in the sediment 
incubation expements Laboratory Nanopure grade water was used as the water matrix for 
SED029 lncubations 

Incubahon expenment 
Sample 

Designation 
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Frozen core samples were refngerated for 24 hours before lncubation to lnitiate thawing Cores 
were placed mtact (core h e r  remarnrng m place) m the reaction chambers with the bottom cap 
r e m a m g  m place The top cap was removed to expose the sednnent-water lnterface 300 mL of 
appropnate water phase was added, then the reaction vessels were sealed at the joint between the 
top and bottom segments mth m y 1  tape Once sealed, the reaction vessels were removed from 
the glove box and moved to the 35 O C  mcubabon chamber for the duration of the expenment 

2 9 7 Samplingprotocols 
Samples of the water columns from the Pond B4 expenmental suite were taken every several days 
for chemcal analysis The expenmental suite from SED029 was sampled less frequently For each 
sample and control, 6 mL was withdrawn for metals analysis, 15 mL was withdrawn for anion and 
total orgamc carbon analysis, and 10 ml was withdrawn for archval freezmg at each sampling 
event All samples were 045  um filtered usmg disposable 25-mm synnge filters before 
preservation 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 vials and media te ly  refngerated, Archival samples were 
collected m 25 mL polypropylene bottles and media te ly  frozen All samples were taken from 
md-depth m the water column using a 20 mL polypropylene synnge with a 6" long stadess steel 
sarnpllng needle through the septa of one of the samplmg ports Dunng samplmg, grade 5 0 UHP 
(ultra-high punty) argon purged the gas headspace through a needle mserted into the second 
sampling port to preserve anoxia m the headspace Following samplmg, the volume of water 
withdrawn from each sample/control d u n g  sampling was replaced with the same volume (31 
mL ) of appropnate ongmal liquid phase (I e , amended or unamended) to match the ongmal water 
sample matnx and to mamtam a total 300 mL of water matnx m each of the reaction chambers 
Care was taken to avoid perturbation of the sedrnent-water mterface dumg sampling To avoid 
cross-contammation dunng samplmg, separate synnges and needles were used for each 
sarnple/control If reused, samplmg eqwpment was soaked in 10% HN03 and rinsed with 
Nanopure water between samplings Over the course of the mcubation, 8 samplings were made on 
the Pond B4 expenmental suite, 5 samplmgs were made on the SED029 expenmental suite 

2 9 8 Incubation experiment termination protocols The decision to t e r n a t e  the incubations 
was based on temporal measurements of 'dissolved' ( ~ 0 4 5  pm) lron and manganese 
concentrations m the water columns The goal was to temuate the expenment on or near 
indication of maxmum dmolution of (oxy)hydroxides of these elements to acheve an end point 
indicative of maxunally mtensive reducmg conditions in the sedmentdwater column, and of active 
microbially-mediated redox state transfonnations 

2 9 9 Post incubation sample processing Imtial post incubation expenment sample processmg 
was done under rutrogen atmosphere m the glove box Reaction chambers were disassembled and 
the water matnx phases decanted lnto 250-mL comcal polypropylene centnhge tubes whch were 
capped under Nz atmosphere Sediment cores were capped and media te ly  frozen for archival 
purposes Sealed water matnx phases were then removed from the glove box and centrifuged at 
3000 rpm for 30 mmutes to separate particulates from the aqueous phase as a preclude to final 
filtration Fmal filtration (0 45 pn synnge filtration) was accomplished with continual purging of 
centnhged samples with UHP mtrogen dunng the filtration process Immediately following 
filtration, 20 mL samples were taken and processed for iron speciation (Fe(II)/Fe(III)) Bulk 
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filtered water samples (ca 250 &sample) were acidified to < pH2 with ultrapure €€NO3, then 
refhgerated m preparation for actmde analysis 

29 10 Analytical Methods All analytical procedures (with the exception of day-of-sediment 
acquisition measurements made by WETS personnel) were accomplished by qualified CSM 
personnel usmg CSM mstrumentatron All analyses were guided by published and generally 
accepted analytical and quality assurance protocols 

2 9 10 1 Iron and Manganese analvsrs Iron and manganese analyses were performed usmg a 
Perk-Elmer Optuna 3000 mductwely-coupled plasma emission spectrometer with a Perlun- 
Elmer AS-91 autosampler The system software provides two techmques for m m z m g  spectral 
mterferences mter-element correction and multr-component spectral fitting Sample preparation 
and analysis were performed per Perk-Elmer specifications and were guided by protocols 
outlmed m EPA Method 6010B @PA 1996) Detection l m t s  measured on th~s mtrument III May, 
1999 were Eon 5 ppb , manganese 1 ppb Acidified samples were analyzed without dilution 
Scand~um at 1 ppm was added to each sample before analysis as an internal standard to access 
mtrument stability 

2 9 10 2 Iron redox state analvszs ImmeQately following sedimentlwater phase separation by 
centnfugation and 045 urn filtrahon at the end of the expenment, water column samples were 
analyzed for m n  redox state usmg mdf ied  colorometrrc bipyndlne methods for ferrous 
(Skougstad et a1 , 1979a) and total uon (Skougstad, et a1 , 1979b) Femc iron concentration was 
calculated as the difference between measured total lron concentration and measured ferrous iron 
concentration 

Summary of Method Iron, total recoverable, bipyndine This method is based on the reaction 
between ferrous iron and 2,2-bipyndme that yields a red complex Hydroxylamme hydrochlonde 
reduces femc xon to ferrous lron The color develops immediately and is stable for several 
hours The color mtensity IS independent of pH m the range 3- 10 

Summary of Method This method is 
identical to the iron, total recoverable, bipyndine method, except that no reductant is added to 
reduce fernc won in solution 

Iron, ferrous, dissolved, colorometrrc, bipyndine 

Apparatus Milton Roy Company Spectromc 20 spectrophotometer, wavelength 520 nm , 10 mm 
cell 

2 9 10 3 Total ormznzc carbon analvszs Total organic carbon analysis of water column samples 
by catalyhc combustion-non-dispersive i n k e d  gas analysis was accomplished on a Shmadzu 
Total Orgamc Carbon Analyzer, Model TOC-500, according to manufacturers mstructions 
(Shunadm Corporation, 1990) and Standard Method 5310B, Total Orgmc Carbon, Combustion- 
Infrared Method (Amencan Public Health Association, 1989) 

2 9 10 4 Metals analvszs Fractions of the actmde-contamg solutions were taken fiom the 
digested and/or extracted samples for metals analyses The fractions were &luted with 1 M nitnc 
acid to approximately 15 mL and then submitted for direct aspration and quantification by 
mductively coupled plasma emssion spectrometry 
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All metals analyses under thls study were performed by personnel of the Colorado School of  
Mmes Chemstry Department on a Perlun Elmer Optlma 3000 mductively coupled plasma 
emssion spectrometer wth a Perlun Elmer AS 91 Auto Sampler The system software provides 
two techques for mmmuzmg spectral mterferences inter-element correction and multi- 
component spectral fittmg Metals were analyzed per Perlun Elmer specifications usmg standard 
protocols 

