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ABSTRACT 

In past years, microbial reduction has been explored as a remediation method for 

uranium-contaminated groundwater at U.S. Department of Energy sites with promising 

results.  Although transport models have been improved to include variations in 

geochemical concentrations, reductive microbial processes, and adsorption of uranium to 

minerals, they do not incorporate the presence of microorganisms as sorption sites that 

may influence the overall transport of uranium.   

The main objective of this research was to determine the effects of uranium biosorption 

on the overall transport of uranium by understanding the solution chemical equilibrium 

and its effects on modeling sorption.  This was done by first evaluating the uncertainty 

associated with uranium equilibrium speciation and its effect on the prediction of 

uranium sorption to minerals.  Then, the partition coefficient between U(VI) and the 

microbial species Geobacter uraniireducens and Acholeplasma palmae were 

experimentally determined.  The experimentally obtained partition coefficients were used 

to incorporate biosorption into a thermodynamic model that describes the distribution of 

uranium in a system with microorganisms available as sorption sites.   

When considering mineral adsorption equilibrium, modeling predictions were robust with 

respect to adsorbed U(VI) concentration, as indicated by the resulting normal Gaussian 

distributions. Modeling predictions also indicated the amplification of uncertainty with 

background levels of total U(VI) and higher estimates of input uncertainty (spatial and 
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temporal variability), as indicated by the resulting bi-modal Gaussian distributions. 

Experimental results indicate that U(VI) sorbs more strongly, approximately 300 times, 

to G. uraniireducens under low-dissolved inorganic carbon (DIC) conditions and 

decreases as DIC increases.  Under low-DIC conditions, the KD obtained for uranium 

sorption to G. uraniireducens is 7985 ± 1024 L kg-1, which is larger than the KD of 1850 

± 1.8 L kg-1 determined for uranium sorption to the surface of A. palmae.   

Beamline analysis on sorption tests with G. uraniireducens detected reduction had 

occurred in these experiments without the addition of an external electron source, 

indicating that the obtained KD values are overestimated for G. uraniireducens. While the 

partition coefficients of the bacteria in high-DIC waters are comparable to reported 

U(VI)- mineral sorption, when combined with the bacterial concentration during and after 

remediation, the amount of uranium sorbed to the microorganisms is not large enough to 

produce a noticeable effect on the transport of uranium in a bioremediated aquifer.  

Finally, the reactions that describe sorption as captured by the experimentally obtained 

partition coefficients were best described by the sorptive site reacting with uranium and 

one or two carbonate groups. 
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Chapter 1: Introduction 
 

Uranium exists naturally in the earth’s crust and hydrosphere [1].  While it is a natural 

constituent of the environment, elevated concentrations as a result of mining are 

concerning due to the radioactivity, toxicity, and solubility of uranium.  In 1978, the 

Uranium Mill Tailings Radiation Control Act (UMTRCA) established a uranium 

concentration limit of 44 µg L-1 as safe for public health and the environment, which was 

enforced by the U.S. Environmental Protection Agency (EPA) [2].  The EPA further 

reduced this limit to 30 µg L-1  in 2000 through the Radionuclide Rule listed in the Safe 

Drinking Water Act (SDWA) [3, 4]. The uranium concentration in natural waters at 

contaminated sites has been measured well in excess of these recommended levels for 

potential drinking water  [4, 5].  As a result of the high levels of uranium detected in the 

environment and the defined regulations, the U.S. Department of Energy (DOE) has 

identified and begun the remediation of 120 different uranium contaminated areas, 

covering more than 7,280 square kilometers, in 36 states and territories [6]. 

 

The Old Rifle site is the location of a former vanadium and uranium processing mill, 

which operated from 1924 to 1958.  The mill was located on 24 acres of land, atop an 

alluvial floodplain directly above an impermeable boundary.  This land is on the north 

side of the Colorado River and is approximately 0.3 mile east of Rifle, Colorado. Due to 

contamination resulting from former milling activities, the site became a Uranium Mill 

Tailings Remedial Action (UMTRA) site as dictated by the 1978 UMTRCA legislation.  

This categorization resulted in remediation activities to address surface contamination in 

1996, leaving only groundwater contamination as the unresolved issue [7]. 

 

In the late 1990s, the DOE decided to implement a groundwater remediation strategy 

consisting of natural attenuation with administrative controls, such as limited access and 

groundwater monitoring at the Old Rifle site [8].  The alluvial aquifer flushes into the 

Colorado River because it is surrounded in all other directions by the impermeable 

Wasatch formation.  Numerical modeling of groundwater flow and contaminant transport 



 
 

2 
 

indicated that concentrations of uranium will decrease to UMTRCA standards or 

background concentrations, which also meet the 2000 EPA SDWA standards, during a 

100-year natural flushing period [8].  

 
Two oxidation states of uranium are generally considered geochemically relevant when 

predicting its fate and transport in the natural environment.  1) Hexavalent uranium, 

U(VI), is highly soluble in water, while 2) tetravalent uranium, U(IV),  is sparingly 

soluble and easily precipitates to form the mineral uraninite, UO2 (s).  Pentavalent 

uranium, U(V), is soluble in solution but it quickly disproportionates to U(VI) and U(IV), 

therefore is not addressed when estimating the transport of uranium in the natural 

environment [9].  The degree of mobility of U(VI) in groundwater is highly influenced by 

its speciation, which is described below.   

 

In low pH waters, pH less than 5,  the mobility of U(VI) is decreased due to the dominate 

speciation represented  by the UO2
+2  cation and its adsorption behavior with subsurface 

minerals [10].   In the presence of high-carbonate concentrations, the major species shift 

to uranyl-carbonates, resulting in decreased adsorption to the minerals and allowing 

U(VI) to remain mobile [11, 12].  In the mid-1990s, the calcium-uranyl-triscarbonato 

species was identified as the major species in the presence of high-carbonate waters and 

alkaline earth metals.  The formation of this species further decreases uranium-mineral 

adsorption [13-18].  Before this discovery, the major species were expected to be uranyl-

carbonates in the presence of high-carbonate waters and alkaline earth metals and the 

decreased uranium-mineral adsorption due to the formation of this recently discovered 

species was not accounted for. 

 

Because uranium speciation directly correlates to the affinity of uranium to surrounding 

minerals, uranium equilibrium speciation and associated uncertainties must be understood 

to predict its fate and transport in natural waters.  Soluble uranium, U(VI), species 

concentrations and sorption over an entire contaminated area are variable due to the 

spatial and temporal variability of natural systems. Traditionally, multiple and 

representative in situ measurements of these areas to determine the total soluble uranium 
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concentration are prohibitively difficult and expensive [19].  While progress has been 

made that lessens the cost and difficulties with in situ measurements through the 

application of passive flux membranes [20],  aqueous thermodynamic equilibrium codes 

remain the preferred tool in predicting transport of and bioavailability of contaminants 

[19].  Though the mathematical predictions of solution equilibria will have inherent 

uncertainty associated with the complexity of natural systems [21], chemical transport 

models coupled with aqueous thermodynamic equilibrium speciation modeling have been 

employed to estimate in situ speciation and concentrations of contaminants of concerns 

for large areas of contamination [11, 22-24].   

 

The calculations to predict aqueous speciation can be performed by various 

thermodynamic equilibrium codes, such as VisualMINTEQ[25], PHREEQC[26], and 

TITRATOR[27].  These codes rely upon a database of reactions, associated reaction 

energies (thermodynamic constraints, such as equilibrium coefficients), and a set of 

measured or postulated concentrations (analytical constraints, such as total concentrations 

of each constituent solution).  The algorithms used by these codes predict the speciation 

and concentration at equilibrium for a given area by iteratively solving a mass balance 

using the previously mentioned parameters.  However, the similarity of the predicted 

concentrations to field conditions is subject to potential problems related to the user-

defined thermodynamic and analytical constraints [21, 28].   

While natural attenuation with administrative controls is the chosen remediation approach 

at the Old Rifle site [8], the DOE has sponsored an investigation into the more time-

efficient strategy of bioremediation of uranium at the site. The approach of 

bioremediation was evaluated in a field study that examined the effect of stimulating 

subsurface microorganisms growth to remove soluble uranium from solution. While 

microorganisms cannot destroy uranium, the oxidation states of uranium can be 

manipulated by enzymatically reducing soluble U(VI) to insoluble U(IV) to limit the 

bioavailability of the element.  This new strategy may not only remediate the site faster 

than natural attenuation, but it may also influence the transport of uranium by adding 

sorption to biological materials not previously considered in the current transport model 

of the Old Rifle site [29].  
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In the early 1990s, the standing belief that U(VI) reduction in natural environments was 

solely an abiotic process spurred by the reaction of U(VI) with organic compounds, 

molecular hydrogen, and sulphides [30-32] was changed by Lovley and colleagues [33].  

The Lovley group was the first to establish the enzymatic reduction of uranium by two 

different iron-reducing bacteria: Shewanella putrefaciens and the Geobacter species, GS-

15 [33].  This research proved these microorganisms obtained energy for growth by 

electron transport to U(VI).  The results of these experiments were obtained under 

anaerobic conditions using acetate as the electron donor for GS-15 and hydrogen as the 

electron donor for S. putrefaciens.  The Lovley group not only proved microbial mediated 

reduction of U(VI) can occur, it also provided a possible explanation for uranium 

deposits found in aquifers and related sediments [33]. As a result of these findings, 

scientists began examining enzymatic U(VI) reduction as a new method for remediating 

uranium contaminated areas.  

To further explore the enzymatic reduction of U(VI) as a possible remediation process, 

the ability of the microorganism to precipitate uranium from solution had to be 

confirmed.  This ability was proven by Gorby and Lovley using a GS-15 culture and 

acetate as the electron donor [34].  During their anaerobic laboratory experiments, U(VI) 

was removed from solution as a black precipitate appeared.  X-ray diffraction analysis of 

this black precipitate determined that the material was the U(IV) mineral, uraninite 

(UO2), which is the most commonly occurring U(IV) mineral in anoxic sediments and 

aquifers [31, 35].  The presence of this material proved that uranium could not only be 

reduced by microorganisms, but also could be precipitated from solution.    

Given that enzymatic reduction and precipitation of uranium from solution was proven, 

many studies were done to further understand the microbial reduction of uranium.  These 

further investigations found some sulfate-reducing microorganisms that can reduce iron 

can also reduce uranium, although they do not obtain energy from either of these 

enzymatic reductions [36, 37]. As investigations progressed on the subject, it was 

determined that most microorganisms can recover energy to support growth by oxidizing 

organic compounds or hydrogen with the reduction of iron can also reduce U(VI) [38].   
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Because many different iron-reducing and sulfate-reducing microorganisms may 

facilitate uranium reduction, Finneran et al. expanded the investigation of U(VI) 

microbial reduction with the use of naturally existing microorganisms found in field 

sediment and groundwater [39].  In these studies, Finneran et al. used different organic 

oxidizing compounds with sediment and groundwater obtained from a DOE UMTRA site 

located in Shiprock, New Mexico.  Different organic compounds were added to the 

sediment-groundwater mixture in efforts to stimulate the growth of the existing 

indigenous microorganisms and evaluate any subsequent uranium reduction.  Their 

results demonstrated that acetate amendments can successfully promote the reduction and 

removal of uranium from the groundwater through the facilitated growth of native 

organisms.  They also found that reduction was associated with the growth of iron-

reducing microorganisms belonging to the Geobacteraceae family that are closely related 

to the laboratory-pure culture, GS-15.  Additionally, it was determined that sulfate 

reducers are probably not important participants in reduction [39].   

To determine whether results of laboratory sediment incubation could be extrapolated to 

field conditions, Anderson et al. further evaluated the process of uranium bioremediation 

at a field level [40].  This was done by applying acetate amendments to a uranium 

contaminated aquifer in Rifle, Colorado until the geochemical environment shifted from 

an iron-reducing environment to a sulfate-reducing environment. Within 50 days of 

acetate injections, the soluble uranium concentration declined below the prescribed 

treatment level. It was also determined that the initial removal of uranium from the 

treatment area was related to the enrichment of Geobacter species.  This research 

supports that microbial reduction of uranium is an effective remediation process and 

demonstrates that the process can be optimized to support the long-term activity of the 

Geobacter species [40].   

 

While the research conducted by Anderson et al. [40] provided more support for 

microbial reduction to be used as a remediation process, it also exposed weaknesses 

associated with the process. Vrionis et al. began investigations on how to improve the 

bioremediation process by examining microbial communities at the Old Rifle site and the 

related geochemistry in both the groundwater and sediment [41].  The results of their 
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investigation demonstrated that reduction was highly impacted by the heterogonous 

nature of the aquifer.  Heterogeneity of the solid phase may have resulted in different 

exposure to geochemical conditions that influence both the activity and diversity of 

reducing microorganisms.  These findings suggest that the electron donor amendments be 

done in a manner that accounts for the site heterogeneity.  The Vrionis group also 

recommends close interval sampling for future studies to better understand microbial 

composition of the aquifer and to improve models of the process influencing in situ 

uranium bioremediation [41]. 

 

While issues associated with maintaining the bioremediation process at the Old Rifle site 

were investigated, a positive unexpected phenomenon as a result of this process was 

captured through long-term groundwater monitoring.  After bioremediation activities 

ceased at the site, uranium concentrations in the groundwater continued to decrease. 

Upon further examination of this unexpected phenomenon, N’Guessan et al. postulated 

that the continued uranium removal may be associated with U(VI) adsorption to the 

enhanced biomass of the natural microbial community resulting from remediation [29]. 

Objective 
While the field research at the Old Rifle site demonstrated the effective microbial 

reduction of uranium, it emphasized that the effects associated with site heterogeneity 

must be examined.  It also identified the need to understand how the artificially increased 

concentrations of microorganisms affected uranium transport.  Uranium sorption to 

minerals in uranium-contaminated sites has been successfully studied and modeled [23, 

42], but sorption to biomaterials has not been considered in such models.  Given the 

identified knowledge gap, it is necessary to examine uncertainties with speciation due to 

aquifer heterogeneity, which affects uranium sorption to any material, before examining 

the issue of uranium biosorption.  Once this is accomplished, evaluating biosorption 

under the Old Rifle site conditions can determine the effect on uranium transport. 

The first part of this research evaluates the impact of thermodynamic and analytical 

uncertainty on the speciation of U(VI) in high-carbonate groundwater, such as that of the 

Old Rifle site.  First-derivative sensitivity analyses and Monte Carlo simulations were 
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performed to determine the uncertainty in U(VI) speciation resulting from typical levels 

of analytical uncertainty, spatial variability, and temporal variability.  Once uncertainty 

was analyzed, the sensitivity analysis was used to define artificial groundwater 

composition to investigate the effects of increased biomass on uranium transport after 

bioremediation at the Old Rifle site. 