Quality Assurance measures for these analyses lnclude imtial calibration with NIST traceable 
standards, contmung cahbrahon venficaQon throughout the analytical run time Scandium is 
utlilzed as an mtemal spike for assesslng performance parameters Data review is performed by 
qualified ICP operators and the ICP laboratory supervisor pnor to final reporting 

2 9 10 5 OH and EU measurements 
Onon Model 720 pH meter, and calibrated pH and EH electrodes 

Measurement of pH and I& were accomplished using an 

3. Results and Discussion: redox cell experiments 
3 I Analysis of 239 240Pu and 241Am solubilities over a range of redox conditions 
The release of u9240Pu and "'Am from fractions o f  WETS soil isolate 97L1879-002 suspended in 
aqueous solubon, to solubon, was exammed as a function of suspension EH Details of the 
expenmental system are descnbed in Sections 2 6 and 2 7 Expenmental tnal charactenstics are 
summaflzed m Table 6 A complete tabulabon o f  expenmental results (FY 1998 and 1999) can be 
found in Table 7 Figure 10a shows u92% and 24'Am aqueous-phase activities (pCi/L) as a 
function o f  slurry EH For these expenments, the 'solution' phase was operationally-defined as the 
portion of the system passlng 0 45pm filters Figure 10b contams a plot of PU concentration as a 
function of  EH 

"'Am solution phase activities over the range o f  & values studied were, within expenmental 
error, independent o f  slurry &, with an average value o f  1 2 f 0 8 pCi L' (1 44 fh4) For the 
conditions o f  the expenment (a 10 g I.? soil/water slurry 438 pCi L' 241An40ta~), approximately 
0 27% o f  the soil 241Am was released to solution Paired t-tests showed no significant correlation 
(at the 95% confidence level) for 24'Am acbvity and 1) EH, or 2) length of equilibration time 

Analysis o f  2392'?u solution-phase acbvity was conducted as a function of 1) I$, 2) soil/water 
contact time, at a set &, and 3) molecular weight separation using tangential flow ultrafiltration 
2392mPu solution-phase activlties (Figures loa, Table 7) are considerably more vanable than in the 
case o f  "'Am Furthermore, exammation of Figure 10a shows the broad charactenstics o f  the 
expenmental results 2392% solution-phase activity decreases with EH 

EH = -90 rn V 
f 0 30 x l W l 3  M) for the three expenmental tnals at that EH (NR02, NR04 and NR07) 

The average 2392% acbvity at -90 mV is 1 96 f 0 46 pCi/L (1 30 x 10 l 3  

EH = +I65 mV Three expenmental trails were also conducted at an EH value of ca +165 mV 
(NROI, NR06 and NR08) The ttlals at ca 24 days produced 239540pu activities of  2 1 
and1 15 p C A ,  the tnal at 2 days (NROl) yielded 6 17 pCdL It is yet to be determlned 
whether NROl reflects a lunetic component to reduction or that the data is an expenmental 
'outlier' 
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EH = +800 mV Four expenmental tra~ls were conduced under conditions open to the 
atmosphere (N002, N003, NO04 and N006) Three tnals (-02, -03 and -06) were grouped, 
yieldmg an average 2392%value of 4 85 k 0 32 pCdL (328 f 22 x M) A fourth mal, 
N004,  produced a 2 3 9 2 ~ u  activlty of 2 32 p C L  Three (-03, -04 and -06) o f  the four tnals 
were conducted at prolonged contact tune of 24 days Palred t-tests o f  the data indicate that 
NO04 (2 32 pCfi)  can be rejected at part of the population consisting of  N002, NO03 and 
NO06 at the 95% confidence level 

NO02 
NO03 
NO04 
NO06 
NROl 
NR02 

[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 statishcally mdistmguishable from the bulk soil u9240pu/241Am mho that the 
electrode buildup is the consequence of the entrapment o f  fine soil particles that could not be 
removed by scrubbmg ] 

(days) (mV) 
97L1879-02 1 5  +800 None’ 
97Ll879-02 24 +800 None 
97L1879-02 24 +800 2,6-d1chloro-1ndo-phenol 
97L1879-02 24 +800 2,6-dichloro-mdo-phenol 
97L1879-02 1 5  + 1 64 2,6-d1chloro-indo-phenol 
97L 1879-02 15 -90 mdlg0-5,5’,7,7’- 

Table 6 Expenmental trial charactenstics 

I Expenment I Sample ID‘ I Equihbrabon time I Final I& I Indicator 

NR04 

NRM 
NR07 

NR08 
NRlO 

NO05 
NRI 1 
NR12 

tetrasulfonate 

tetrasulfonate 
97L1879-02 24 -90 mdigO-5,5’,7,7’- 

97L1879-02 22 + 165 2,6-d1chloro-indo-phenol 
97L1879-02 2 -90 indigo-5,5’,7,7’- 

97LI 879-02 22 +165 2,6-dichloro-indo-phenol 
tetrasulfonate 

Hemahte (a-Fe203) 24 -90 mdigO-5,5’,7,7’- 
tetrasulfonate 

99D5920 01 1 2 +800 None 
99D5920 0 I 1 2 + 165 2,6-d1chloro-mdo-phenol 
99D5920 0 1 1 2 -90 mdigO-5,5’,7,7’- 

tetrasulfonate 
NRBOl Blank 2 +I65 None 
NRBO2 Blank 2 + 165 2,6-dichloro-mdo-phenol 

’NO02 was open to the atmosphere. The E” was calculated from the stability o f  H20 with respect 
to oxidation at pH 7 2 and Pol = 0 17 atm 
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Figure 10 a) 239240Pu or 24'Am actxwty (pci L-') as a functron of E+, The expenmental apparatus 
for the achmde solubility expenments IS shown m Figures 4 and 4 In all cases, the soil 
concentration was 10 g L' and the mbal solution composition was 17 M ohm Nanopure water 
made lo-' M m KC1 System I& was d e t e m e d  through the method descnbed 111 Sectlon 2 7 
Table 7 prowde details on the mdmdual expenments The 239 240Pu and 241Am soil actiwtles for the 
soil isolate are 310 f 55 7 and 43 8 f 7 4 pCi g I ,  respectively b) The Pu data presented as 
concentration (1 fM = 10 M) Error bars are based on a relative error of 20% = 2 1 x 10 l o  

M (3 1 x lo3 pCi L I)  
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I 
t Figure 11 shows 2392% concentrahon (M) is shown as a function of EH (mV) and represents the 

data set with the greatest reproducibrlity The total ‘dissolved’ Pu data have been ‘corrected’ to 
lnclude only the fracbon of Pu that passed the 10K Da ultrafilter Pu species considered in the 
ConstrucQon of the &agram are Pu(OH)i(aq) , whch is the dommant soluble Pu(1V) species at pH 
7 2 ln the region -200 mV < EH < 4-600 mV, and PuO *CO; whch is the pnmary h(V) species at 
ca +800 mV, for the conditrons of the expenment (A e , CT = 10 M) The chermcal identity of 
the Pu species m the system, both solid phase and ‘dissolved’ are not known at h s  time, the 
diagram has been constructed only to provide a reference frame for discussions concemng Pu 
solubility It is not even certam, for example, if the Pu data represent equilibnum conditions 

The position of the data relative to solubility control by a Pu (0xy)hydroxide is hghly dependent 
on the identity of the solid phase (and the quality of the thermodynmc data) For example, if the 
controllmg solid phase is postulated to be P~(oH)~(am), rather than PuOz (c), the solution-phase 
concentrahon of Pu(OH)i,,, and Pu0,CO; become 1 02 x and 8 5 x loe8 M, respectively 
In addition, the identity of the soluhon-phase Pu species also remains uncertam For example, 
tangential-flow ultrafiltrahon analysis of the solution-phase indicates that a sigmficant fraction of 
the ‘dissolved’ Pu 1s associated wth matenal of colloidal size (Section 3 4, below) and of 
unknown composition 

-. , 
-100 0 100 200 300 400 500 600 700 800 

& (mV) 

Figure 11 Companson of Pu solubility fiom thennodynarmc calculations and measured 
values fiom the EH cell, as corrected for the < 10K Da fraction pH 7 2 239240Pu solubility 
was calculated from AGfO (kdmole)  data compiled by Puigdomenech and Bruno (1 99 1) 
Pu(OH)~,,,, (-329 3 9 ,  Pu0,CO; (-336 28), PuOZ(C) (-238 53) 



3 2 
The results of redox cell analysis of Pond B4 sedments is provided m Table 7 As with the soil 
isolate, reduction of B4 sedunents suspended m Pond B4 water produced limted 2392’?F’u 
solubility (ca 0 1 to 0 6 p C L )  over the EH range evaluated (-90 mV < EH < +800 mv) 

Electrochemical cell analysis of Pond B4 sediments 

3 3 
Fiscal Year 1998 work (Honeyman, 1998) mdcated that only a small fraction of the soil isolate 
Fe and Mn was solubillzed dunng the redudon expenments Fe and Mn soil concentrations were, 
for isolate 97L1879-02, 18 and 0 37 ppt, respectively For all & values, less than 1 % of the Fe 
was solubilized 111 the electrochemcal cell mdicatmg that the system 

Reduction of hematite (CoFe203) using the EH cell 

An expenmental tnal was undertaken thls fiscal year to evaluate the ability of the & cell to 
reductively-dissolve Fe(1JI) The tnal conditions were 3 4 x 10’ mgL of hemahte (a-Fe203), 
which was prepared as described by Matijevic and Schemer (1978), at pH 7 2 The hematite was 
suspended in a 0 01 M NaC104 electrolyte solution, the system EH was -90 mV, the 
hematite/solution contact tune was 24 days, the pH was 7 2 and the system was free of 
atmosphenc C02 The total Fe in the system (hematite + soluble Fe) was 1 06 x 10 M 

ICP analysis of ‘dissolved’ Fe at the conclusion of the expenment yielded 0 056 ppm Fe (= 1 02 x 
lo4 M) The detection imit of the ICP for uon under the operating conditions of the analysis is 5 
PPb 

The solubility of hematite is descnbe by the following reaction (Morel and Henng, 1993) 

Fe,O,(s) + XH,O + H’ = Fe(0H); [41 

where Fe(0H); is the domlnant Fe@I) species at pH 7 2 111 the absence of other iron-complexing 
ligands Log K for reaction [4] is 4 4 whch yields a Fe(0H)f concentration of 2 5 x M at 
pH 7 2 Ths  result inQcates that the electrochemical cell has aided in the partial dissolution of 
the hemahte 

3 4 Ultrafiltration experiments 
Figure 12 shows the results of tangenbal flow ultrafiltration (TFUF) analysis of ‘solution-phase’ 
2392% activibes for expenmental runs at -90 (12a) and +800 mV (12b) A schematic illustration 
of the ultrafiltrabon system is presented III Figure 7 

Separation of the post-045 pm solutions for NO03 (+800 mv) was camed out at ambient 
atrnosphenc conditions The separation protocol for NR07 (-90 mv) was considerably more 
elaborate In this latter case, a separate N2-filled glove bag was set up near the pnmary glovebox 
system shown III Figure 3 A transfer contamer was constructed to take the post-0 45 pm solution 
02-free envlronment of the primary chamber to the glovebag housmg the tangenha1 flow system 
(Figure 7) The general redox status of transfer was monitored visually by the mdicator color 
development 
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The Efka of %Water Redox P o t a d  on 239 2 4 0 ~  Sohblq 

Mass balances for the ultrafiltrafion analyses were fax and excellent for the -90 and +800 mV 
analyses, respectively The error bars on the data shown m Figure 12 are an estimated 
propagation of errors of 20 % Mass balances were determined by replicate expenments one for 
total ‘dissolved ’ 239% and the second for the TFUF 

239,240 + 239 240 
P U 0 4 S ~ - 1 0 K D a l t o n  p‘< IOK Dalton 

239 240 Mass Balance = 
P l J t 0 t a l  

[51 

The total 2393?Pu acfiwty used for the mass balance for the +800 mV system is the average value of 
4 85 pCdL as discussed 111 Section 3 1 

Results fiom both & values mdicate that about 75% o f  the ‘dissolved’ 239240Pu is in the colloidal 
size range The chemcal speciation of the Pu is not known 
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Figure 12 Companson of total ‘dissolved’ 239240pu (1 e , 0 45p.m filter passing) with 
its component colloidal (0 4 5 p  to 10K Da) and < 10K Da fractions a) Cross-flow 
ultrafiltrabon of 10 g/L soil (97L1879-002) at -9OmV, sample volume was 400 mL 
The mass balance is 1 47 f 0 5 1 b) System open to the atmosphere (EH ca +800mV), 
sample volume was 5 L The mass balance is 0 94 k 0 35 
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4 0 
4 1 
Tables 8 and 9 compare pre-expenment & values d e t e m e d  usmg an @+ electrode with post- 
expenment EH values for both Pond B4 and SED029 sedments For samples from Pond B4, post- 
expenment-measured & values at 2 mches depth m the sedments ranged from - 1  7 1 1 to -353 4 
mV The most reducmg s e h e n t  condlfion (maximum negatwe & value) was noted in the carbon 
and nutnent-amended sample (Sample #3 C+, N+) For samples from SED029, measured I& 
values ranged fiom -65 5 to -386 8 mV As wth the Pond I34 expenmental suite, the most reducmg 
sedment condbon for the SED029 expenmental suite was noted m the carbon and nutnent- 
amended sample (Sample #3 C+, N+) Post-expenment Ej, values for the C+, N+ amended 
samples for both Pond B4 and SED029 were sigmficantly more negative m intensity (by 
approximately -90 to -120 mv) than those measured m other samples of the sample suites Ths  
observation suggests that reducmg sednnent EH condition is markedly enhanced by combmed 
carbon-nutnent mput (C+,N+) and that the mtroduction of carbon and nutnents ln tandem was more 
effectwe than carbon alone (C+, NO), nutnents alone (CO, N+), or no amendments (CO, NO) m 
establishment of reducmg condtions m the sedment columns 