The study of U(VI) sorption to the microorganisms, Geobacter uraniireducens and 

Acholeplasma palmae,  began by determining partition coefficients under Old Rifle site 

conditions between uranium and the different bacteria.  Once the partitioning coefficients 

characterized the affinity for uranium sorption to the different bacteria, the physical 

location of sorbed uranium was investigated using cryo-electron microscopy (EM), 

energy dispersive x-ray spectroscopy (EDS), and beamline x-ray spectroscopy.  A 

comparison of uranium sorption capacity between the two bacteria species and mineral 

sorption was also performed. The effects of critical components as identified by the 

sensitivity analysis on experimental sorption were reviewed.  Finally, experimentally 

obtained partitioning coefficients were used to develop equilibrium constants, which 

were incorporated into the surface complexation model that describes solid-dissolved 

uranium partitioning under Old Rifle site geochemistry.   
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Chapter 2: Background 

Modeling Uncertainty 
Thermodynamic equilibrium modeling is one part of a multifaceted transport model used 

to predict contaminant fate and transport [24, 42].   In equilibrium modeling, there are 

two types of errors that propagate uncertainty in a calculated prediction.  These errors can 

be termed as determinate and indeterminate.  Determinate errors result from uncertainties 

associated with ill-defined model parameters, such as flawed input concentrations or 

inaccurate equilibrium constants.  Indeterminate errors are uncertainties associated with 

equipment limitations or techniques used to determine the concentration of input 

parameters.  Eliminating determinate errors and identifying indeterminate errors can 

result in a simulation with defined bounds of uncertainty.   

Omitted chemical reactions and/or incorrectly defined reactions are factors that can lead 

to determinate errors in thermodynamic simulations. Serkiz et al. found that errors in 

solutions produced using the thermodynamic equilibrium program, MINTEQA2, would 

arise due to reactions not properly expressed in terms of MINTEQA2 components [43]. 

In 1996, Bernhard et al. identified the formation of the di-calcium-uranyl-triscarbonato 

complex, Ca2UO2(CO3)3
 (aq) [13].  In 2001, they also identified the formation of the 

calcium-uranyl-triscarbonato complex, CaUO2(CO3)3
-2 [14].  These complexes account 

for the largest distribution of uranium in high dissolved inorganic carbon (DIC) waters 

with alkaline earth metals.  Before this research, the reactions and the associated 

equilibrium coefficients to produce these complexes were not included in equilibrium 

programs. Research performed before 2001 with the previously mentioned conditions 

resulted in erroneous equilibrium solutions because the reactions related to the formation 

of the calcium-uranyl-triscarbonato species were not included. The omission of reactions 

can be due to lack of knowledge, an oversight on the user’s part, or due to the fact that 

the reaction was yet to be confirmed as the case of the calcium-uranyl-triscarbonato 

species. Regardless of the source of omission, the result of obtaining an erroneous 

equilibrium prediction is still the same.  

Not correcting the thermodynamic equilibrium constants to specified reference states can 

also be a source of determinate error.  Serkiz et al. found in their analysis that solutions 
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generated with equilibrium constants, log K values, that were not corrected to zero ionic 

strength or standard temperature resulted in avoidable error [43].  An example of this 

error can be seen when examining the log K values of the aqueous calcium-uranyl-

triscarbonato species, CaUO2(CO3)3
2- and Ca2UO2(CO3)3

0 formed from the reaction of 

Ca2+ with UO2(CO3)3
4- (equation 1 and 2). 

𝐾1 =  [𝐶𝑎2𝑈𝑂2(𝐶𝑂3)30]
[𝑀2+]2[𝑈𝑂2(𝐶𝑂3)34−]

      (1) 

𝐾2 =  [𝐶𝑎2𝑈𝑂2(𝐶𝑂3)30]
[𝑀2+][𝑈𝑂2(𝐶𝑂3)34−]

      (2) 

The log K values for these species obtained by Dong and Brooks [16] are the most recent 

and were obtained from the best fit of experimental data at an ionic strength of 0.1 M, 

which was then corrected to zero ionic strength.  The experimentally obtained values 

were, on average, two log units smaller (3.63 ±0.04 and 6.29± 0.04) than values corrected 

by the Davies equations to an ionic strength of zero (5.34 ±0.04 and 8.86±0.04) [16].  

Another determinate error associated with the ionic strength correction of a 

thermodynamic constant can be caused by the choice of ionic strength correction 

approach. The log K value for the Ca2UO2(CO3)3
0 complex in terms of calcium, the free 

uranyl ion, and carbonate reacting in solution (equation 3) was determined to be 29.8 ± 

0.7 at zero ionic strength by Kalmykov and Choppin using the specific ion interaction 

theory (SIT) [44].  This value was in agreement with the value originally stated in 1996 

by Bernhard et al. [13], but lower than the latest values produced in 2001 by the Berhard 

et al. study [14] and in 2006 by Dong and Brooks [16].   The log K value for the 

Ca2UO2(CO3)3
0 complex produced by Dong and Brooks [16] is 30.7 ± 0.5 at zero ionic 

strength, which is similar to the value of  30.6 ± 0.3 at zero ionic strength determined by 

the 2001 Bernhard et al. study [14]. The log K values from all studies are similar when 

considering the associated uncertainty, but most thermodynamic equilibrium programs 

only use a specifically defined value for input constraints.  Therefore, the use of log K 

values chosen by the ionic strength correction approach can change the value by 

approximately one log unit for the Ca2UO2(CO3)3
0 complex. This difference in log K 

values will result in erroneous uranium equilibrium speciation.  
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XM2+ + UO2
+2 + 3CO3

2- = MxUO2(CO3)3
(2x-4)                                                (3) 

 

The equilibrium constant for the CaUO2(CO3)3
-2 complex was updated by research results 

obtained by Dong and Brooks [16].  Their log K value was 1.58 orders of magnitude 

different than the original value obtained by the 2001 Bernhard et al. study [14]. The 

difference in the values was attributed to the binding constants of Ca2+ to UO2(CO3)3
4- 

and  CaUO2(CO3)3
2-. The 2001 Bernhard et al. study [14] indicated that the binding 

constant of Ca2+ to CaUO2(CO3)3
2- is much larger than that of Ca2+ to UO2(CO3)3

4-, while 

Dong and Brooks [16] determined the opposite.  The equilibrium constant, as determined 

by Dong and Brooks [16], is in agreement with the expected trend in the stepwise 

formation constant, resulting in the binding of Ca2+ to UO2(CO3)3
4-  to be larger than that 

of Ca2+ to CaUO2(CO3)3
2- .  Given this information, the log K value for the 

CaUO2(CO3)3
2 complex was updated to the value determined by Dong and Brooks [16].  

Using the value as determined by the 2001 Bernhard et al. study [14] instead of the latest 

value determined by Dong and Brooks [16] will result in determinate error.   

Determinate errors can also arise from missing or out-of-date log K values. Unsworth et 

al. compared thermodynamic equilibrium solutions using original thermodynamic data 

provided with different speciation models [45]. Using the unaltered default databases, 

they identified a different uranyl species as the major species for each model. This error 

can also be seen in the use of the equilibrium constant for the CaUO2(CO3)3
-2 complex as 

expressed by equation 3 before 2006, which uses a value that is 1.58 orders of magnitude 

lower than the current value determined by Dong and Brooks [16]. 

Another type of determinate error that may misrepresent uranium speciation in a modeled 

system is the choice of approximations used to represent complex phenomena.  These 

approximations are associated with predicting ion behavior as a function of ideal and 

non-ideal systems (e.g., ionic strength correction or adsorption model).  Davis and Curtis 

found that assuming a constant ionic strength over an entire site resulted in the 

overestimation of uranium complexes that sorb when compared to using simulations that 

considered variable ionic strength [11].  The overestimation in sorption could be from a 
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decreased activity between the sorption site and soluble species or from misleading 

soluble speciation due to errors in calculated activity.  Weber et al. found that at dilute 

solutions, using default ionic strength correction approaches as dictated by the program, 

resulted in comparable results.  But as ionic strength increases to that of fresh water 

levels, the correction methods used to calculate constants tended to result in more 

uncertain solutions [46].  

Indeterminate errors that can impact aqueous speciation modeling results are associated 

with the uncertainty of thermodynamic constraints (equilibrium constants) and with 

uncertainties of critical input concentrations.  While equilibrium constants are calculated 

in a controlled system, such as a laboratory environment, applying this constant in 

environmental systems has an associated inherent deviation from the true value [28].  The 

thermodynamic value associated with CaUO2(CO3)3
2-

 is a good example of this type of 

issue. While the underestimation of 1.58 log units in the thermodynamic equilibrium 

value of the species, CaUO2(CO3)3
2-

 between values obtained by the 2001 study of 

Bernhard [14] and Dong and Brooks [16] is a determinate error in the viewpoint that two 

values exist and the best value must be chosen, the value obtained before 2001 is an 

example of an indeterminate error.  Before 2001, the value was the best available value 

but had an inherent error due to a misunderstanding in the relationship between species 

formation and the expected trend of the stepwise formation constants, resulting in a 

deviation from the true value.  This misunderstanding resulted in an inherent deviation 

from the true value. 

   

Indeterminate error can also result when uncertainties associated with constraints are 

averaged, which neglects the natural heterogeneity of an aquifer.  The average value 

associated with the input concentration is commonly used in modeling for simplification 

purposes and to control expense [19].  This simplification neglects changes in critical 

component concentrations due to spatial and temporal differences.  Uncertainty in the 

critical component concentration has been examined in past research, which provides 

support for the necessity of including a standard deviation or uncertainty associated with 

the input value in simulations to better understand error associated with the final 

solutions due to the natural variability [21, 47, 48].  
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Quantifying the reliability of model predictions is not routine [21, 46, 49, 50].  Provided 

that determinate errors (model parameter values that can be corrected) are adequately 

addressed, first-derivative sensitivity analyses and Monte Carlo simulations can suggest 

bounds of reliability or uncertainty for the calculated speciation results of a defined 

system. First-derivative sensitivity analyses can be used to identify critical input 

parameters by evaluating the effect of each input constraint (thermodynamic or 

analytical) on calculated equilibrium concentrations.  Monte Carlo simulations can 

estimate the effects of thermodynamic and analytical uncertainties of known distribution 

on calculated equilibrium concentrations [21, 28, 46-49].  For the Monte Carlo 

simulations, the equilibrium system is solved for P trials in which different values of 

input constraints are selected randomly from the uncertainty distributions of those 

constraints.  The resulting distribution of calculated concentrations as P approaches 

infinity represents the predicted uncertainty in that concentration.  If the resulting 

distribution is approximately Gaussian (normal), a mean and standard deviation can be 

specified.  Sometimes non-Gaussian distributions, such as a bimodal distribution, may 

occur, resulting in a mean and standard deviation that cannot be adequately determined 

[48, 49], thus indicating that values have some degree of error and should be used with 

care, if at all.  While this approach is valid for equilibrium models because they assume 

reactions have gone to completion, it may not be directly applicable when considering 

redox and precipitation/dissolution reactions.  

Biosorption  
Because sorption is known to be the controlling factor in uranium transport, it is 

important to understand the distribution of the resulting chemical speciation and affinity 

of that speciation to sorb to surfaces within the aquifer. If a sorptive site has a 

demonstrated affinity for uranium, its presence can change the thermodynamic speciation 

of a system.  Therefore, it is necessary to evaluate all possible sorptive sites in a system, 

such as microbial material which was suggested by N’Guessan et al. [29] to truly predict 

transport and fate of uranium.  
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The affinity of a given solute for a specific sorbent is determined by a partitioning 

coefficient that relates the equilibrium between the concentration of sorbate in solution 

(mass per volume) and its sorbed concentration (mass sorbate per mass sorbent).  In the 

simplest case, the partitioning coefficient is the linear slope obtained from graphing the 

previously mentioned parameters. In more complicated situations where the graphed data 

has a linear slope that changes to zero as it approach a maximum; the partitioning is 

described from sorption isotherms and not as a simple ratio.  Commonly used isotherms 

are the Langmuir and Freundlich isotherms; both are based on the same graphical 

relationship described above but differ by the application of additional parameters used to 

fit the experimental data.  The fitting parameters are related to assumptions that are 

inherent to each isotherm.   

The simplest partitioning coefficient, KD, is determined from the graphical method as 

described above with no fitting parameters as shown by equation 4. 

𝐾𝐷 =  𝑞𝐴
𝑐𝐴

     (4) 

Where qa is the equilibrium sorbent-phase concentration of sorbate A and CA is the 

equilibrium concentration of sorbate A in solution.  

The Langmuir isotherm incorporates two parameters to describe the partitioning between 

solid and liquid phases.  These constants are the maximum sorption density and the 

affinity of the sorbent for the sorbate and are based on the following assumptions: 1) site 

energy for sorption is the same for all sorption sites, and 2) the largest sorption capacity 

corresponds to only monolayer sorption behavior [51].  The Langmuir isotherm is 

presented by equation 5. 

𝑞𝑎 = 𝑄𝑚𝐾𝐿𝐶𝐴
1+𝐾𝐿𝐶𝐴

       (5) 

Where qa is the equilibrium sorbent-phase concentration of sorbate A, Qm is the 

maximum sorbent-phase concentration of sorbate when surface sites are saturated with 

sorbent, and CA is the equilibrium concentration of sorbate A in solution. 
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The Freundlich isotherm produces a partitioning coefficient, Kf,  for sorption to 

heterogeneous sorbents with a fitting parameter to describe how the binding strength 

changes as the sorption density changes and is shown by equation 6 [52].   

𝑞𝑎 =  𝐾𝑓𝐶𝐴
1
𝑛       (6) 

 

Where qa is the equilibrium sorbent-phase concentration of sorbate A, Kf is the Freudlich 

sorption capacity parameter, CA is the equilibrium concentration of sorbate A in solution 

and 1/n is the intensity parameter. 

Regardless of the approach used to describe sorption,  the resulting partitioning 

coefficient values depend on the chemical composition of the aqueous solutions, and do 

not take into account temporal and spatial geochemical differences known to exist in 

aquifers [53].  Therefore, an approach to describe sorption in a manner that removes the 

known error inherent to the direct use of partition coefficients was necessary.  Hence, the 

surface complexation theory was derived, which describes sorption in terms of chemical 

reactions between dissolved species and surface function groups using mass action 

equations and equilibrium coefficients within a general geochemical framework [54].  

The four fundamental tenets of this theory are as follows: 1) Specific functional groups 

are on the surfaces of minerals that reacted with solutes in solutions to form surface 

species.  2) Sorption reactions are described by mass action equations with corrections 

factors if necessary to account for electrostatic interactions.  3) The partitioning 

coefficient is related to thermodynamic constants that represent the formation of 

complexes formed at the surface of the sorption site. 4) At the surface of a sorption site, 

the electrical charge is determined by chemical reactions of the functional groups [42]. 

Using the fundamental tenants of the surface complexation theory, a  Surface 

Complexation Model (SCM) can be developed to describe sorption to natural materials 

using two different approaches known as the component additivity (CA) approach and 

the general composite (GC) approach [55, 56].  The CA approach assumes that the 

sorption of a complex mixture can be predicted from the sum of the contributions from 
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individual sorptive components.  The GC approach is a semi-empirical process that 

experimentally fits data for the mineral assemblage as a whole by using mass law 

equations written with “generic” surface functional groups, stoichiometry, and formation 

constants and eliminates the need to quantify the electrical field and surface charge of the 

sorptive site [42].  

Applying the SCM approach to describe sorption allows the effect of variable aqueous 

geochemical conditions to be coupled with sorption processes controlled by a limited 

number of sites.  Specifically, applying the SCM GC approach results in a practical 

approach to simulating non-linear uranium sorption and transport applied at field scale 

[11]. To expand the SCM GC approach applied by Fang et al. [24] at the Old Rifle site to 

include microorganisms as sorptive sites, possible functional groups on the surface of the 

microorganisms for binding uranium and partitioning coefficients must be determined. 