Results and discussion: Incubahon expenments 
Comparison of redox values 

EH measurements of post-expenment Pond B4 mubated sample cores demonstrate sigmficantly 
enhanced reduclng conditions in the incubated cores as compared to J& measurements taken at the 
same depth below the sediment-water interface in-situ in the field on the day of collection of the 
cores (Table 1) The EH value measured at 2 m depth in-srtu m Pond B4 on the date of sediment 
core acquisibon was -69 3 mV, compared to -246 6 mV measured at 2 m depth for unamended 
Sample #4 (CO, NO) at the conclusion of the mcubation expenment 

Microbial mediation of enhanced reducmg conditions under the conditions of the mcubation 
expenment protocol was evidenced by 1) visual observations of increased water column turbidity 
in undisturbed sample incubation chambers as compared to imtial conditions, 2) visual evidence 
of gas production (gas bubble production at the sediment-water interface) not evident under initial 
conditions, and 3) pronounced sulfide odor m the water columns, mdicative of hydrogen sulfide 
production, not evident rn pre-mcubation samples 

4 2 
As inferred from iron speciation (Table 10 and Figure 13), [Fe(II)]/[Fe(III)] measurements 
performed on water columns post-expenment (6-1 1-99 for Pond B4 samples), and (6-14-99 for 
SED029 samples), reducmg conhtions were evident m the water columns (predomnance of Fe(I1) 
species), wth the exception of Sample #2 (C+, NO) m which, for both the Pond B4 and SED029, 
the oxidlzed form @@I)) predormnated Ml~llmum detection l m t s  of the bipyndlne method 
precluded assessment of the m n  redox state of Matnx Controls from the Pond B4 and SEDO29, 
and of Sample #3 (C+, N+) of Pond E34 

Water column redox condition 

The EH values shown m the last column of Table 10 were calculated using the following 
stoichometry 

[61 Fe(0H); + H' + e- = FeOH' + H,O 
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coupled to the assumptxon that, for the pH values of mterest, Fe(IJI)T = [Fe(OH)J J and Fe(II)T = 
[FeOHCJ Note that water-column & values are considerably less reducing than are the sediment 
values deterrmned wlth the EH electrode 

pad84 konsp.cbtion Post-Experiment I 

I CONTROW coNIRow3 M4TRD( SAMPLEYI SAMPLE@ SAMPLEW sAMPLEM(C0 
(C+ N+) (co No) (co No) m a  (m N+) (C+ NO) (C i  N+) NO) 

I SIDO2Q hon Spdrtion Post Experiment 

Figure 13 Iron oxidahon-state hstnbution at the cessation of the lncubation expenments 
Fe(I1) was detemmed by the bi-pyndme method and Fe(II1) by difference (FeT- Fe(I1)) 
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deslgmtln 
PondB4 IrmhatedGmtrol#l (C+,N+) 
Pond B4 hchated control #2 (0, NO) 
PondB4 Imdatedcontrol#3 (0,NO) 
PondB4 Matmrcantrol 
P d B 4  samp le#l (C€),N+) 
PondB4 Sample#2 (C+,NO) 
Pond B4 Sample #3 (C+, N+) 
Pond B4 Sample #Q (CO, NO) i 

Total Iron@) I r o n 0  pH Fe@)/Fe(total) b’ 
Iron (mv) 

295 295 0 6 82 1 00 141 
2155 1865 290 68 0 87 146 
2155 1845 3 10 6 83 0 86 144 

168 120 48 6 78 0 71 152 
3997 993 3004 693 0 25 170 

@Em 

0 0 0 7 58 

0 0 0 7 15 

I 
1758 1670 I 88 6 78 0 95 144 

Table 10 Iron omdahon-state lstnbution at the cessation of the incubation expements (6-1 1-99 
for the Pond B4 expenmental smk, 6-14-99 for the SED029 expenmental suite) Fe total and Fe 
(11) were deterrmned by the colorometnc bipyndme method and Fe(II1) by difference between Fe 
total and Fe(II) 

SED029 Sample #3 (C+, N+) 

4 3 Irradiated control integrity 
Several observations and measurements indicate that the integnty of the stenle controls (Irradiated 
Control #I,  Irradiated Control #2 and Irradiated Control #3) for both the Pond B4 and SED029 
expenmental suites were compromised at some pomt dunng the penod 28 May, 1999- 1 June, 1999 
(7 days to 10 days after irutiation of the expenment) 
1 The water columns of the uradiated controls, mitially clear visually as compared to the 

pronounced visual turbilty of the Sample water columns, began to show increasmg turbidity 
on 28 May whch mcreased dunng the course of the expenment 

2 Pronounced sulfide odor (inlcative of microbial activity of sulfate reducing bactena in 
suboxic conditions), previously not noted, became apparent in all of the irradiated controls in 
the 1 June samplmg 
‘dissolved’ iron and manganese concentmbons 111 the water columns of the rralated controls, 
inibally very low, showed a pronounced mcrease between the 28 May and 1 June samplmgs 
for Pond B4, and between the 21 May and 1 June sampllngs for SED029 (Figures 14 and 15 
for Pond B4 and SED029, respectively, Tables I1  through 14) 
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Figure 14 
incubation expenments 

a) 'Dissolved' LTon and b) manganese as a function of date for Pond B4 
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Dissolved Iron Concentration 
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-C Sample#l (CO N+) 
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Y .  
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Figure 15 
rncubation expenments 

a) ‘Dissolved’ lron and b) manganese as a function of date for SED029 
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?he Effect of somater Redox Potential on 239 240Pu solubihly 

The source of apparent delayed contarmnahon the irradiated controls is unclear It is conceivable 
that the ongmal mdlahon dose was msufficient to completely stenlize the cores, and left some 
portion of the mcrobial population viable, or, it is possible that cross-contamination of microbial 
populations from active sample cores to stenle madiated controls occurred dunng water sample 
acquisibon, or that contammation of mdiated controls occurred at some pomt d m g  imtial core 
handlmg steps Given the r e c o p e d  dificulty of establishmg complete stenllzation of bulk 
soilhedunent samples, and the steps taken to avoid cross contammation of samples, it seems 
probable, although not demonstrable, that incomplete mitial stenlization was responsible for the 
delayed loss m stenle mtegnty 

Given the apparent loss of stenle mtegnty of the irradiated controls, these samples were 
dsmissed as valid controls for mcrobial activity m both the Pond B4 and SED029 expenmental 
suites Nevertheless, they contmued to be sampled d m g  the remamder of the expenment to 
ascertain any sxrmlanhes/differences m chemicaVredox behavior between amended and 
unamended controls, and between the delayed-mcrobial activity compromised controls and the 
expenmental samples, whch exhlbited mcrobial activity earlier 111 the tune course of the 
expenment 