Microorganisms, such as fungi, have variable densities of metal-binding functional 

groups, such as phosphoryl, carboxyl, and amines, present on their cell walls.  These 

functional groups can interact with the surrounding aqueous solution and sequester 

soluble metals solution [57].  Fungi are eukaryotic organisms, such as yeast and molds.  

The main component of the fungal cell walls is chitin, which is a long-chain polymer of 

N-acetylglucosamine.  Chitin has carboxylate- and amine-surface functional groups that 

metals in solution can interact with.  Proteins on the fungi surface also provide a source 

of phosphoryl- and hydroxyl-functional groups that  can sequester metals [58].   

Bacteria are another type of microorganism that posses surface functional groups capable 

of metal sequestration.  These prokaryotic organisms can be divided into two major 

groups based on cell wall compositions, which are termed as Gram negative and Gram 

positive bacteria.  In Gram positive bacteria, as much as 90% of the cell wall consists of 

peptidoglycan (PG), which is a crystal lattice structure made up of linear chains of 

alternating amino sugars.   Free carboxyl groups, amino groups of non-crosslinked amino 

acids, amides, and hydroxyl groups are potential coordination sites for metal ions [59]. 

Gram negative bacteria have cell walls consisting of only about 10% peptidoglycan.  

Most of the cell wall consists of the outer membrane (OM), which is effectively a second 

lipid bilayer, the lipopolysaccharide layer (LPS).  Metal binding may occur to hydroxyl, 
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phosphoryl, carboxyl, and amino groups that are integrated throughout the LPS [60].  It 

should also be noted that bacteria that originated from Gram negative or Gram positive 

bacteria can lack cell walls.  Bacteria of this nature include prokaryotic bacteria, 

mycoplasmas, and thermoplasma groups.  These bacteria have rigid cytoplasmic 

membranes or live in osmotically protected habitats and have rigid membranes that are 

strengthened by sterols or various lipids providing hydroxyl groups to interact with 

metals [61].   

 As with minerals, the sorption of metals to microbial surfaces depends on the functional 

groups present on the surface and aqueous speciation for the contaminant of concern.  In 

natural systems, the geochemical conditions that have the largest effect on uranium 

sorption to minerals are pH[42], PCO2[12, 62], and increased PCO2 with high calcium 

concentrations [17]. Although studies have shown uranium sorption to microorganisms, 

the general focus of these studies was to prove sorption of radionuclides and metals to 

biological materials or to examine the effects of sorption on microbial growth; therefore, 

experimental conditions were not designed to capture the effects of parameters, such as 

elevated PCO2 with calcium present, pH, and PCO2, on sorption to microorganisms.   

Experimental investigations of uranium sorption to different microorganisms have been 

performed in low pH solutions.  In moderately low pH solutions, the principal uranyl 

species is uncomplexed uranyl ion, UO2
+2, which has strong affinity to many minerals 

because of its corresponding negative surface charge except at very low solution pH 

values.  The speciation associated with low pH solutions simplifies the process to prove 

the occurrence of uranyl sorption to the surface of microorganisms.  These studies not 

only demonstrate that uranium biosorption occurs, but that that maximum sorption occurs 

at approximately pH 5 for a variety of bacterial species [63-65].  

Below pH 5, uranium sorption to microorganisms has been investigated by many 

research groups. Sarri and et al. used three strains of yeast to investigate uranium 

biosorption at a solution pH of 4.5 [66].  They found that various species of yeast 

examined could effectively sorb uranium from a uranium nitrate solution, resulting in a 

range of KD values of approximately 800 to 2,000 L kg-1.  These values were estimated 
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from the linear portion of the sorption isotherm presented in Figure 1 of the study [66].   

Fowle et al. examined uranium sorption at pH interval of 1.5 -5 using Bacillus subtilis, a 

gram positive bacteria, in a sodium perchlorate solution [65].  The KD value estimated 

from Figure 1 presented in the study for 1.5 g L-1 bacterial solution at pH 5 was 

approximately 6,300 L kg-1 [65].   Uranium sorption investigations by Hass et al. using 

the gram negative bacteria, Shewanella putrefaciens, resulted in an estimated KD of 5,000 

kg L-1 obtained from Figure 4 at pH 5 for 1.72 g L-1 of biomass [64].  These low pH 

studies produced KD values within in a small range, 1,000 to 7,000 L kg-1, and indicate 

that the yeast are slightly less sorptive by weight than the gram negative and gram 

positive bacteria, which have similar sorptive capacity by weight.  It is important to note 

that all studies were performed in an open atmosphere. 

Above pH 5, the principal speciation is no longer dominated by the free uranyl ion, 

UO2
+2, resulting in a more complicated system to evaluate sorption.  This is because the 

free uranyl ion may have a preferential reaction with soluble ligands as opposed to those 

on a sorptive site, resulting in decreased sorption. An example of this occurrence is when 

carbonate is present in neutral to alkaline pH solutions representative of environmental 

conditions. Uranyl sorption to mineral surfaces is greatly reduced due to the stability of 

aqueous uranyl-carbonato complexes [42].   

While it is true that the presence of carbonates in solution reduces uranium sorption to 

minerals, it may not have the same effect on the sorption of uranium to biological 

surfaces.  Acharya et al. demonstrated that uranium was removed from solution in an 

open system at mid pH levels in carbonate solutions void of phosphate [67].  They found 

that at pH 7.8, Synechococcus elongatus strain BDU/75042, a gram negative bacteria, 

removed soluble uranium from a uranyl carbonate solution and that the bound uranium 

was associated mostly with the extracellular polysaccharides (EPS).  They also suggested 

that amide groups and the deprotonated carboxyl groups on the cyanobacterial cell 

surface were involved in uranium sorption.   This study resulted in a range of estimated 

KD values of 4,500 to 8,000 L kg-1 [67].  These KD values obtained from solution in 

which carbonate is an available ligands are within the range of those obtained from low 



 
 

18 
 

pH solution experiments with gram negative bacteria  (KD ~5,000 L kg-1) where the 

uranly ion is the major species.  

The presence of carbonate in solution did not greatly affect uranly biosorption, as 

demonstrated by an unpublished study by N’Guessan et al. [68].  This study provided a 

KD value for uranium sorption to G. uraniireducens of approximately 200 L kg-1 of 

protein in a sodium chloride solution at pH 7 and a KD of approximately 230 L kg-1 of 

protein in a bicarbonate solution at pH 7.  When comparing these KD values, it does not 

appear that the presence of carbonate in solution greatly affect uranium biosorption.  It 

should be noted that the sodium chloride solution experiments were performed in open 

atmosphere conditions, which may provide similar carbonate concentrations between all 

experiments due to carbon dioxide (CO2) water chemistry. 

Other partitioning coefficients were also estimated for biosorption in the unpublished 

study by N’Guessan et al. providing more insight to uranium biosorption [29].  The 

partition coefficient obtained from sorption experiments in a sodium chloride solution at 

pH 7 was approximately 200 L kg-1 of protein for both G. uraniireducens and D. 

Meridiei, which are both gram negative species.  A KD value obtained under the same 

conditions for A .palmae (a bacteria species that lacks a cell wall) was determined to be 

800 L kg-1 of protein.  While these values are in range of each other (200 to 800 L kg-1 of 

protein), the study indicates that the A. palmae may be four times more sorptive than the 

other two bacteria species.       

A study that examined the effects of calcium and atmospheric PCO2 concentrations on 

uranium bacterial sorption was done by Gorman-Lewis et al. [69].  They examined the 

sorption of uranium onto the gram positive species, B. subtilis, in the presence or absence 

of carbonate and calcium at a range of pH values.  They found greater than 90%  of the 

uranium was sorbed to bacterial concentrations of 0.25 g L-1 and 0.125 g L-1 exposed to 

4.2 μM uranium, atmospheric carbonate concentrations and 10 mM calcium in solution.  

For solutions with the same bacteria concentrations exposed to 4.2 um uranium and 

atmospheric carbonate concentrations in solution, approximately 80% of the uranium 
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were sorbed.  This study indicated that the presence of calcium in solution with carbonate 

will increase uranium sorption.  

The effects of calcium in solution with carbonate on uranium biosorption were also 

observed in results obtained by N’Guessan et al. [68].  In their unpublished study, the 

group obtained an isotherm for uranium sorption in the Old Rifle site groundwater that 

has an average carbonate concentration of greater than 3 mM and an average calcium 

concentration of 6.5 mM [70].  This isotherm resulted in a KD of approximately 57 L kg-1 

of protein for G.  When compared to the partitioning coefficient obtained for G. 

uraniireducens in a bicarbonate solution void of calcium, 230 L kg-1 of protein  for G,  

there is an approximate four time decrease in estimated KD values [68].  This indicates 

that uranium biosorption is decreased in the presence of calcium and carbonate in 

solution.   

A difference in KD values was not the only observation noted during experiments focused 

on uranium sorption to biomass. The locations of sorbed uranium were noticed to be 

variable. It has been observed that uranium can sorb to the surface of bacteria [69, 71] or 

inside the cell membrane of the bacteria [72, 73]. While uranium has been seen in the 

membrane of bacteria that are capable of enzymatic reduction, it has also been seen 

within the membrane of fungi [58, 74, 75], which do not perform reduction.  Uranium 

sorption within the cell, as well as on the cell surface, may make it difficult to accurately 

determine partitioning coefficients and to directly compare the surface sorption affinity of 

the different types of bacteria.  

As summarized above, a significant amount of research has been performed, 

investigating uranium sorption to biomass.  While this work provides supporting data for 

the occurrence of uranium sorption to the surface of biomass, the results obtained from 

these studies cannot be directly correlated to predict uranium sorption to biomass under 

the condition of the Old Rifle site aquifer.  Many of the studies were done at a pH lower 

than that found in the aquifer at the Old Rifle site [64-67].  Of the studies that were 

performed at the proper pH range, only those done by N’Guessan et al. [68] and Gorman-

Lewis et al. [69] captured the effects of calcium and DIC in solution; although, the levels 

of DIC were lower than that found at the Old Rifle site.  Also, the study by N’Guessan et 
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al. [68] and Gorman-Lewis et al. [69] determined opposing results regarding the effect of 

calcium and DIC on uranium sorption to biomass. Given that the previous literature has 

limited sorption results with the representative geochemical components and pH range 

similar to that of the Old Rifle site aquifer and that previous work to evaluate the effects 

of calcium and carbonate on uranium sorption has resulted in opposing conclusions, more 

work must be done.  
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Chapter 3: Evaluation of Modeling Error 

Methods 
The specific site of interest is the UMTRA Old Rifle site in Rifle, Colorado.  It covers 

approximately 24 acres of land surrounded to the north, west, and east by the Wasatch 

Formation and bounded by the Colorado River to the south (Figure 1).  This site consists 

of an alluvial floodplain 6 to 7.5 m deep directly above an impermeable boundary (Figure 

2).  Aqueous U(VI) concentrations at this site, considering spatial and temporal 

variability, ranged between 0.32 and 1.48 μM with DIC levels in the average range of 7.8 

to 8.6 mM [23, 70].  Solution chemistry at this site is believed to be typical of high-DIC 

groundwaters at other contaminated sites [11]. 

 

Figure 1: Old Rifle site bounded to the south by the Colorado River [8]. 

 

 

Old Rifle Site 
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Figure 2: Old Rifle site cross section from east to west shows the alluvial aquifer directly above the 
Wasatch Formation [8]. 

Determinate Error 
Determinate error associated with equilibrium modeling may stem from missing or 

inaccurate equilibrium coefficients and associated reactions, ionic strength correction 

approaches, and the manner in which the DIC concentration is specified by the user. To 

evaluate determinate error, a standard input file was used to define the Old Rifle site 

system (Table 1) with the four different thermodynamic equilibrium programs (Table 2).  

This was done because a standard set of analytical constraints, given that the 

thermodynamic constraints are the same, should produce the same equilibrium prediction 

regardless of the program used; since all thermodynamic equilibrium programs operate 

on the same theoretical and mathematical principles. Therefore, any difference in 

equilibrium predictions can be traced to differences in defined analytical or 

thermodynamic constraints. 
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Component Mean (M) Component Mean (M) 

Ca+2 6.54E-03 Cl- 5.42E-03 

Na+ 8.79E-03 NO3
- 1.94E-04 

Mg+2 5.27E-03 UO2
+2 8.37E-07 

SO4
-2 8.26E-03 K+ 3.07E-04 

CO3
-2 8.85E-03 Sr+2 3.42E-05 

  

Temperature (oC) 25 pH 7.18 
Table 1: Input parameters used to define the Old Rifle site for thermodynamic equilibrium 
calculations [76].  This input file results in an ionic strength of 0.0382. 

Table 2: Equilibrium programs used to evaluate model error. 

The first source of determinate error evaluated was due to the use of default 

thermodynamic databases associated with the various programs to generate equilibrium 

predictions. With the exception of TITRATOR, ver 2.5, all the other programs 

downloaded with default thermodynamic database(s).  VisualMINTEQ had a 

comprehensive default database that could be easily altered by the user from the program 

interface.  The VisualMINTEQ, ver 2.40b and ver 2.53 had different versions of the 

default database, which reflected the best available data when the program update 

occurred.  PHREEQC for Windows, Ver 2.15.07 downloaded with several different 

Program Comments 

VisualMINTEQ 

Built on the EPA’s MINTEQA2 software by Jon Petter Gustafsson at 
the KTH Royal Institute of Technology. He also maintains it.  It is a 
free program and is available at 
http://www2.lwr.kth.se/English/OurSoftware/vminteq/index.html 

PHREEQC 

Maintained by David L Parkhurst at the U.S. Geological Survey 
(USGS).  Based on the USGS Fortran program PHREEQE.  It is a free 
program and is available at 
http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/index.html 

MINTEQA2 for 
Windows 

Maintained by Jerry Allison of Allison Geoscience Consultants. Based 
on EPA (DOS version) of MINTEQA2. Cost range from $89.95 to 
$750 and is available at 
Inc. http://www.allisongeoscience.com/MINTEQ.htm 

TITRATOR 

Developed and maintained by Steve Cabaniss at the University of 
New Mexico.  It is a free program and is available at 
http://code.google.com/p/titrator/ 
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thermodynamic database files, which could not be easily changed from the program 

interface.  MINTEQA2 for Windows Academic, ver 1.50 downloaded with one 

comprehensive default database that could be easily altered by the user from the program 

interface.     

After the equilibrium predictions generated from the different programs (using their 

default thermodynamic database with the standard input file) were compared, the default 

databases were cross referenced in efforts to identify inconsistencies within the 

thermodynamic equilibrium constants.  Once the source of errors stemming from the use 

of unaltered default databases were identified, the thermodynamic databases were 

updated with data taken from Guillaumont et al. [77] and the U.S. National Institute of 

Standards and Technology (NIST) standard reference database 46 ver 8.0 [78].   When 

standard deviations were unavailable, a value of 0.1 log unit was assumed.  This value is 

at the lower end of the range for metal-ligand formation constants, slightly larger than 

most well-studied systems [78] but smaller than the values estimated for more complex 

constants and less well-studied systems [79]. The final thermodynamic equilibrium 

constants, log K, and standard deviations used for modeling the Old Rifle site are shown 

in Table 3.   

Species Log K Uncertainty Source 

(UO2)2(OH)2
+2 -5.62 0.04 Guillaumont et al. [77] 

(UO2)2CO3(OH)3
- -0.858 0.851 Guillaumont et al. [77] 

(UO2)2OH+3 -2.7 1 Guillaumont et al. [77] 

(UO2)3(CO3)6
-6 54 1 Guillaumont et al. [77] 

(UO2)3(OH)4
+2 -11.9 0.3 Guillaumont et al. [77] 

(UO2)3(OH)5
+ -15.55 0.12 Guillaumont et al. [77] 

(UO2)3(OH)7
- -32.2 0.8 Guillaumont et al. [77] 

(UO2)4(OH)7+ -21.9 1 Guillaumont et al. [77] 

UO2(CO3)2
-2 16.61 0.09 Guillaumont et al. [77] 

UO2(CO3)3
-4 21.84 0.04 Guillaumont et al. [77] 

UO2(OH)2 (aq) -12.15 0.07 Guillaumont et al. [77] 
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UO2(OH)3
- -20.25 0.42 Guillaumont et al. [77] 

UO2(OH)4
-2 -32.4 0.68 Guillaumont et al. [77] 

UO2(SO4)2
-2 4.14 0.07 Guillaumont et al. [77] 

UO2Cl+ 0.17 0.02 Guillaumont et al. [77] 

UO2Cl2 (aq) -1.1 0.4 Guillaumont et al. [77] 

UO2CO3 (aq) 9.94 0.03 Guillaumont et al. [77] 

UO2NO3
+ 0.3 0.15 Guillaumont et al. [77] 

UO2OH+ -5.25 0.24 Guillaumont et al. [77] 

UO2SO4 (aq) 3.15 0.02 Guillaumont et al. [77] 

UO2(SO4)3
-4 3.02 0.38 Guillaumont et al. [77] 

Ca2UO2(CO3)3 (aq) 30.7 0.05 Dong and Brooks [16] 

CaUO2(CO3)3
-2 27.18 0.06 Dong and Brooks [16] 

Mg2UO2(CO3)3 (aq) 28.36 0.2 Dong and Brooks [16] 

MgUO2(CO3)3
-2 26.11 0.04 Dong and Brooks [16] 

SrUO2(CO3)3
-2 26.86 0.04 Dong and Brooks [16] 

Ca(NO3)2 (aq) -4.5 0.1 Gustafson [25] 

CaCl+ 0.4 0 NIST [78] 

CaCO3 (aq) 3.22 0.07 NIST [78] 

CaHCO3
+ 11.529 0.1 NIST [78] 

CaNO3
+ 0.5 0.2 NIST [78] 

CaOH+ -12.7 0.1 NIST [78] 

CaSO4 (aq) 2.36 0.07 NIST [78] 

H2CO3* (aq) 16.681 0.006 NIST [78] 

HCO3
- 10.329 0.009 NIST [78] 

HSO4
- 1.99 0.01 NIST [78] 

KCl (aq) -0.3 0.1 NIST [78] 

KNO3 (aq) -0.19 0.08 NIST [78] 

KOH (aq) -13.757 0.1 NIST [78] 

KSO4
- 0.85 0.01 NIST [78] 
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Mg2CO3
+2 3.59 0.1 NIST [78] 

MgCl+ 0.6 0.1 NIST [78] 

MgCO3 (aq) 2.92 0.07 NIST [78] 

MgHCO3
+ 11.339 0.06 NIST [78] 

MgOH+ -11.417 0.03 NIST [78] 

MgSO4 (aq) 2.26 0.07 NIST [78] 

NaCl (aq) -0.3 0 NIST [78] 

NaCO3
- 1.27 0.1 NIST [78] 

NaHCO3 (aq) 10.029 0.01 NIST [78] 

NaNO3 (aq) -0.55 0 NIST [78] 

NaOH (aq) -13.897 0.03 NIST [78] 

NaSO4
- 0.79 0.09 NIST [78] 

OH- -13.997 0.003 NIST [78] 

SrCl+ 0.22 0.05 NIST [78] 

SrCO3 (aq) 2.81 0 NIST [78] 

SrHCO3
+ 11.539 0.03 NIST [78] 

SrNO3
+ 0.6 0.2 NIST [78] 

SrOH+ -13.177 0.1 NIST [78] 

SrSO4 (aq) 2.3 0.1 NIST [78] 

Table 3: List of thermodynamic constraints that were used in equilibrium simulations and 
uncertainty calculations.  Formation constants written using H+, UO2

2+, Ca2+, Mg2+, Sr2+, Na+, K+, 
CO3

2-, SO4
2-, NO3

-, Cl- and H2O as components. Uncertainty values were determined from those listed 
in the NIST database or set by the user, as explained in the text above.  

Ionic Strength Correction 
Error associated with ionic strength was investigated using the different ionic strength 

correction approaches available in the different thermodynamic equilibrium programs.  

This investigation was done using the standard input file as listed in Table 1 with the 

updated thermodynamic database as listed in Table 2. In a solution with very low ionic 

strength, ions behave independently of each other and result in a measured concentration 

reflective of the ion activity of the solutions.  In more concentrated solutions, increased 

electrostatic interaction between ions decreases the activity to less than the measured 

concentration.  This change is accounted for by the activity coefficient of an ion which is 
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determined from the various ionic strength correction approaches discussed later in detail.  

The activity coefficients which account for deviations from an ideal to a non ideal 

system, do so by relating the concentration of the species to the activity of the species in 

solution (equation 7). 

 

𝛾𝑖 = {𝑖}
[𝑖]

       (7) 

Where {i} is the activity of species i, [i] is the concentration of species i, and γ is the 

activity coefficient. 

Errors associated with the calculation of activity coefficient  can greatly affect the 

generated equilibrium solution because these coefficients are used to calculate the 

activity of species in solutions that are related to the applicable thermodynamic 

equilibrium coefficients (equation 8).  These coefficients help determine the species 

equilibrium concentrations in a system. 

𝐾 = {𝐶}𝑐{𝐷}𝑑

{𝐴}𝑎{𝐵}𝑏
= 𝛾𝑐[𝐶]𝑐𝛾𝑑[𝐷]𝑑

𝛾𝑎[𝐴]𝑎𝛾𝑏[𝐵]𝑏
     (8) 

Where K is the thermodynamic equilibrium coefficient that relates the activities of the 

reactants, {A} and {B}, to the activity of the products, {C} and {D}. The activity, {}, of 

the reactants and products are related to the concentration, [ ], by the activity coefficient, 

γ.  The stoichiometric coefficients, a, b, c, and d, are defined by the reaction of A + B, 

which yields C + D, as shown by equation 9. 

𝑎𝐴 + 𝑏𝐵 = 𝑐𝐶 + 𝑑𝐷      (9) 

 

The calculated concentrations of species in a solution are used to determine the ionic 

strength of that solution (equation 10), which defines the ionic strength correction 

approach to be used when calculating the activity coefficient. 

𝐼 = 1
2
∑ 𝐶𝑖𝑖 𝑍𝑖       (10) 
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Where Ι is the ionic strength of the solution, Ci is the concentration of a given species, 

and Zi is the charge of that given species. 

But, the different ionic strength corrections are only applicable up to a maximum ionic 

strength.   As shown by Figure 3a, increases in ionic strength result in the activity 

coefficient of an ion deviating further from the value of 1, which represents an ideal 

system.  The choice of the correction approach for ionic strength (discussed further 

below) affects the speciation prediction because the various approaches can result in 

different values for the activity coefficients as the ionic strength of a solution increases 

above 0.1 M (Figure 3b).   
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(a) 

 

(b) 

Figure 3: Representation of how activity coefficients deviate as a function of increasing ionic strength 
and different ionic strength correction approaches [52].  (a) Extended Debye-Huckel activity 
coefficients of various ions. (b) The activity coefficient of Ca2

+2 in solution according to the three 
listed models, prepared by dissolution of CaCl2. 
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The errors associated with ionic strength correction approach were examined by using the 

following four approaches: 1) SIT, 2) Extended Debye-Huckel, 3) Davies, and 4) 

Guntelberg Approximation.  The SIT approach is applicable for higher ionic strength 

solutions (greater than 1M), while the latter are applicable for lower ionic strength 

solutions [52, 80].  All approaches listed are derived from the Debye-Huckel limiting law 

in which all ions are treated as point charges that can approach infinitely closely to one 

another in a continuous solution.  This law is only valid for solutions with ionic strength 

less than 0.005 M.  The Extended Debye-Huckel (equation 11) incorporates the size of 

ions to the limiting law and assumes the ion of interest and the shielding ions are the 

same size.  This approach is valid for solutions with ionic strengths less than 0.1M.  The 

Davies approach (equation 12) extended the Extended Debye-Huckel approach further by 

adding empirical terms to improve the fit between the equation and the experimental 

observation.  This approach is only valid for solutions with ionic strength less than 0.5 M.  

The Guntelberg approach (equation 13) simplifies the Extended Debye-Huckel with the 

assumption all ions were the same in size and is only valid for solutions with ionic 

strength less than 0.5 M.  















+
−=−
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IAzHDExt
1

log 2
.γ     (11) 









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
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1

log 2γ     (12)
 










+
−=

I
IAzGuntelberg 1

log 2γ     (13) 

Where I is ionic strength, z is the charge of the ion, and b is an empirical parameter that 

ranges from 0.3 to 0.2.  82.1=A  X 3
2

6 )(10
−

Tε , a is the ion size parameter, 

2
1

)(3.50 TB ε= , andε  is the dielectric constant of the medium.   
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Although the SIT approach is also derived from the Debye-Huckel limiting law, it 

accounts for ion size and the non-continuous characteristic of a highly concentrated 

solution by considering interactions between given ions.  The Bronsted-Guggenhein-

Scatchard version of the SIT (equation 14) assumes a constant ion size and is valid for 

ionic strengths greater than 0.1. 

( ) k
k

ii mki
I

IzA ⋅+








+
⋅−= ∑ ,

5.11
log 2 εγ    (14) 

Where 82.1=A  X 3
2

6 )(10
−

Tε , z is the charge of the species, ( )ki,ε  is the aqueous 

species interaction coefficient that determines the specific short-range interactions 

between species i and k , and km  is the molality of species i . 

Dissolved Inorganic Carbon (DIC) Concentration  
Determinate error can result from how the DIC concentration associated with the system 

is defined by the user.  DIC concentration can be determined from an alkalinity 

measurement or from a user-stated DIC concentration input.  Alkalinity is commonly 

defined as the amount of strong acid needed to titrate a solution to a preselected pH near 

4.7 [52] and in natural waters is mainly attributable to carbonate dissociation, with small 

influences by species such as silicates, borates, ammonia, phosphates, and organic bases 

[81] as shown by equation 15.   Thus accounting for alkalinity contributions from non-

carbonate components, an alkalinity measurement should be interchangeable with a user 

defined DIC concentration when specifying the DIC concentration of a system in a 

model. 

[ ] [ ] [ ] [ ] i

N

i
ialk nbHOHCOHCOAlkalinity

aq

∑+−++= +−−−
,

2
33 2

  
 (15)

  

Where [ ] [ ] [ ] [ ]+−−− −++ HOHCOHCO 2
33 2

 
is alkalinity (eq L-1) due to total carbonate and 

the weak acid character of water, ialkb ,  is the alkalinity contribution of all other aqueous 

species i (eq mol-1), and in  is the concentration in (mol L-1) of the component associated 

with the given alkalinity contribution.   
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Indeterminate Error (Uncertainty) 
After determinate errors were resolved, indeterminate errors or uncertainties associated 

with thermodynamic equilibrium programs were investigated.  First derivative sensitivity 

analyses and Monte Carlo simulations were used to examine the uncertainty in 

equilibrium calculations for the system of interest.  All calculations were done using 

TITRATOR ver 3.0.   

Equilibrium Systems and Speciation 
Two equilibrium systems were considered in this indeterminate error analysis. System I 

used only dissolved species and System II used both dissolved and sorbed species.  Both 

systems used input parameters identified in Table 1.  Each system required a set of 

analytical constraints, such as total concentration of input species determined by the 

sensitivity analysis and pH, as well as the representative set of thermodynamic 

constraints (equilibrium reactions with formation constants). Given the two different 

systems, the speciation of the final equilibrium solutions will be different because 

speciation drives the final distribution of uranium and the degree of error propagation 

related to the simulations is also different. 

System I 
System I represented only dissolved species and used the analytical constraints in Table 

1.  Total concentrations, not free ion concentrations are given for all input values except 

pH.  Total dissolved uranium concentration, U(VI), is equal to 0.837 µM.  

Thermodynamic constants for dissolved uranium species are given in Table 3.   

System II 
System II represents both dissolved and sorbed U(VI) species. Because sorption is 

believed to be the controlling factor in uranium transport, it is important to understand the 

distribution of the resulting chemical speciation and affinity of that speciation to sorb to 

surfaces within the aquifer.  As discussed in Chapter 2, sorption of contaminants such as 

U(VI) has been described using  partition coefficient, KD (equation 16), which describes 

the affinity for sorption to a given sorbent and is highly dependent on the chemical 

composition of the aqueous solutions. Because the geochemistry of aquifers is variable, 

the use of partition coefficients derived from laboratory experiments can result in a large 
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degree of error when calculating sorption  [53].  In efforts to minimize the error 

associated with laboratory-obtained partition coefficients, sorption of U(VI) to sediment 

surfaces was modeled using the Surface Complexation Model (SCM) General Composite 

(GC) approach of Curtis, Davis, and co-workers [11, 82] as implemented by Fang et al. 

[24].    

𝐾𝐷 = 𝑈𝑠𝑜𝑟𝑏𝑒𝑑
𝑈𝑎𝑞𝑢𝑒𝑜𝑢𝑠

       (16) 

As explained in detail in Chapter 2, the SCM model describes solution speciation and the 

sorptive affinity for the contaminant in terms of chemical reactions between dissolved 

species and surface function groups using mass action equations and equilibrium 

coefficients within a general geochemical framework [54].  The GC derivative of the 

SCM approach does not include electrostatic terms and assumes sorption occurs on 

generic surface sites representative of average surface properties rather than specific 

mineral surfaces. This approach is semi empirical and allows the coupling of variable 

aqueous geochemical conditions with sorption processes controlled by a limited number 

of sorption sites [11].  

The SCM GC model, as applied to the Old Rifle site specifically, calculated sorption of 

U(VI) over a restricted range of pH (near pH 7) and ionic strength represented by a set of 

three surface sites of varying concentrations and formation constants. Sorption sites are 

represented by a ratio of weak sites (WOH), strong sites (SOH) and very strong sites 

(SSOH) of 10000:10:1 in the sediment, as shown in Table 4. Calculations based on this 

model are consistent with observed overall sorption constants for the Old Rifle site [24, 

82].   The labile U(VI) concentration U(VI)lab, the amount of uranium desorbable from 

soil, was estimated to be 7.81 µM  by assuming 5.25 nmol U(VI) g-1 of  less than 2 mm 

sediment taken from the contaminated area within the site [82, 83].  It was assumed that 

the less than 2 mm sediment was 20% of the total sediment and that this fraction was the 

only sediment that contained labile U(VI) as done by Fang et al. [24].  For System II, the 

total concentration of soluble uranium is defined as the conetration of labile uranium plus 

the concentratio of dissolved uranium, U(VI)Tot = U(VI)lab + U(VI)diss. 
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Particle Density (kg/L) 2.75 

Very strong binding 

sites (SSOH) (%) 0.01 

Porosity 0.23 

Strong binding sites 

(SOH) (%) 0.1 

Particle fraction <2 mm 0.27 

Weak binding sites 

(WOH) (%) 99.89 

Concentration of Sorption Sites (µmol/g <2mm) 16.34 

Sorption Species Equilibrium data (log K) 

SSOUO2
+ 12.28 

SOUO2
+ 6.95 

WOUO2
+ 2.74 

SSOUOOH 0.033 

SOUOOH -2.12 

WOUOOH -5.01 

Table 4: Parameters used to determine sorption site concentration and equilibrium calculations.   All 
sorption reactions were taken from Fang et al. [24]. 