4 4 
Under the strongly reducmg sedunent conditions established dunng the incubation, significant 
solubilization of manganese and won m the sample water columns were measured as compared to 
initial conditions and to matm controls 

Manganese and Iron dissolution 

4 4 1 
‘Dissolved’ manganese and uon condrhon of the water columns for the Pond B4 expenmental 
suite are presented in Table 11 (Mn), Figure 14b (Mn) and Table 12 (Fe) and Figure 14a (Fe) 

Pond B4 Manganese and Iron dissolution 

1) Observations regardmg the status of manganese and iron dissolution as a hnction of incubation 
time course 

‘Dissolved’ Mn and Fe concentrations in the matnx control are generally low compared to 
concentrahons m the sedunent-contacted sample matnces, establishmg that the source of 
the ‘dissolved’ Mn and Fe m the sample water columns was the sediment 
‘Dissolved’ manganese concentrations in the madiated controls and in Samples 1,2 and 3 
remamed relatively low until 11 days into the incubation, at whch time concentrations 
increased sharply 
Elevated ‘dmolved’ won concentrahons 111 the irradiated controls and in Samples 1,2 and 
3 became apparent earlier m the mcubation time course than did elevated manganese 
concentrations, reflecting dissoluhon of Fe (oxy)hydroxides at less reducmg (less negative 
EH) condrtrons than for Mn (0xy)hydroxides 
For both manganese and Eon, the unamended sample (Sample #4 CO, NO) showed 
dissolution earlier ~fl the incubation tune course, at concentrations that remained relatively 
more constant over the course of the incubation than those from Samples 1,2 and 3 
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2) Observations regardmg the effect of carbon and nutnent mput on manganese and lron 
dissolution (relative to the unamended sample CO, NO) 
a Nutnent addihons alone (CO, N+) appear to mhibit dissolution of manganese and rron 
b Carbon addition alone (C+, NO) appears to facilitate lssolution of manganese and iron 
c Carbon and nutnents, amended m tandem (C+, N+), appear to facilitate dissolution of 

manganese and uon to a greater extent than carbon adltion alone (C+, NO) 

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

1) Observations regardmg the status of manganese and lron dissolution as a function of incubation 

As compared to the Pond B4 expenmental suite, ‘dissolved’ Mn and Fe appeared 111 the 
water columns of the SED029 samples earlier in the incubation tune course ‘Dissolved’ 
Mn 
concentrabons m the SED029 samples were sigmficantly hgher than those measured in the 
Pond B4 samples 
‘Dssolved’ Mn and Fe concentrations m the matnx control are generally low compared to 
concentrahons m the hen t -con tac t ed  Sample matnces, establishing that the source of 
the ‘dissolved’ Mn and Fe m the sample water columns was the sediment 

2) Observations regardmg the effect of carbon and nutnent input on manganese and iron 
dissolution (relative to the unamended sample CO, NO) 
a Nutnent additions, either alone (CO, N+) or in tandem with carbon additions (C+, N+) 

appear to facilitate early dissoluhon of manganese and iron, although the effect dirmnishes 
rapidly over the course of the incubaoon as Mn and Fe concentrations fall 

b Carbon adlbon alone (C+, NO) appears to facilitate dissolution of manganese and iron, 
and to mantam dissolved concentrations of these elements at relatively stable levels over 
the course of the expenment 
Carbon and nutnents, amended in tandem (C+, N+), appear to facilitate early dissolution of 
manganese and iron and an accelerated drop in concentration over the course of the 
incubation 

tune course 
a 

b 

c 

4 5 
Results of total orgmc carbon (TOC) analysis performed at intervals on the water columns of the 
expenmental sample suite are presented m Table 15 and Figure 16a for the Pond B4 expenment, 
and m Table 16 and FIGURE 16b for the SED029 expenment Elevated TOC concentrations in 
the C+ amended samples reflect lactate additions to these samples TOC concentration in the Pond 
B4 matnx control reflects nahve orgmc carbon content of the Pond B4 water The matnx control 
for SED029 was laboratory Nanopure grade de-iomzed water Pre-expenment measures of TOC 
m amended and unamended matnx waters were made on 5-20-99, and are included ~fl Tables 15 
and 16 as a baseline for mtial conltions 

Total Organic Carbon Analysis 
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m mx! of w a t f ! €  Rcdox PCeltd on 239 240Pu Sohvlnlay 

Incubaaon expement m i 9 9  6/1/99 
sample Mn Mn 

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

Pre-Incubahon expement 
malnx water 

_ _ _ _ _  
SED029 Pre-expement sample (CO, N+) 
SED029 Pre-expement sample (C+, NO) 
SED029 Pre-expenment sample (C+, N+) 
SED029 Pre-expement sample (CO, NO) 

I 5/z9 I 
~ 

0 
I 
1 
0 
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I Incubabon expenment 
sample 

f 

designation 
SED029 Irradiated Control #1 (C+, N+) 
SED029 Irradiated Control #2 (CO, NO) 
SED029 Irradiated Control #3 (CO, NO) 
SED029 M a w  Control 
SED029 Sample #1 (CO, N+) 
SED029 Sample #2 (C+, NO) 
SED029 Sample #3 (C+, N+) 
SED029 Sample #4 (CO, NO) 

L 

( m a )  ( m a )  (mg/L) (mg/L) (mi@) 
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 
454 1150 317 217 0 
95 558 488 257 229 

’The Effect of solvwata Redox Potential an 239 240Pu sohibdlty 

Pre-Incubation expenment 
maim water 

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

I I I J 

5/20/99 
Fe 
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4 5 I Pond B4 Experimental Suite 
Tune course TOC analysis of mcubated Pond B4 sedment-water columns suggest 
1 For the unamended sample (Sample #4 CO, NO), the mitial TOC of the matnx water increased 

fiom 39 mgL to 62 mg/6 after one day of exposure to the mcuhated sedment, increased further 
to 95 mg/L after 4 days mcubabon, then showed a moderate general increase and stabilization 
until the conclusion of the expenment l h s  observation is interpreted to reflect irutial rapid 
dissolution of carbon under the elevated temperature conditions established dunng the 
incubations, followed by relative steady state, with no evidence of microbial carbon limitation 
in the natwe core or measurably accelerated use of native carbon sources by existing microbial 
populations 

2 For the carbon and nutnent-amended sample (Sample #3 C+, N+), the initial amended TOC of 
the matnx water decreased fiom 2475 mg/L to 1685 mgL after one day of exposure to the 
mcubated sednnent, then showed a general stabilization of TOC concentration with time until 
the end of the expenment Ths observation suggests rapid facultative uptake of introduced 
carbon (lactate) under the condltions of the incubation, followed by relative steady state of 
‘dissolved’ TOC 111 the water column. A simlar pattern was noted for the carbon-alone- 
amended sample For the carbon amended sample (Sample #2 C+,NO), the initial amended 
TOC of the matnx water decreased from 2365 m g 5  to 1585 m g 5  after one day of exposure to 
the incubated sedment, then showed relative stabilization of dissolved TOC over the course of 
the expenment 
‘Dissolved’ TOC m the water column of the nutnent-only-amended sample (Sample #1 CO, 
N+) were relatively constant over the course of the mcubation, suggestmg that nutnent addition 
unaccompanied by carbon (lactate) mtroduction had no measurable effect on native carbon 
utilization or dissolution 