Uncertainty Calculations 

Sensitivity Analysis 
A sensitivity analysis was performed by calculating the first derivatives for each resulting 

equilibrium species concentration with respect to each input parameter with associated 

constraints in analytical and thermodynamic uncertainties.  This analysis was used to 

identify critical input parameters for the system of interest by evaluating how changes in 

a constraint will affect calculated equilibrium concentrations.  Recommendations were 

made as to what input parameters, termed critical parameters, must be precisely measured 

to minimize indeterminate error. 

A simple graphical approach to this analysis is to plot a response variable (one of the 

calculated equilibrium species) versus various values of a given constraint (input 

parameters and related thermodynamic equilibrium value, both with defined 

uncertainties). The resulting plot of a flat line indicates little effect; a smooth, steep slope 

in either direction indicates a large effect; and a more complicated response indicates that 
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sensitivity is variable.  A more quantitative alternative is to compute a sensitivity matrix 

S in which the value of the jth row and ith column, Si,j, is the first derivative of the 

concentration of the ith chemical species with respect to the jth constraint (equation 17).  

Because the concentrations may vary dramatically in magnitude, it is convenient to 

compute this as a log/log derivative (i.e., the change in the log concentration of species i 

with respect to the log value of constraint j). 

   
j

i
ji Xd

Cd
S

log
]log[

, =         (17) 

 

Where Xj is the logarithm of the jth constraint: log K for a thermodynamic constraint and 

log concentration or activity for an analytical constraint. 

TITRATOR calculates sensitivity matrices using a simple numerical derivative method in 

which the log derivative Si,j is determined by equation 18.  

 
x

CC
S xixi

ji ∆
−

= ∆−∆+

2
]log[]log[

,    (18)
 

Where [Ci]+∆x is the calculated concentration of the ith species when the jth constraint has 

its given value +∆x, and ∆x is a user settable interval in log X.  2Δx is the small interval 

over which the derivative is calculated [47]. Here, Δx = 0.01 log units.  

Monte Carlo Analysis 
Monte Carlos simulations were performed by TITRATOR, ver 3.0.   For the Monte Carlo 

simulation, the equilibrium systems were solved with many trials, which are different 

input constraints (measurements or thermodynamic values) selected randomly from the 

uncertainty distributions of those constraints.  If all constraints are given random values 

(full Monte Carlo), then the resulting distribution of calculated concentrations as the 

number of trials approaches infinity represents the predicted uncertainty in that 

concentration.  If the resulting distribution is approximately Gaussian (normal), 

equilibrium species concentrations can be expressed with a mean and standard deviation. 
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All simulations were performed with 10,000 trials because it has been shown that the 

resulting Gaussian distribution is not significantly different with more trials [47].  

For Monte Carlo simulations, each constraint was assigned a standard deviation in log 

molar units, Slog M.  This is related to the relative standard deviation in measured 

concentration (RSDM) by the approximate ‘rule of thumb’ RSDM = 2.303 Slog M [84].  

Thus, a standard deviation in log concentration Slog M = 0.007 corresponds to a relative 

error of 0.016, or 1.6% in molar concentration.  The assumption of log normal analytical 

uncertainty thus corresponds to a constant relative error, which corresponds reasonably 

well to observation.  

The Monte Carlo simulations for both equilibrium systems dissolved only (System I) and 

dissolved with sorbed species (System II), used three different levels of uncertainty in the 

analytical constraints (Table 5). The DIC concentration was specified as total carbonate, 

not alkalinity, and ionic strength corrections used the Guntelberg approximation [80].  

Based on the derivative calculations of the sensitivity analysis, pH and total calcium, 

U(VI), DIC, sulfate concentrations were selected as ‘critical parameters’ for which a 

standard deviation was calculated at each level; standard deviations for other parameters 

remained constant.  

The three levels of uncertainty in the Monte Carlo simulations are instrumental or 

analytical, temporal, and spatial. Instrumental uncertainty represents laboratory 

measurement uncertainty, and is the minimum achievable level.   The instrumental or 

analytical uncertainties listed in Table 5 are based on water quality data taken from well 

B1(655)  in 2009 and equipment limitations [76].  Temporal uncertainty represents 

seasonal variability at a single well, and can be thought of as the uncertainty from using a 

few samples per year to represent annual concentrations.  The average concentrations and 

temporal standard deviations were calculated using 10 years of data (1998  to 2008 [70]) 

from well 655.  Spatial uncertainty represents variability due to the location of wells 

within the subsurface uranium plume, ignoring background areas, and can be thought of 

as the uncertainty due to sampling a large plume in only a few locations.  The average 

concentrations and spatial standard deviations were calculated from data obtained in 2007 

for wells 305, 655, and 654 (Figure 4) [70].    
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Critical 

Parameter  

Analytical Uncertainty  Temporal Uncertainty Spatial Uncertainty 

Mean (M) 

Standard 

Deviation  

(Log M) 

Mean 

Mean(M) 

Standard 

Deviation  

(Log M) Mean (M) 

Standard 

Deviation  

(Log M) 

Ca+2  6.54E-03 0.007 4.94E-03 0.096 4.74E-03 0.096 

SO4
-2  8.26E-03 0.007 8.25E-03 0.017 6.32E-03 0.161 

CO3
-2  8.85E-03 0.043 8.37E-03 0.083 7.82E-03 0.113 

UO2
+2  8.37E-07 0.007 5.96E-07 0.078 4.04E-07 0.326 

  

pH 7.18 0.02 7.04 0.12 7.13 0.16 
Table 5: Critical input concentrations as defined by first-derivative analyses used in Monte Carlo 
simulations.  All other inputs parameters are standard as listed. 

 

Figure 4: Old Rifle site area [70].  Wells pictured are data sources for Monte Carlo analyses. 

For the Monte Carlo simulations, which include sorption reactions, concentrations for 

U(VI)Tot are equal to U(VI)lab = 7.81 µM (described earlier) plus the soluble 

/B1 
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concentrations for each uncertainty level listed in Table 5. Uncertainties in the total 

uranium concentration were assumed to be the same as in System I.  Because the site 

concentrations are fixed by the model (for a given sediment composition and porosity), 

they were assumed to have zero uncertainty in the Monte Carlo simulations.  As 

explained earlier, standard deviations in the log formation constants are taken from the 

same source as the constants [77, 78] when available.  When standard deviations were 

unavailable, as in the case of the thermodynamic equilibrium values for sorption in Table 

5, a value of 0.1 log unit was assumed. 

Results and Discussion 

Determinate Error 

Inconsistencies in Thermodynamic Data 
Four programs were used to simulate thermodynamic equilibrium conditions related to a 

groundwater sample obtained from the Old Rifle site: 1) MINTEQ for Windows, 2) 

PHREEQC, 3) VisualMINTEQ, and 4) TITRATOR.  Of the default databases reviewed, 

a little more than half of them had thermodynamic data associated with uranium.  Use of 

programs with unaltered default databases resulted in significantly different equilibrium 

predictions (Table 6).  TITRATOR results are not present because the program does not 

have a default thermodynamic database. Differences in equilibrium predictions are 

attributed to the exclusion of critical reactions and/or inconsistent thermodynamic 

equilibrium constant values.  The calcium-uranyl-triscarbanato species, which accounts 

for 80% to 99% (depending on the equilibrium coefficients used) of the uranyl ion 

distribution is missing from all but two of the databases evaluated. 
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Aqueous Species 

Default Database 

Visual 

MINTEQ 

Ver 2.53  

MINTEQ 

For 

Windows 

LLNL and 

ISO.dat 

MINTEQ

.dat 

Minteq.V4 

.dat 

Wateq4f 

.dat 

UO2(CO3)2
-2 < 0.1 % 66% 61% 73% 55% 63% 

UO2(CO3)3
-4 < 0.1 % 31% 36% 24% 44% 36% 

UO2(OH)2 (aq) < 0.1 % > 0.1 % 2% > 0.1 % > 0.1 % > 0.1 % 

UO2CO3 (aq) < 0.1 % 3% 1% 3% 1% 1% 

Ca2UO2(CO3)3 (aq) 80% - - - - - 

CaUO2(CO3)3
-2 20% - - - - - 

Total 100% 100% 100% 100% 100% 100% 
Table 6: Percent distribution of U(VI) among the aqueous species using default databases with 
various thermodynamic equilibrium programs. 

Simulations were performed using the two different versions different versions of 

VisualMINTEQ, but only predictions obtained from VisualMINTEQ ver 2.53 were 

compared in Table 6.  This is because the difference within the default database is solely 

reflective of a program update and the program does not intended to offer the use of two 

different default databases. But, it should be noted that the use of the default databases 

associated with the different versions resulted in different equilibrium predictions.  Using 

the database supplied with version 2.40b, the major species, Ca2UO2(CO3)3 (aq), 

accounted for  99% of the uranyl ion distribution, while using the database supplied with 

version 2.53 resulted in the major species only accounting for 80% of the uranyl ion 

distribution.  This disparity is mainly attributable to the different thermodynamic 

equilibrium values, log K, for the CaUO2(CO3)3
-2 species.  The equilibrium constant for 

the CaUO2(CO3)3
-2 in the two versions of the default database differed by almost two log 

units.  VisualMINTEQ ver 2.53 had the most current value of the thermodynamic values 

for the calcium-uranyl-triscarbonato species [16] and produced the best results as to the 

expected equilibrium solution before altering the databases for completeness.    
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The significant differences in equilibrium prediction indicate that it is common for the 

default databases not to have the most current equilibrium constants for the uranium 

system.   To minimize determinate error, it is necessary to investigate and incorporate 

current equilibrium constants before using any of these programs to predict uranium 

speciation.  The constants shown in Table 3 are currently (as of September 2011) the 

most accurate equilibrium constants for conditions similar to those from the Old Rifle 

site. 

Ionic Strength 
Ionic strength predictions as a result of various approaches to determine activity 

coefficients were compared.  These simulations were performed using the 

thermodynamic equilibrium information listed in Table 3 and standard input file listed in 

Table 1.  When modeling a system, equilibrium concentrations are calculated in part by 

the activity coefficient.  The approach used to calculate the activity coefficient (i.e., the 

Davis vs. Debye-Huckel) is determined by ionic strength in theory; but, in a simulation it 

is determined by the user without knowledge of solution ionic strength.  Ionic strength is 

then determined from the calculated concentrations of species that are in part determined 

from the activity coefficient.  The error can be identified by comparing ionic strengths 

from simulations performed with each ionic strength correction approach.   

The ionic strength of the system, which was estimated using the different approaches, 

provided similar results ranging from 3.8 E-02 to 3.9E-02 M and are listed in Table 7.  

Because VisualMINTEQ and MINTEQ for Windows are different interfaces to the 

MINTEQA2 program, MINTEQ for Windows was not used for additional analysis.  The 

calculated ionic strength using the various approaches to determine activity coefficients 

were very close to the average Old Rifle site ionic strength of 0.04 M [24] .  The 

similarity of the results is attributable to the low ionic strength of the Old Rifle site and 

indicates that all correction approaches are valid when modeling this system.  This can 

been seen in Figure 3b; at the ionic strength of 0.04M, the activity coefficients resulting 

from applying the Davis, SIT, and Extended Debye-Huckel are approximately equal to 

each other (~0.5).  Therefore, determinate error associated with ionic strength correction 
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approaches for this system is assumed to be minimal due to the similarity of obtained 

values (Table 7).   

Simulation Program Davies 

Debye-

Huckel SIT 

Guntelberg 

Debye 

Huckel 

Visual MINTEQ Ver 2.53 0.0382 0.0378 0.0379 N/A 

Visual MINTEQ Ver 2.40b 0.0380 0.0377 N/A N/A 

MINTEQ for Windows 0.0382 0.0379 N/A N/A 

TITRATOR N/A N/A N/A .0386 

PHREEQC 0.0379 0.0379 N/A N/A 
Table 7: Calculated ion strength using the different ionic strength corrections with the different 
programs.  

The slight differences between calculated ionic strength can be explained by the manner 

in which each program uses the various ionic strength correction approaches throughout 

the entire calculation. TITRATOR uses the Guntelberg approach to calculate ionic 

strength throughout the entire equilibrium calculation.   PHREEQC and VisualMINTEQ 

have the ability to use different approaches to solve for the activity coefficient.  

VisualMINTEQ allows the user to specify which ionic strength correction approach is to 

be used.  This is done through the default parameter section of the user interface, which 

prompts the user to select the SIT, Davies, or Extended Debye-Huckel approach. When 

the Davies approach is chosen, the VisualMINTEQ program interface allows the user to 

specify the empirical value, which by default is 0.3 and uses the approach consistently 

through the entire solution equilibrium calculation.  When the SIT approach is specified, 

the Bronsted-Guggenhein-Scatchard version of the SIT is used throughout the entire 

calculation, and if interaction values are not listed in the database, the VisualMINTEQ 

program estimates them using the approach defined by Grenth et al. [85].  But, when the 

use of the Extended Debye-Huckel approach is specified in VisualMINTEQ, the 

approach may not be consistently used throughout the equilibrium calculation.   In cases 

where the Debye-Huckel parameters are not available in the thermodynamic database for 

a specific species, the program uses the Davies approach to calculate activity coefficients 
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for the species missing the necessary Debye-Huckel parameters. The change in 

approaches is done without the user’s knowledge. 

PHREEQC also has the options of using the Davies or Extended Debye-Huckel approach 

to calculate activity coefficients but the specification of which calculation approach to 

use is not straightforward.  The default approach in the PHREEQC program for ionic 

strength correction is the Davies equation.  This parameter is not defined at the interface 

level of the program but at the thermodynamic database level, which is an attached file 

not obviously available to those not well experienced with the program.  To use the 

default approach, the user must remove any Extended Debye-Huckel information from 

the thermodynamic file before the Davies equation is used throughout the entire 

calculation.  Also, to specify the use of the Extended Debye-Huckel approach, the user 

must specify it at the thermodynamic-file level and input the necessary parameters need 

for the calculations in the associated file.  Species that do not have these parameters will 

automatically be corrected with the Davies approach, even though the Extended Debye-

Huckel approach was specified.   Thus, the results obtained from using a defined 

Extended Debye-Huckel approach may have activities reflective of a mixture of ionic 

strength correction approaches.  

Dissolved Inorganic Carbon (DIC) Concentration and Alkalinity 
The manner in which the DIC concentration is identified within the model can result in 

determinate error.  The DIC concentration can be specified by the user directly as an 

input parameter or it can be specified using an alkalinity entry in PHREEQC and 

VisualMINTEQ.  TITRATOR only allows the total DIC concentration to be defined as an 

input, so it is not considered in this discussion.  Alkalinity is typically expressed in terms 

of mass calcium carbonate per volume (g CaCO3 L-1) [86].  The units in which alkalinity 

are expressed technically represent a DIC concentration because calcium carbonate is 

dissolved inorganic carbon.  But, the alkalinity measurement is not equal to the total DIC 

concentration of a system because alkalinity includes all species that have buffering 

capacity, such as borates, phosphates, or silicates.  The terminology associated with 

alkalinity and that used by the program can cause confusion for a user, resulting in 

determinate error.   
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When defining the DIC concentration from an alkalinity measurement, errors can arise 

when converting to different units, as specified in VisualMINTEQ and PHREEQC.   

Both programs allow alkalinity to be specified in units other than calcium carbonate per 

volume (g CaCO3 L-1).  When using the PHREEQC program with the Wateq4f database, 

alkalinity is listed by the database in units of mass carbonate per volume, [CO3
2-].  

Further details associated with this term are that it has an equivalence of 1 eq mol-1, and a 

formula weight of 50 g L-1. It may be obvious that the carbonate concentration, [CO3
2-], 

referred to is equal to the value of calcium carbonate concentration and no other 

conversion is necessary.  But it is possible a mistake can be made by using the carbonate 

concentration, [CO3
2-], to be that which has a formula weight of 60 g L-1 and 2 eq mol-1.  

Therefore, users need to use consistent units in each code as they all have slightly 

different methods for entering values for alkalinity. 

Error associated with terminology and conversions can also occur when using the 

VisualMINTEQ program.  The program prompts the user to specify “dissolved inorganic 

carbon” when entering an alkalinity value.  As stated earlier, alkalinity is not equivalent 

to the DIC concentration of the system. The program also allows for alkalinity to be 

specified in terms of bicarbonate, which has the same associated equivalents but a 

different formula weight.  The confusion associated with this terminology can result in an 

incorrect value for the DIC concentration to be entered, resulting in an equilibrium 

prediction that does not represent the intended system. Again, an error could be made if 

users do not ensure the use of consistent units when entering an alkalinity value into a 

program.    

 As stated earlier, alkalinity is used as a program input that determines the DIC 

concentration of a system because alkalinity measurements are easily obtained.  The use 

of an alkalinity measurement to determine the system’s DIC concentration is a reasonable 

approach based on the calculation of alkalinity as defined by equation 15.  However, this 

approach is only without error if all species that have buffering capacity are defined or if 

the buffering capacity of the solution is purely due to carbonate concentrations.  Once the 

DIC input is properly defined in units that accurately describe the total dissolved 
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inorganic carbon in solution, error associated with the use of alkalinity measurements due 

to neglecting the buffering capacity of non-carbonate equilibrium species can occur.   

Species that contribute to the buffering capacity of a system must be specified with an 

alkalinity factor in the thermodynamic database of all programs that allow alkalinity to 

determine DIC concentration. An example of an alkalinity factor is given by the species 

H2CO3, which has an alkalinity factor of 2.  This species gains two protons as it 

approaches the titration end point, thus explaining the value of the associated alkalinity 

factor.  The error associated with correctly accounting for the buffering capacity of all 

species in the alkalinity measurement as compared to directly entering DIC concentration 

can be seen from the comparison of the resulting free uranyl ion concentration from the 

two systems presented in Table 8.  System I predictions were generated by specifying the 

DIC concentration.  This DIC concentration was determined from the sum of all 

carbonate species listed in a prediction that was generated from a given alkalinity 

measurement.  System II predictions were generated from specifying the alkalinity entry 

used to define the DIC concentration in System I.  The comparison of the results 

identified a difference of approximately 0.1 log unit in the free uranyl ion concentration 

(Table 8) through the use of the two different approaches to specify the same DIC 

concentration.    While the difference is small, it does represent an additional source of 

determinate error that can be eliminated by proper specification of inputs to the models.  

For further analysis in this research, the DIC concentration is not calculated from an 

alkalinity value, but specified as a total DIC concentration in the input file. 

Variable 

System I (M) System II (M) 

PHREEQC Visual MINTEQ 
 

PHREEQC 

Free UO2
+2 -15.2 -15.3 Free UO2

+2 -15.2 
Table 8: Difference is the species concentration determined input parameters of 480 mg L-1 CaCO3 
alkalinity and 531 mg L-1 carbonate and those listed in Table 1. 

Another source of determinate error resulting from the use of an alkalinity measurement 

to determine the total DIC concentration of a solution is associated with sampling 

procedures.  The concentration of DIC in a groundwater sample is determined by aquifer 

properties. The Old Rifle site groundwater is supersaturated with CO2 with respect to the 
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atmosphere; thus, exposure of an Old Rifle site groundwater sample to the atmosphere 

will result in a decrease of DIC concentration in that sample.  This decrease in DIC 

concentration will result in an increase of solution pH, shifting the equilibrium speciation 

(Figure 5).   To correctly correlate alkalinity to the DIC concentration, the pH of the 

system before degassing occurs must be known.  Therefore, alkalinity measurements of 

groundwater in a laboratory environment may not be fully reflective of the solution 

alkalinity due to erroneous pH values resulting from degassing, which may have occurred 

during sampling. 

 

Figure 5: Carbonic acid speciation concentration as a function of pH done with VisualMINTEQ 
using 1.4 µM uranium difference that are captured between atmospheric and 2% PCO2. 

Indeterminate Error (Uncertainty) 
After minimizing sources of determinate error for the system of interest, the program 

TITRATOR, ver 3.0 was used to evaluate uncertainty propagation for both Old Rifle site 

systems: dissolved species only (System I) and dissolved with sorbed species (System II).  

First, the equilibrium speciation was evaluated to determine the uranyl distribution for 

both systems, followed by a sensitivity analysis to determine critical parameters and 
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Monte Carlo analysis to determine the mean and standard deviation for equilibrium 

species.  

Speciation 
In both System I and System II, dissolved U(VI) speciation is dominated by the  calcium-

uranyl-triscarbonato species.  Ca2(CO3)3UO2
 (aq)  is the highest concentration species,  

approximately 80% of dissolved U(VI), while Ca(CO3)3UO2
2-  accounts for most of the 

remaining 20% of the U(VI).  The free uranyl ion is only approximately 10-15.4 M, not a 

significant fraction of the total soluble uranium but is a key modeling parameter because 

uranium sorption, precipitation and complexation constants are typically expressed in 

terms of this concentration.  

In System II, most of the total U(VI) is sorbed, but the fraction dissolved depends 

strongly on the total U(VI).  At low total U(VI) (less than 3 µM), dissolved uranium 

accounts for less than 1% and as little 0.01% of the total (Figure 6), while at total U(VI) 

above 4 µM the fraction dissolved is greater than 10%.   This dramatic change in the 

partitioning of uranium between sorbed and dissolved species is due to the ‘titration’ of 

strong sorption sites (SSOH) with UO2
2+ and has a significant effect on uncertainty 

propagation as shown in Figure 6.    
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Figure 6: Log concentrations of calculated sorbed and dissolved U(VI) as a function of total U(VI) in 
the system.  Note that although the concentration of sorbed uranium is a smooth function of total 
U(VI), the concentration of dissolved uranium is not, showing a steep ‘endpoint’ corresponding to the 
concentration of the strongest sorption sites (~3.3 µM). 

Uncertainty in System I 
The two dominant calcium- uranyl-triscarbonato species were less sensitive (lower 

derivative values) to changes in input constraints than the free uranyl ion concentration, 

as expected from their much greater stability as reflected by the associated equilibrium 

coefficients.  Analytical input constraints with the largest effect on calculated U(VI) 

speciation are the system pH, DIC, and concentrations of total Ca(II), U(VI), and (to a 

lesser extent) sulfate (Figure 7).  The first four of these all have a direct role in the 

formation of the calcium- uranyl-triscarbonato species, while sulfate affects the 

speciation less directly by complexing Ca(II).  Based on this analysis, these five 

constraints were selected as critical parameters for the Monte Carlo simulations.   
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Figure 7: Sensitivity (first derivative) analysis for effects of uncertainty on three key U(VI) species 
concentrations for 11 analytical constraints in a dissolved-only system.  dS/dC is the change in 
equilibrium speciation as a result in the change of parameter input concentration. Note the major 
roles played by total Ca(II), total U(VI), DIC, and pH. 

Distributions of calculated species concentrations for 10,000 Monte Carlo trials at all 

uncertainty levels are monomodal (normally distributed) and approximately symmetrical, 

consistent with a Gaussian distribution of propagated uncertainty (Figure 8).  For each 

level of uncertainty, calculated standard deviations for the dominant species 

concentrations of Ca2UO2(CO3)3(aq) and CaUO2(CO3)3
-2 listed in Table 9 are similar to 

the input uncertainty associated with temporal and spatial conditions for total U(VI) 

(from Table 4), indicating minimal amplification of uncertainty in the calculation.  

However, the standard deviation of the free uranyl ion concentration [UO2
2+] is much 

higher.  Extending the range of the total U(VI) to higher and lower values (0.1 to 2.0 μM 

total U(VI)) gives the same critical species, the same monomodal distributions, and the 

same elevated amplification of uncertainty for uranyl ion concentration. 
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Figure 8: Monte Carlo simulations of System I (dissolved-only), showing frequency of result versus 
log concentration.  Top row is lowest uncertainty (analytical); bottom row is highest uncertainty 
(spatial).  Plots normalized for consistent heights, not areas. 

Error without sorption reactions 

Species 

Analytical 

Uncertainty 

Temporal 

Uncertainty Spatial Uncertainty 

Mean 

(Log M) 

Standard 

Deviation 

(Log M) 

Mean 

(Log M) 

Standard 

Deviation 

(Log M) 

Mean 

(Log M) 

Standard 

Deviation 

(Log M) 

UO2
+2 -15.4 0.152 -14.9 0.501 -15.3 0.723 

Ca2UO2(CO3)3(aq) -6.2 0.02 -6.39 0.088 -6.55 0.328 

CaUO2(CO3)3
-2 -6.73 0.061 -6.8 0.113 -6.98 0.338 

Table 9: Summary statistics of distributions in Figure 8 (System I). 

If the chief purpose of the calculation is to predict principal species concentrations, this 

system is robust.  However, because the uranyl ion concentration is used in the 

calculation of sorption and precipitation, the substantial amplification of uncertainty (the 
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output uncertainty in log [UO2
2+] is more than double the log U(VI)Tot input uncertainty) 

may be problematic. Large uncertainty in sorption and precipitation of uranium directly 

affects the reliability for a transport program to predict how long it will take the Old Rifle 

site to reach UMTRA and EPA uranium concentration limits.  

Uncertainty in System II 
First derivative calculations using 8.65 μM total U(VI) are somewhat similar to System I 

with the addition of significant sensitivity to strong (SOH) and very strong (SSOH) 

surface site concentrations. The solution pH, DIC, and total concentrations of calcium 

and U(VI) have the largest effects; although, the magnitude of these derivatives is smaller 

than in System I (compare Figures 7 and 9).  One notable difference is the sensitivity of 

the calcium- uranyl-triscarbonato species concentrations to DIC concentration and 

solution pH, which is much greater than in System I.  The SOH and SSOH concentrations 

also have important effects; although, the system is not very sensitive to WOH 

concentration.  
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Figure 9: Sensitivity (first derivative) analysis for effects of uncertainty on U(VI) species 
concentrations for 14 analytical constraints in dissolved-solid partitioning system.  dS/dC is the 
change in equilibrium speciation as a result in the change of parameter input concentration. Note the 
major roles played by total Ca(II), total U(VI), DIC, and pH and the relatively modest effect of total 
surface sites (SSOH and SOH) under these conditions of high total U(VI). 

Monte Carlo simulations of System II with 8.65 µM total U(VI) show normally 

distributed Gaussian distributions of calculated concentrations at the lower levels of 

uncertainty (analytical uncertainty and temporal variation).  However, at the highest level 

of uncertainty, represented by spatial conditions specified in Table 10, asymmetric 

bimodal distributions are apparent (Figure 10).  With high uncertainty inputs, the 

standard deviation in log concentration of calculated U(VI) species is four times the log 

standard deviation in U(VI)Tot (Table 10).   
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Species 

Analytical 

Uncertainty 

Temporal 

Uncertainty 

Spatial 

Uncertainty 

Mean 

(Log 

M) 

Standard 

Deviation 

(Log M) 

Mean 

(Log 

M) 

Standard 

Deviation 

(Log M) 

Mean 

(Log 

M) 

Standard 

Deviation 

(Log M) 

UO2
+2 -14.9 0.091 -14.6 0.268 -15.2 1.33 

Ca2UO2(CO3)3(aq) -5.72 0.085 -6.18 0.346 -6.52 1.35 

CaUO2(CO3)3
-2 -6.23 0.098 -6.59 0.325 -6.94 1.35 

SSOUO2
+ -5.48 0 -5.48 0 -5.5 0.066 

SOUO2
+ -5.68 0.091 -5.52 0.171 -6.01 1.26 

Table 10: Summary statistics of distributions in Figure 10 (System II, 8.65 μM total U(VI)) 

 

Figure 10: Monte Carlo simulations of System II (dissolved and sorbed) with 8.65 μM total U(VI) 
showing the frequency of result versus log concentration.  Top row is lowest uncertainty (analytical); 
bottom row is highest uncertainty (spatial). Note the pronounced bimodal distributions at the higher 
uncertainty levels.  Plots normalized for consistent heights, not areas. 
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Unlike the System I simulations, varying total U(VI) concentration in calculations with 

sorption has a pronounced effect on both the shape of the output distributions and the 

uncertainty amplification.  At lower U(VI)Tot concentrations, output distributions of 

U(VI) are highly non-Gaussian and uncertainty amplification is larger.  As an example, 

Figure 11 presents distributions from System II simulations with U(VI)Tot =  3.50 µM, 

corresponding to an uncontaminated portion of  the Old Rifle site.  Output distributions 

are bi-modal for all but the lowest (instrumental) uncertainty levels in Table 11, and the 

uncertainties are significantly amplified for all dominant species except SSOUO2
+ and for 

aquo UO2
2+ (Table 11).  Under these conditions of lower U(VI)Tot and higher uncertainty 

in analytical constraints, the equilibrium calculation cannot be considered robust.    

Species 

Analytical 

Uncertainty 

Temporal 

Uncertainty 

Spatial 

Uncertainty 

Mean 

(Log 

M) 

Standard 

Deviation 

(Log M) 

Mean 

(Log 

M) 

Standard 

Deviation 

(Log M) 

Mean 

(Log 

M) 

Standard 

Deviation 

(Log M) 

UO2
+2 -16.4 0.134 -16.5 1.16 -16.9 1.89 

Ca2UO2(CO3)3(aq) -7.12 0.138 -8.07 1.2 -8.23 1.92 

CaUO2(CO3)3
-2 -7.64 0.146 -8.48 1.2 -8.66 1.92 

SSOUO2
+ -5.49 0 -5.5 0.04 -5.6 0.18 

SOUO2
+ -7.05 0.136 -7.38 1.15 -7.67 1.86 

Table 11: Summary statistics of distributions for system with low uranium concentration in Figure 
11 (System II, 3.50 μM total U(VI)). 
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Figure 11: Monte Carlo simulations of System II (dissolved and sorbed) with 3.50 μM total U(VI) 
showing the frequency of result versus log concentration.  Top row is lowest uncertainty (analytical); 
bottom row is highest uncertainty (spatial). Note the pronounced bimodal distributions at the higher 
uncertainty levels.  Plots normalized for consistent heights, not areas.       