3 

4 5 2 SED029 Experimental Suite 
T m e  course TOC analysis of mcubated SED029 sedment-water columns suggest 
1 For the unamended sample (Sample #4 CO, NO), the mitial TOC of the matnx water increased 

fiom 0 mgL to 51 mg/L afier one day of exposure to the mcubated sediment, remained 
relatively stable over the first 12 days of the incubation, then showed a moderate increase near 
conclusion of the expement Ths observation is interpreted to reflect initial rapid 
dissolution of carbon under the elevated temperature condifions established dunng the 
incubations, followed by relative steady state, with no evidence of microbial carbon limitation 
in the native core or measurably accelerated use of native carbon sources by existing microbial 
populations 

2 For the carbon and nutnent-amended sample (Sample #3 C+, N+), the initial amended TOC of 
the matnx water decreased from 2015 mgL to 1295 m g 5  after one day of exposure to the 
mcubated sedment, followed by a general stabilization of TOC concentration with tune until 
the end of the expenment Ths observation suggests rapid facultative uptake of introduced 
carbon (lactate) under the con&hons of the incubation, followed by relative steady state of 
‘dwolved’ TOC in the water column A sirmlar pattern was noted for the carbon-alone- 
amended sample For the carbon amended sample (Sample #2 C+, NO), the mitial amended 
TOC of the matnx water decreased from 2175 mg/L to 1605 m g 5  after one day of exposure to 
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the mcubated sedment, then showed relative stabilization of ‘dissolved’ TOC over the course 
of the expement 
‘Dissolved’ TOC m the water column of the nutnent-only-amended sample (Sample #1 CO, 
N+) were decreased &om 147 mg& to 64 mg/L over the frst day o f  the mcubahon, then 
stabilxzed, suggestmg that nutnent adhtion stlmulated mcrobial carbon utilization this sample 
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Figure 16 Total orgatllc carbon (TOC) as a hnction o f  date for the Pond B4 (16a) and SED029 
(1 6b) mcubation expenments 
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4 6 Post-incubation 239 PU actrvities 
Results of 239340 Pu analysis perfomed post-mcubation on the water columns of expenmental 
sample swtes Pond B4 and SED029 are summanzed ln Table 17 Table 18 presents the summary 
data for sedunent core Qgestions Note that the specific 2392?u activities are quite low Such 
low activities may preclude defmtive conclusions about the ‘solubillzation’ of Pu from these 
cores In other words, the Pu source term yelded a bias against solubility enhancement 

4 6 1  PondB4 
‘Dissolved’ 239’40 Pu activities measured post-mcubation ln the water columns of the Pond B4 
sample suite reveal no mdcabon of redox-mfluenced plutomum dissolution from the sedunents to 
the water column under the reducmg sehment conditions established ~II t h s  expenment Measured 
plutomum activities were umformly low or not detected, and m no case did reported 2392’?u 
activities exceed the sample specific MDA ( m u m  detection h i t )  

4 6 2  SED029 
‘Dissolved’ 239’40Pu actmbes measured post-mcubation m the water columns of the Pond B4 
sample swte offer no conclusive evldence of plutomum dissolution fiom the sediments to the water 
column under the reducmg condlbons of h s  expenment With the exception of Sample #4 (CO, 
NO), ‘dissolved’ 239240 plutoruum activibes did not exceed the sample specific MDA In the single 
sample where measured 239340Pu activity exceeded the MDA, SampleM (CO, NO) water column 
2392”opu activity was low, measured at 0 123 pCdL, with a countlng uncertalnty of 0 0185 p C L ,  
and a m u m  detection acbvity of 00962 p C L  The lack of a native matnx water control 
precludes any companson with mbal, ephemeral, water column condition at the SID sampling 
site However, the inclusion of a Nanopure-grade de-ionized water matnx control allows 
companson of the mubated core-contacted aqueous phases with an aqueous phase not influenced 
by sediment reacbons With the excepbon of Sample #My results of this expenment demonstrate no 
measurable difference m post-expenment ‘dlssolved’ 239240pu activities between the de-ionized 
water matnx control and the vanously-amended, de-ionized-water-based, sample water columns 
If the 23934Pu activity measured m the water column of Sample #M represents &-driven reductive 
dissolution of sedunent plutomum, the effect is negligible and is considered unsubstantive given 
the countmg uncertamty and the p r o m t y  of the result to the mmmum detection activity 

5. Summary. 

1) Results of electrochemical cell and core rncubation expenments do not provide support for the 
hypothesis that reducing con&tions m soillwater systems at Rocky Flats Envlronmental 
Technology Site yield enhanced 239’% solubility 

Evidence: The following figure (Figure 17) shows the location of the data sets in &/pH ‘space’ 
Data for the electrochemcal cell are summanzed in Figures 10 and 11, Table 7, data for the 
mcubations is presented m Table 17 
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Figure 17 Location of data sets m E”/pH ‘space’ and their relationship to selected 
envlronmental ‘systems’ ‘AMD’ m&cates the range of charactenstics of acid mme 
dramage, for companson The suite of systems evaluated ranged from those charactenstic 
of oxygenated surface waters to deeply water-logged soils Lmes labeled ‘OJH20’ and 
‘H2/H20’ designate the limts of water stability with respect to oxidation and reduction, 
respectively 

2) Under the condbons of the mcubation expenments, with mtense reducmg conditions 
dissolution was noted in 

No 
established m the Pond B4 sedments, no measurable 2392’?Pu 
expenmental mcubated samples as compared to the Pond B4 mamx water control 
evidence of redox-dnven solubilization of 239240Pu was demonstrated 

Evidence: Under reducmg sedunent conditions rangmg from -171 1 to -353 4 mV, 239240Pu 
activities measured m the Pond B4 matnx water control and in the water columns of expenmental 
reaction chambers post-expenment were umformly low or not detected, no measurable difference 
111 2392% acbvities between the matnx water control and the expenmental samples was 
evidenced, and m no case &d measured 239240pu activities exceed the sample specific mmmum 
detecfion I m t  

3) Under the condltions of the mcubabon expenments, with mtense reducmg conditions 
established m the SED029 sedunents, no substantive evidence of 239’40Pu dissolution was 
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noted m expenmental mcubated samples as compared to the Nanopure-grade de-ionlzed water 
control No evidence of redox-dnven solubilization of 239240Pu was demonstrated 