The source of the asymmetrical, bimodal distributions and the concomitant amplification 

of uncertainty is the relationship between the total U(VI) concentration and the 

abundance of the strongest binding sites.  Although the surface complexation model 

represents sorbed uranium in a smooth fashion, the total dissolved uranium (sum of all 

dissolved species concentrations) has a steep slope near 3.3 μM total U(VI) concentration, 

corresponding to the concentration of the strongest binding sites (Figure 6).  The bimodal 

distributions are a result of uncertainty associated with the free uranyl ion.   

The results obtained from this analysis are traditionally used within a transport code to 

estimate the uranium concentration in the entire contamination plum considering all 

chemical phenomena, such as sorption.  But, for our purposes, this analysis will be used 

to determine the constituents of the artificial groundwater.   It also provides an 

understanding to solution speciation and insight to error associated with modeling 



 
 

55 
 

uranium speciation to minerals and sediment.  Understanding the error associated with 

uranium sorption behavior to minerals and sediment and the resulting uranium speciation 

may be useful in understanding or explaining uranium sorption to biological materials.  
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Chapter 4 Evaluation of Biosorption 

Materials and Methods 

Microorganisms 
The two types of microorganisms used in the uranium sorption experiments were the G. 

uraniireducens strain Rf4 and A. palmae. The G. uraniireducens microorganism was 

chosen because it is the most populous species at the Old Rifle site during active 

remediation [40].   The  A. palmae microorganism was chosen because it is closely 

related to a mollicute species found to be the most populous species after bioremediation 

ceased [29].  Sulfate-reducing bacteria are also present in large concentrations when the 

geochemical conditions of the Old Rifle site shift from iron-reducing environments to 

sulfate-reducing environments due to the remediation effort. Preliminary work listed in 

Appendix B and done by N’Guessan et al. [68] shows that this type of bacteria, through 

the use of  D. meridiei in laboratory sorption tests using Old Rifle groundwater, spiked 

with 12 µM uranium had minimal, if any uranium sorption capacity.  Because sulfate-

reducing bacteria were determined to have very minimal uranium sorption capacity in 

previous tests, they were not considered in these experiments. 

The G. uraniireducens culture was obtained from University of Massachusetts, 

Department of Microbiology.  The laboratory culture was grown under an anaerobic 

atmosphere with 5 mM acetate as an electron donor in a bicarbonate-buffered defined 

medium [87].  Incubation of bacteria occurred under an 80% nitrogen (N2): 20% CO2 

atmosphere. The A. palmae culture was obtained from the ATCC (ATCC 49389) and 

grown aerobically on 1106 PPLO broth with bovine serum.  While A. palmae can 

successfully grow under aerobic or anaerobic atmospheres, the culture was grown 

aerobically to increase the yield of bacterial mass for experiments.  Bacteria were 

harvested during the stationary growth phase to represent a natural growing culture in the 

field with some live and some dead bacteria present.  G. uraniireducens grew faster than 

the aerobically grown A. palmae as indicated by the optical density (OD) of a 10% 

inoculation for both bacteria as shown in Figure 12.  G. uraniireducens were harvested at 

5 to 7 days, while A. palmae were harvested at 7 to 10 days. 
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Figure 12: Bacteria growth charts. G. uraniireducens growth OD was obtained at 600 nm wavelength 
while A. palmae OD was obtained at 710 nm. 

Because G. uraniireducens are capable of metabolic uranium reduction, the bacteria were 

rinsed to remove all growth solution in efforts to prevent or minimize any affinity for 

uranium reduction during the experiment. This protocol allows for the valid assumption 

that any decrease of the U(VI) concentration in the test solution is mainly a result of 

uranium biosorption and not enzymatic uranium reduction.  Although A. palmae cannot 

perform enzymatic reduction of uranium, the microorganisms were also rinsed in the 

same manner as the G. uraniireducens.  A 0.1 M sodium chloride solution was chosen as 

the rinse solution to remove growth media because the dissolved ions of sodium and 

chloride have very minimal complexing affinity with uranly ions (Table 3 of Chapter 3); 

therefore, any remaining rinse solution associated with the bacteria will not influence 

uranium sorption during the experiments. The concentration of 0.1 M was selected to 

provide an intermediate osmotic pressure that would prevent cell lysis.  It is assumed that 

rinsing a bacteria pellet two to three times removes all growth media [89].  Therefore, the 

harvested bacteria were rinsed four times in 0.1 mM NaCl solution in efforts to ensure the 

removal of all growth solution from the pellet.  
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The rinse process began by harvesting a bacterial pellet from the growth media by 

centrifugation at 5,000 RPM for 20 minutes.  The growth solution was decanted from the 

bacterial pellet, and any remaining visible liquid around the pellet was removed with a 

pipette tip. After all visible liquid was removed from the pellet; the bacteria were re-

dispersed into an aliquot of rinse solution by inducing a vortex using vortex equipment at 

high until the mixture was completely homogenized.  This homogenized mixture was 

diluted to 50 ml with rinse solution, mixed again, and centrifuged for 20 minutes at 5,000 

RPM.  This was repeated until four rinses were achieved.  After the final rinse and 

centrifuge, all visible liquid around the pellet was removed using a pipette tip, and the 

centrifuge tube wall was dried using a KimWipe. A wet weight for the bacteria pellet was 

taken three times, and the average weight was recorded.  A dry weight was also obtained 

by exposing bacteria pellets with known wet weight to 70oC for 24 hours.  The ratio of 

dry weight to wet weight was determined to be 0.13. 

Because bacteria were harvested at the stationary growth phase and because both live and 

dead bacteria were expected in solution, a live/dead stain could not be easily used to 

verify the cell membrane integrity.  It was not until analysis of experiments that cryo-EM 

imaging was used to determine whether the cells were damaged during experimental 

preparation.  Figure 13 is an image taken of A. palmae upon completion of an 

experiment.  The image shows minimal, if any, disturbance to the cell membrane caused 

by the rinse. The cryo-EM images of the G. uraniireducens cells (Figure 14) show the 

rinsing process did irritate the cell membrane, resulting in some areas of membrane 

distortion, but the process did not destroy the cell membrane integrity. Overall, the cell 

membrane for both types of microorganisms was intact and any irritation to the 

membrane caused by the collection and rinsing process should not significantly affect the 

experimental results. 
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Figure 13: Cryo-EM image of A. palmae showing intact cells after rinse and re-disbursement into 
experimental solution. 

 

Figure 14: Cryo-EM image of G. uraniireducens presenting intact cells with some membrane 
disturbance (examples indicated by dashed arrows pointing at lighter colored bulge) after rinse and 
re-disbursement into experimental solution.  

Grid 

 

Cells 

 

Cells 

 

Grid 

 



 
 

60 
 

Artificial Groundwater (AGW) 
In geochemical literature, it is common to report DIC concentrations as the partial 

pressure of CO2 (PCO2) that would be in equilibrium with the carbonic acid, H2CO3, 

concentration based on Henry’s Law.  The relationship between DIC and PCO2 as shown 

by Figure 15 was calculated by VisualMINTEQ. The equilibrium between H2CO3 and 

DIC concentrations depends on the pH of the solution as shown by Figure 16.   

 

Figure 15: Changes in soluble DIC concentrations as a function of PCO2 at pH 7.  System modeled 
using VisualMINTEQ. 
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Figure 16: Effects on the DIC distribution for water exposed to 2% PCO2 a function of solution pH.  
System modeled by VisualMINTEQ. 

With a total atmospheric pressure of 1 atm, the PCO2 can be reported as a percent of total 

pressure.  Typical aquifer PCO2 may range from 1% to 5% [11].  This type of variability in 

PCO2 is also seen at the Old Rifle site, with an average PCO2 slightly more than 3% [23, 

70].  While it is known that increased PCO2 decreases uranium sorption to minerals and 

sediment [11, 17, 55], the major uranyl speciation distribution does not differ 

significantly from approximately 99% of uranyl distribution to the calcium-uranyl-

triscarbonato species for groundwater with PCO2 greater than 2% and calcium 

concentration equal to 6.5 mM, as shown in Table 12.  For sorption experiments, artificial 

groundwater (AGW) was exposed to a maximum of 2% PCO2 and atmospheric PCO2 (380 

ppm) to achieve the DIC concentrations of approximately 0.07 mM (atmospheric PCO2) 

and 3.3 mM (2% PCO2).   Experiments with AGW exposed to 0.2% PCO2 were desired but 

could not be achieved with the gassing station, which is discussed further below.  
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Species 

Percent Uranium distribution as a function of PCO2 

5% 2% Atmospheric 

Ca2UO2(CO3)3 (aq) 67.4 81.4 10.6 

CaUO2(CO3)3
-2 31.6 18.2 2.3 

UO2CO3 (aq) >1.0 >1.0 6.2 

UO2(CO3)2
-2 >1.0 >1.0 1.1 

(UO2)2CO3(OH)3
- >1.0 >1.0 75.2 

UO2OH+ >1.0 >1.0 1.9 

UO2(OH)2 (aq) >1.0 >1.0 1.9 
Table 12: Uranyl distribution at pH = 6.95, Ca2+ = 6.5 mM, SO4

2- = 8.5 mM using VisualMINTEQ 
using complete database listed in Table 3 of Chapter 3.  A shift in uranyl distribution from 
approximately 99% calcium-uranyl-triscarbonato species only occurs between atmospheric and 2% 
PCO2.  

A gas-mixing manifold was constructed to provide the gassing capabilities necessary to 

produce the different CO2 environments required for experiments and for culturing G. 

uraniireducens. The station allowed the gasses to be mixed at the injection point and was 

calibrated using a 2 L graduated cylinder and a large tub of water.  The calibration was 

done using a graduated cylinder that was inverted in a large the tub of water above a tube 

with flowing gas. The gas flow pushed water into the inverted cylinder for a given 

amount of time.  The volume of water pushed into this graduated cylinder divided by the 

time span in which this occurred provided a gas flow rate.  This was done in triplicate for 

at least three different points on each flow meter.   The CO2 flow meter was calibrated 

with an r2 value of 0.9987, and the N2 gas flow meter calibration resulted in an r2 value of 

0.9995.   

These two flow meters were able to produce a 2% and 20% PCO2 environment without 

issue.   A smaller CO2 flow meter was purchased in efforts to achieve a 0.2% PCO2 

atmosphere and was calibrated with an r2 value of 0.9952.  While this flow meter was 

successfully calibrated, it was not used due to back pressure issues experienced at the 

injection mixing point.  The large flow from the N2 meter of approximately 2,000 ml 

min1 did not allow for reliable mixing of  the small flow of CO2 (~4 ml min-1).  Because 

it was difficult to consistently produce a 0.2% PCO2 environment, it was decided that this 

test condition could be dropped from the testing matrix because a comparison between 
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atmospheric PCO2 and 2% PCO2 would still provide the necessary information to evaluate 

biosorption and the effects of PCO2.  A premade, laboratory-certified gas with 380 ppm 

CO2 was used to perform the atmospheric PCO2 experiments.   

The AGW was originally prepared in a bulk solution using a 600 ml Nalgene beaker and 

18 ΜΩ dionized water with 6.5 mM calcium, 8.5 mM sulfate, and variable U(VI) 

concentrations, which were determined from Old Rifle site values listed in Table 1 of  

Chapter 3.  These ions were chosen because they are the critical components of the Old 

Rifle site system as indicated by the sensitivity analysis presented in Chapter 3. A 

uranium nitrate (1.4% HNO3 v/v) standard was the source of U(VI) in solution.   After all 

AGW components were added to the solution, the 600 ml Nalgene beaker was covered 

with parafilm and gassed to achieve the desired atmosphere (Figure 17).  The 

predetermined pH was reached by correcting the solution pH with the addition of base or 

acid until the solution reached equilibrium with the target PCO2 atmosphere. After the 

target pH of the test solution was reached, the ionic strength of the solution was 

calculated by VisualMINTEQ and adjusted to approximately 0.04 adding sodium 

chloride to the solution. 
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Figure 17: Preparation for bulk solution to set pH at desired PCO2. 

The 2% PCO2 AGW atmosphere was achieved by gassing the solution with a calibrated 

N2:CO2 (98:2) gas flow while adding acid/base to achieve the desired pH of 6.95 ± 0.05. 

While the Old Rifle site average pH is 7.2 at this PCO2, a higher pH would be 

supersaturated with respect to calcite in the experimental solutions.  Atmospheric AGW 

solutions were bubbled with laboratory-certified 380 ppm CO2 until the desired pH was 

reached by the addition of base and/or acid, followed by open atmosphere equilibration 

with another slight acid/base adjustment to correct for any pH drift.  For experiments 

exposed to atmospheric PCO2, the solution pH was controlled to 7.0, so the results would 

be directly comparable to those obtained under 2% PCO2 conditions.  Due to the low 

buffering capacity of the atmospheric PCO2 AGW solution, the pH could only be 

controlled to ± 0.2 of the target pH.  Once the desired pH was reached in the bulk AGW 

solution, it was aliquoted for testing.  
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 Sorption experiments 
The weight of the collected bacteria pellet was used to determine the volume of the AGW 

for each experiment to obtain a known bacterial concentration in the solution.  The 

concentration of G. uraniireducens used during testing ranged from approximately 200 g 

L-1  to 5 g L-1, and the concentration of uranium used during those tests ranged between 

70 µM to 0.4 µM (Appendix B).  The concentration of A. palmae used during testing 

ranged from 30 g L-1 to 8.5 g L-1, and the concentration of uranium used during those test 

ranged between 50 µM and 0.7 µM (Appendix B). The desired volume of the solution 

was added to the bacteria pellet and redistributed by vortex mixing.  The tube was capped 

with a septum (Figure 18a), re-gassed to return the solution to the desired atmosphere 

obtained during bulk preparation (Figure 18b), and put into a rotation device during the 

experiment to achieve a fully mixed solution during the sorption experiment (Figure 18c).  

All test solutions were allowed to mix slowly for no less than 4 hours, typically 19 hours.  

This equilibrium time was chosen based on the unpublished work done by N’Guessan et 

al. (Appendix B) who determined that greater than 95% of the uranium sorption to 

biomass occurred within the first 4 hours [68].  
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Figure 18: Final experimental preparation. a) Individual test container with septum and needles to 
gas solution, b) gassing of experiment to achieve desired PCO2, and c) rotation device to ensure full 
mixing during experiment. 

Experiments were prepared to measure three conditions for each sorption test: 1) to 

obtain conformation of initial uranium concentration of the bulk solution (Utotal)  and 

indicated whether any uranium was lost to the container wall; 2) to determine the pH at 

the end of testing, which ensured DIC content and monitored for degassing; and 3) to 

determine the uranium concentration remaining in solution after the AGW reached 

equilibrium with the bacteria (Uaq). The uranium sorption density on the bacteria was 

determined by subtracting the mass of Uaq from the mass of Utotal and dividing by the 

mass of bacteria (BM), as described by equation 19. 