Evidence: 239340Pu 
achvities measured LLI the SED029 matnx control water and 111 the water columns of expenmental 
reacbon chambers post-ex e m e n t  were umfonnly low or not detected In one sample only 
(Sample #I4 CO$JO) was ‘2% activity measured at a level above sample specific m u m  
detechon activity ‘Dissolved’ 2 3 9 2 ~  measured in the Sample #4 water column was low (0 128 
pCdL), with a countmg uncertamty of 0 0192 pC1/L, and a m u n u m  detection activity of 0 0962 
pCdL llus result is considered unsubstanhve gven the countmg uncertamty and the proxmity of 
the result to the rmflltnum detechon aclmty 

Under reduclng sedunent conhhons rangmg fiom -655 to -3868 mV, 

4) Under the conhtions of the mcubation expements (elevated temperature and carbodnutnent 
mput), native cores responded with sipficantly enhanced reducmg conditions in the 
sedunents, and sigruficantly enhanced manganese and lron dissolution, conditions that were not 
accompamed concurrently by demonstrable 239240Pu dissolution fiom the sedlments to the water 
COlUmn 

Evidence: h Q a l  and end-of-expenment measurements of sedunent EH condition showed a 
marked decrease in EH mtensity Tune course measurements of ‘dissolved’ Mn and Fe over the 
durahon of the expenment, and end-of-expenment ‘dissolved’ 2392“pu measurements showed no 
concurrence of elevated ‘dissolved’ M e  and 2 3 9 , 2 4 0 ~ ~  
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Appendm 1. SOP Total dissolution of solids for the radiochemcal determinations of actinides, 

other non-volatile radionuclides and metals 

Place 1-3 grams of the prepared sample mto an appropnate sized Teflon beaker 
approxmately lOmL of 
tracers to the samples 

Add 
Iutnc acid to allow carbonates to react Add the appropriate yield 

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

Place the beakers on a hot plate at a temperature setting of 100- 150 degrees Centigrade Allow the 
digestion 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 retum the samples to the hotplate uncovered Increase 
the temperature to 200-250 degrees Centigrade Allow the acids to evaporate until there is 
approxunately 10 mL remauung Repeat h s  sequence until the soil residue is m m a l  

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 Centigrade After the heavy whte fumes of 
perchJonc acid have evolved for several m u t e s ,  remove the sample from the hotplate to cool 
Do not allow all of the acid to evaporate away 

Dilute the myrture with 2_M rutnc acid to a volume of approximately 50 mL Transfer the solution 
to a 250 mL conical bottom centtlfbge bottle Rmse the beaker well with 2lvJ mtnc acid and 
transfer to the centnfbge bottle Dilute the sample to approximately 150 mL with 2M nitric acid 
Add 1 gram of solid bonc acid to the samples and mix well Proceed to the separation procedure 
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Append= 2 Separahon Procedure of Plutomum from Rocky Flats Soils/Sedments Followmg 
Redox Treatment 

After filtenng the soluhons (from the redox cell or the microb~ological cells) through a 0 45 pm 
filter, splke the solutions wth  a known amount of Pu-242 tracer Use approxmately one-tenth the 
expected quanhty of Pu-239/240 111 the sedment (e g , a sample is 100 pCi/g Pu-239/240 A 3 
gram aliquot of sod IS taken The Pu-242 tracer used should be 30 pCi for the solution ) 

Add 1 ml of 20 m g / d  Fe@I) camer 

Add a spatula hp full of sodium mtrite crystals to the solution and m x  well 

Allow the sample to stand for at least ten m u t e s  

Add conc ammomum hydroxlde m excess to precipitate the Fe camer as lron hydroxide 

Centnhge the sample for 5-10 m u t e s  and discard the supernatant liquid 

Estmate the volume of the femc hydroxide precipitate, add 4 tunes the volume of conc 
hydmhlonc acid and nux by vortemg Add SI3 hydrochlonc acid to bnng the solution to a 
final volume of 10- 1 5 ml 

Fill a disposal plastic column ( approxmately 5rnm I D , 10 ml capacity) with 2 ml of AG 1x8 
anion exchange r e m  Cover the top of the resin with a small plug of glass wool 

Condition the r e m  with 10 ml of 9,N hydrochlonc acid Discard the effluent 

Filter the solution onto the column if necessary 

Load the sample soluhon onto the column 

h n s e  the column with 1,2,5,10 ml successive nnses of ?l'j hydrochloric acid allowing each 
nnse to pass completely through before addmg the next Collect the effluent and combine with 
the Am fixtion 

h s e  the column wth an addihonal40 mL of 9& hydrochlonc acid and discard the effluent 

Rmse the column wth  3 successive 5 ml portions of 0 5 
m a plastx test tube as the Pu fraction 

nitnc acid Collect these portions 

Add approximately 0 5 ml30% hydrogen peroxide to the Pu porbon and swirl 

Add 100 pg lanthanum camer Mix well Add 5ml25% HF Mix well Allow the sample to 
stand for at least 15 m u t e s  

Place a 25 mm 0 1 pm filter membrane 111 a filter funnel assembly and wet the membrane with a 
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n e  mixt of swatex ~ e d ~ a x  patend on 239 2 4 0 ~  

small amount of methanol or ethanol Vacuum filter the solution then nnse with 10-15 ml of 
slightly basic water 

Remove the filter, dry at low heat and mount on the planchet with double coated tape for 
APHA (alpha pulse height analysis) 



Appendm 3: Quahty assurance summary. 

Precision 

Anaerobic CelVElectrode Redox 

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

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

SUSPECTED BIAS 

Total uncertamties of the analytical data are estlmated to be smilar to those of the exchangeable 
fi-acbon III the sequenbal ~ X I ~ ~ Y S J S ,  whch are based upon the standard deviations of the population 
of results The counhng uncertamQes are gwen m percentages as the two sigma (95% confidence 
mterval) uncertrunbes Where the muntmg uncertamty is less than the sample specific MDA, due 
to extremely low count rates, the MDA was used as the default countmg uncertarnty m the raw data 
presentation The followlng table of data represents the 1999 generated data only 

TPU % TPU / Ymuntmg Unc 
SamDle h-239/240 

NR07 (0 45 urn) 
NR07 (1 OK MW) 
NR08 (0 45 um) 
NR08 (1  OK MW) 
NO04 
NRlO 
NRBO 1 
NRE302 
NO05 
NO06 
NRll  
NR12 

47 1 1  
47 10 
NA 
47 10 
46 5 
47 11 
46 6 
47 9 
49 16 
46 4 
48 15 
47 8 

NA (see anomalous occurrences at the end of this section) 

DER cntena were not applied to these data smce the nature of the process has not been 
charactenzed well enough to make a DER value memgfu l  
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Core Incubabon 

% TPU / Yocountmg Unc 

BroRedox PU-239/240 

B4 MC 
B4 S2 
B4 S3 
I34 s4  

B4 IC 1 
B4 IC 2 
B4 IC 3 
B4 S1 

SED029 IC1 
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 smce the nature of the process has not been 
charactenzed well enough to make a DER value memgfu l  

Accuracy 

Anaerobic CelYEleetrode Redox 

MDA calculations are performed using the formula given m RFETS Module RCOl-B 2 section 
5 2 A conservative background count of 5 is utilized m each case The actual backgrounds were 
momtored to less than thls conservative value In every case, activity above the MDA is 
demonstrated and the analybcal uncertamty becomes the value of interest as indicated 111 ANSI 
Standard N42 23 MDA as an a przorz concept IS of no value to these posterzorz data 

Count times of 1000 m u t e s  are routme m order to mcrease the sensitivity of the measurements 
Count omes are recorded in the raw data spreadsheets provided as an appendix 
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Chemical yields are hgh and wlthm acceptable l m t s  mdicatlng that the chermcal separations and 
analyses are performed correctly Sample number NRO8-0 45 has an unacceptably lugh chemical 
yield for reasons unknown Possibly it was doubly traced 

Blanks are generally a small percentage of the sample actwities and are within acceptable limits 
for these data An excephon is sample NRJ301 which mlcates sigmficant contarmnation There 
is no apparent explanahon for th~s contammahon NRl301 was taken through the enbe apparatus, 
mcludmg the cell with applied voltage It is possible that the contammation is the result of an 
incompletely cleaned electrode As shown by the data of 1998, the electrodes can retain small but 
measurable percentages of total Pu m the sample 

Laboratory Control Samples are only meanmgful rn ths  work if they are processed through the 
cell as a normal sample Tune and eqwpment constraints led to the decision to not perform spiked 
sample analyses since the splkes could not represent the bmdlng properties of the normal sample 
The control for these expenments is found w l h  the expemental design For example, valid 
control samples for th~s process is the subjectmg of a hematite solution to the cell/electrode system 
with subsequent analysis of the Iron (U)/Iron (III) couple to venfy the accuracy of the indicators as 
a measurement of the cell Eh 

Previous analytical data show that the cerhfied tracer utilized in these expenments is reliable as 
cross-referenced with NIST SRM Pu-239 spikes 

Core Incubation /BioRedox 

A SMALL AMOUNT OF PV-239 WAS INADVERTENTLY ADMITTED INTO THE TRACER SOLUTION UPON 
DISCOVERY OF THIS CONTAMINATION, A CORRECTION FOR THE QUANTITY WAS APPLIED AFTER 
SEVERAL DETERMMATIONS OF THE LEVEL OF CONTAMINATION WIT" 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 MTNIMAL h\r ESSENCE, THE PU 
239/240 DATA h'DICATE NO STATISTICALLY POSITIVE PU RELEASED UNDER EXPERIMENTAL 
CONDITIONS THE vu 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 calculations are performed usmg the formula given ln WETS Module RCOl-B 2 section 
5 2 A conservative background count of 5 is utilized m each case The actual backgrounds were 
momtored to less than th~s conservahve value In every case, activity above the MDA is 
demonstrated and the analytical uncertamty becomes the value of mterest as mdicated ln ANSI 
Standard N42 23 MDA as an a prion concept IS of no value to these posterzorz data 

Count trmes of 1000 m u t e s  are routme 111 order to mcrease the sensitivity of the measurements 
Count times are recorded in the raw data spreadsheets provided as an appendix 
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Chemical velds are w i b  acceptable l m t s  mdicatmg that the chemcal separations and analyses 
are performed correctly with the exception of sample number B4 IC 2 whch has an unacceptably 
low chermcal yeld The lack of thls datum does not affect the overall conclusions from the study 

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

Laboratory Control Samples are only meamngful m thls work if they are processed through the 
mcubabon procedure as are the samples Tune and equipment constramts led to the decision to not 
perform splked sample analyses smce the splkes could not represent the bmdmg properties found 
w i b  the normal sample The control for these expenments is found w i t h  the expenmental 
design For example, valid control samples for this process are those that were subjected to a 
radiabon field for stenhhon (samples mdchcated with the notation "IC") and whose released Pu 
quannbes are then compared to Pu released from samples whch have undergone reductions from 
microbiological activity 

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

Representativeness 

A cham of custody form was received and retamed for sample 97L 1879-002 dunng fiscal year 
1997 A copy is provided in the raw data package 

A cham of custody form was received and retamed for samples from the B4 pond and SED 029 
Copies are lncluded with the raw data package 

Work plans were approved by the Site and followed 

Holding tunes, as they apply to metals analyses and TOC analyses, were met 

Preservation of samples is not a mtena that can be addressed in the conventional manner since 
samples have to be unadulterated in order for the data to be meaningful However, after mitial 
treatment through the cell or mcubation, samples were properly preserved with acid pnor to 
analyses 

Comparab&ty 

Analysis of metals, total orgmc carbon and lron speciation used for the sediment mcubation 
expenments was guided by established methods referenced m the report and included with the data 
packages 
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I 
The number of samples analyzed (both real and QC) match the work plan except for noted 
exceptions as documented m the “Anomalous Occurrences” portion of h s  QNQC section 

Anomalous Occurrences 

As dmussed rn section 2 6 of thrs document, the configuration, cost, and tme  (3-4 weeks per 
sample) for m g  muhple analyses for the reduction expenments poses senous Imitations on 
the feasibility of perfomg the usual quality control measures (duplicates, splkes, and matnx 
spikes) for routme analytical protocol Quality control measures were performed that were 
feasible under the constmnts mentioned and are included for review The pnmary quality control 
111 these data are the samples whch are expenmentally designed to demonstrate whether or not 
there is a statistxal difference between samples that have undergone a reduction process and those 
that have not Withm the financial constramts of ths  study the control objectives have been met, 
with the exceptions as noted 

As indicated 111 the specific analytical portions of this section, samples with tracer recoveries of 
less than 50% were not reanalyzed The data quality objectives were not adversely affected by 
these lower recovenes due to the fact that the lndividual data were a part of a population of data 
that supported the individual results The value of reanalysis in these cases was detemned to be 
m w a l  

The mass of soil particulate removed with each reduction potential measurement mtroduces a 
small, measurable  bias m the fmal result of the solubilized Pu from the reduction extraction 
expenments The value of 0 0397 grams of particulate removed per measurement was denved 
from pre-weighmg 10 filter dsks pnor to sampling and then re-weighmg the ten disks after a 
drymg penod If twenty measurements are made throughout the course of the reduction phase, 
approximately 0 8 grams or 20% of partxculate will have been removed by the termmation of the 
reduction penod The majonty of these measurements (>90%) are made after the target reduction 
potential has been reached Smce the lunetics of the Pu release are unknown, the effect of the 
removal of thls matenal is unknown and unquantifiable There is an upper bound which limts the 
effect to a Pu value 20% hgher than that obtamed but is llkely a much smaller effect, probably less 
than 5% 

As discussed in Sechon 4 3 of the report, there occurred an apparent loss of stenle integnty of the 
mdiated control samples of the sedunent mcubation expement at appromately 7 - 10 days 
followrng the mhabon of the expement These samples were therefore dismissed as valid 
controls for rmcrobial activity m the Pond B$ and SED029 samples 
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