𝑈𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑈𝑡𝑜𝑡𝑎𝑙−𝑈𝑎𝑞
𝐵𝑀

                                                     (19) 

While uranium loss to the container walls was not an issue for experiments performed 

under 2% PCO2 conditions, uranium did sorb to the wall of the containers used during 

C 
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atmospheric PCO2 test.  Under atmospheric PCO2 conditions, a loss of uranium to the 

container walls occurred and was variable even when the tests were performed in the 

same material made by different manufacturers.  To eliminate some variability associated 

with uranium sorption to the container walls, only one type of centrifuge tube made by a 

single manufacturer was used.  After this modification to the experimental protocol was 

made, uranium losses to the container wall were assumed to be similar to all centrifuge 

tubes.  Thus, the loss of uranium to the walls was neglected in the sorption calculation.  

To account for loss of uranium to the container walls, the inductively coupled plasma-

mass spectroscopy (ICP-MS) analysis of the initial concentration of the bulk solution, 

Utotal, was used to determine the initial uranium available for sorption to bacteria.  

At the end of testing, the solutions exposed to bacteria were centrifuged for 20 minutes at 

5,000 RPM.  The solutions used to determine Utotal and Uaq were filtered through 0.2 µm 

syringe-driven Millex-VF PVDF filters, immediately acidified with nitric acid for ICP-

MS analysis, and stored in acid-washed polypropylene tubes. The pH values of the other 

aliquots were measured using a Hach 280g meter with a stainless steel solid state probe 

outfitted with a septum top to prevent degassing of the solution during measurement. The 

final pH of the test solution decreased due to the addition of bacteria to the solution.  The 

addition of bacteria to the solution caused a drift of 0.1 pH units for 2% PCO2 experiments 

and up to 0.5 pH units for atmospheric PCO2 experiments.  Given that these drifts in pH 

were artifacts of the experiments themselves and not preventable by experimental design, 

the solution pH before the addition of bacteria was considered to be the system pH.   

Analytical techniques  

Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) 
Uranium concentrations were measured using either a Thermo X-Series II or Perkin 

Elmer Elan 6100 ICP-MS.  Samples were diluted volumetrically with 1% optima-grade 

nitric acid to minimize matrix effects and to keep expected uranium concentrations within 

the range of the standards.  Standards ranging from 0.1 to 100 ppb were prepared in 1% 

nitric acid.  Each sample and standard was introduced to the plasma using a Gilson 

peristaltic pump with a tracer standard to monitor instrumental drift.  A check standard 

was run every 10 samples to verify performance within 10% of the expected value. This 



 
 

69 
 

analysis was done at the Earth and Planetary Science Department of the University of 

New Mexico and at the Colorado School of Mines. 

Cryo-Transmission Electron Microscopy (TEM) Specimen Preparation 
For cryo-transmission electron microscopy (TEM), aliquots of 5 µL were taken directly 

from the in-vitro cultures and placed onto lacey carbon grids (Ted Pella 01881, Ted Pella 

Inc., Redding, CA) that were pre-treated by glow-discharge. The Formvar support was 

not removed from the lacey carbon. The grids were manually blotted with filter paper and 

plunged into liquid ethane by a compressed air piston, then stored in liquid N2.  This 

preparation was done at the Lawrence Berkeley National Laboratory. 

Cryo-TEM Imaging 
Images were acquired at the Lawrence Berkeley National Laboratory on a JEOL–3100 

electron microscope equipped with a FEG electron source operating at 300 kV, an Omega 

energy filter, a Gatan  795 2Kx2K CCD camera (Gatan Inc., Pleasanton, CA), and cryo-

transfer stage. The stage was cooled with liquid N2 to 80 K during acquisition of all data 

sets.  

To have a statistically relevant survey, more than 60 images were recorded using 

magnifications of 136 kx, 86 kx, 44 kx, and 25 kx at the CCD giving a pixel size of 0.22 

nm, 0.34 nm, 0.68 nm, or 1.2 nm at the specimen, respectively. Underfocus values ranged 

between 2.0 µm ± 0.5 µm to 12 µm ± 0.5 µm, and energy filter widths were typically 

around 22 eV ± 2 eV.  

Electron Tomography 
Four tomographic data sets were acquired at the Lawrence Berkeley National Laboratory. 

Tomographic tilt series were acquired under low-dose conditions, typically over an 

angular range between +65° and -65°, ± 5° with increments of 1° or 2°. Between 70 and 

124 images were recorded for each tilt series, acquired semi-automatically with the 

program Serial-EM (http://bio3d.colorado.edu/) adapted to JEOL microscopes.  

For these tilt series data sets, all images were recorded using nominal magnifications of 

20 kx and 40 kx at the CCD giving a pixel size of 1.2 nm or 0.68 nm at the specimen, 

respectively. Underfocus values ranged between 6 µm ± 0.5 µm to 12 µm ± 0.5 µm, 

http://bio3d.colorado.edu/
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depending on the goal of the data set. Energy filter widths ranged between 22 to 28 eV, 

also depending on the data set. For all data sets, the maximum dose used per complete tilt 

series was approximately 140 e-/Å2, with typical values of approximately 100 e-/Å2.  

All tomographic reconstructions were obtained with the program Imod 

(http://bio3d.colorado.edu/) (Kremer et al. 1996) and acquired at the Lawrence Berkeley 

National Laboratory. The program ImageJ (NIH, http://rsb.info.nih.gov/ij/) was used to 

analyze the 2D image projections. Volume rendering and image analysis of tomographic 

reconstructions was performed using the open-source program ParaView 

(http://www.paraview.org/). All movies were created with the open source package 

ffmpeg (http://www.ffmpeg.org/). The inner membranes of two cells of each species were 

segmented by hand using the program Imod. 

Energy-Dispersive X-ray (EDX) spectroscopy 
High-spatial resolution chemical analysis of cell membranes of air-dried samples were 

carried out in the JEOL 2100-F 200 kV Field-Emission Analytical TEM equipped with 

Oxford INCA EDS x-ray detection system at the Molecular Foundry at the Lawrence 

Berkeley National Laboratory.  High-angle annual dark field (HAADF) scanning 

transmission electron microscopy (STEM) images and x-ray elemental line scans were 

acquired with a 1 nm probe at 200 kV.  The specimens were tilted 10 degrees toward the 

x-ray detector to optimize the x-ray detection geometry. Collection times were 300 live 

seconds for each line scan. 

 

The EDS linescans on the high-contrast regions of the OM clearly demonstrate the 

localized uranium in this membrane responsible for the increased contrast in the STEM 

HAADF images. 

Beamline X-ray Spectroscopy 
Samples were transferred into AI sample holders under anaerobic conditions (~2% 

hydrogen, 98% N2).  1 mL aliquots of sample were centrifuged, and the supernatant was 

discarded. Pellets were pooled into a single microfuge tube prior to loading. Loaded 

sample holders were maintained under anoxic conditions until loaded into a liquid N2 

cryostat and then placed under a vacuum at beam line 11-2. The Si(220) monochromators 

http://bio3d.colorado.edu/
http://www.ffmpeg.org/
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were detuned by 15% of its maximum transmission to reject harmonics. Energy 

calibration was maintained continuously using a yttrium foil.  Fluorescence x-ray 

absorption near edge structure (XANES) spectra were measured at the ULIII-edge. 

 XANES spectra were then background subtracted and processed using ARTEMIS. This 

analysis was done at Stanford Synchrotron Radiation Laboratory. 

Results and Discussion 

Sorption Isotherms 
G. uraniireducens exposed to atmospheric PCO2 (Figure 19) resulted in the largest 

capacity for U(VI) sorption with a KD value of 7985 ± 1024 L kg-1.  A. palmae exposed to 

atmospheric PCO2 (Figure 20) produced a lower KD value of 1850 ± 1.8 L kg-1.  The KD 

values are within range on a mass basis of values estimated from results for B. subtilis 

[69] and to S. elongatus strain BDU/75042 [67], both exposed to atmospheric PCO2.  

Direct comparison of the KD values determined on a mass basis and obtained for uranium 

sorption to the two different bacteria implies G. uraniireducens are approximately four 

times more sorptive than A. palmae.   
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Figure 19: Uranium sorption to G. uraniireducens under atmospheric PCO2 at pH 6.95 ±0.05 with 6.5 
mM calcium and 8.5 mM sulfate. 

 

Figure 20:  Uranium sorption isotherm to G. uraniireducens under 2% PCO2 at pH 7±0.2 with 6.5 mM 
calcium and 8.5 mM sulfate. 
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The r2 value of 0.43 obtained from the isotherm of the uranium sorption to G. 

uraniireducens under atmospheric PCO2 indicates the available mass of bacteria accounts 

for slightly less than half of the variance associated in the statistical model of uranium 

sorption to the surface of the bacteria.  Also, if some of the end data points shown in 

Figure 19 were removed, it is possible to fit the data to a Langmuir or Freundlich 

isotherm because it appears a maximum sorption capacity is reached around 1200 or 

1450 µMoles kg1, depending on what data are removed (options shown by red curves in 

Figure 21). But, data was not removed from the analysis to explore the possibility of a 

Langmuir or Freudlich isotherm because of cryo-imaging of G. uraniireducens presented 

in the upcoming image section.  Briefly, these images presented in the upcoming section 

of  “Images of uranium sorption by bacteria “showed that cells exposed to very high 

concentrations of uranium, 50 µM, the uranium sorbed in a patchy pattern to the surface 

of the bacteria and inside the OM of the cell. The patchy uranium sorption to the surface 

of the cell indicated that the surface was not saturated.  Therefore, eliminating data points 

and fitting the remaining data to an isotherm equation  does not represent the true 

sorption phenomena that occurs, even though it may result in a better statistical fit (r2 = 

0.59 Appendix B).  The low r2 value could be a result error propagation related to the 

standard deviation between replicates which was between 5 – 20% (Appendix B) or a 

result of the statistical model not accounting for the ability for the uranium to sorb to the 

inner surface of the cell membrane.  
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Figure 21: Uranium sorption to G. uraniireducens under atmospheric PCO2 at pH 6.95 ±0.05 with 6.5 
mM calcium and 8.5 mM sulfate.  This is the same sorption isotherm shown by Figure 19, but 
presents possible option for Langmuir or Freudlich isotherm application. 

While the difference in experimental uncertainty associated with the plots (r2 values 

between 0.43 and 0.83) is acknowledged, comparing uranium sorption capacity was done 

as defined by the KD approach represented by equation 4.  Before a direct comparison of 

KD values obtained for both types of bacteria was done, ranges that were directly 

comparable for the two different types of bacteria were graphed together to more closely 

examine the mass comparison of uranium sorption.  This required truncation of the 

experimental data.  As seen in Figure 22, the sorptive capacities for the two types of 

bacteria at the lower end of the isotherm appear to be equivalent on a mass basis.  To 

obtain a better estimate of the difference in uranium sorption affinity between the 

bacteria, a comparison was done based on the surface area of the different bacteria. 
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Figure 22: Comparison of sorption capacity of both types of bacteria within similar ranges 

While the density of the different type of bacteria can be assumed to be equivalent, the 

surface areas are different due to the different shapes and sizes of the bacteria.  G. 

uraniireducens cells are rod shaped, and A. palmae cells are spherical.  Using average 

values for radius and length [88, 89], the geometry of the different bacteria and an 

estimated bacteria density of 1 g cm-3, the G. uraniireducens cell resulted in 

approximately 2.4 times less surface area than the A. palmae cell (Table 13).   Assuming 

the sorption capacity on a mass basis is equivalent, the sorption capacity for G. 

uraniireducens based on surface area is 2.4 times greater than that of A. palmae.   

Bacteria 
Radius 
(µm) 

Length 
(µm) 

Area  
(µm2 cell-1) 

Volume  
(µm3 cell-1) 

Mass 
(g cell-1) 

surface 
area  

(m2 g-1) 
G. 

uraniireducens 0.50 2 7.85 1.57 6.37E+11 5 
A. palmae 0.25 - 0.79 0.07 1.53E+13 12 

Table 13: Available surface area based on bacteria mass assuming a density of 1 g cm -3.  This 
analysis is on the test performed under atmospheric PCO2 conditions.  
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The comparison of sorption capacity on a surface area basis was also done using the 

complete experimentally obtained data set under atmospheric PCO2 conditions and its 

resulting KD values (Figures 19 and 20).  This was done by converting the experimentally 

determined KD (L kg-1) obtained under atmospheric PCO2 conditions to a value based on 

the surface area, KD’(L m-2), allowing for the equivalent comparison of sorptive capacity 

based on the available surface area found for each type of microorganisms.  Comparing 

the KD’ (L m-2) (Table 14), G. uraniireducens were determined to be approximately eight 

times more sorptive than A. palmae, which is twice the sorptive affinity captured by the 

mass comparison.   Based on the comparison of uranium sorption capacity on a surface 

area basis, a difference in uranium sorption capacity does exist between the two different 

types of bacteria.  The difference in sorption could be due to the different functional 

groups found on the cells, the different concentration of functional groups per area of cell 

wall, or the different sorption processes such as sorption within the OM or “passive 

reduction” associated with uranium sorption to the different bacteria. 

Bacteria Surface area (m2 g-1) KD (L kg-1) KD' (L m-2) 

G. uraniireducens 5 7985 1.6 

A. palmae 12 1850 0.2 
Table 14: Experimental KD converted for direct surface-area comparison using data presented in the 
previous table.   

The effect of increased DIC concentration due to exposure to different PCO2 environments 

resulted in decreased uranium biosorption for both types of bacteria.  As shown in Figure 

23, exposing G. uraniireducens to 2% PCO2 decreased the KD significantly from 7985 ± 

1024 L kg-1 to 25 ± 1.8 L kg-1.  The r2 value associated with this analysis is 0.63 which is 

larger than the r2 value obtained from the analysis of data collected under atmospheric 

PCO2.  Although both r2 values associated with the two G. uraniireducens isotherms are 

not as high as one would like for reliable predictive purposes, theses models indicate that 

the mass of the bacteria accounts for approximately half of the variance associated within 

the statistical model of uranium sorption to G. uraniireducens.  These results indicate that 

the mass of G. uraniireducens present is an important factor, but not the only factor 

influencing uranium sorption; there is another phenomenon occurring during uranium 
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sorption associated with G. uraniireducens, such as the ability for uranium to penetrate 

the OM or the ability for G. uraniireducens to reduce uranium without an external 

electron donor.  These possibilities are discussed later in the document with further detail 

and supporting analysis.  

 

Figure 23: Uranium sorption isotherm to A. palmae at atmospheric PCO2 at pH 7 ± 0.2 with 6.5 mM 
calcium and 8.5 mM sulfate. 

The isotherm obtained under 2% PCO2 conditions is presented in Figure 23.   An isotherm 

for A. palmae exposed to 2% PCO2 was not collected due to experimental problems, but a 

point comparison of sorption to A. palmae versus sorption to G. uraniireducens using a 

25 g L-1 bacterial solution exposed to 1.4 µM U(VI) was performed.   G. uraniireducens, 

on a mass basis, sorbed up to 10 times more uranium from the solution than the A. 

palmae.  While the sorption difference between the two types of bacteria under 2% PCO2 

conditions appears larger than the difference determined from the comparison of KD 

values (four times) of the two different bacteria obtained at atmospheric PCO2, a single 

point comparison provides limited confidence in the results.  Therefore, it can only be 

concluded that uranium sorption to A. palmae is significantly decreased under 2% PCO2 
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conditions as compared to sorption under atmospheric PCO2 conditions.  The decrease in 

sorption due to increased DIC content experienced by both types of bacteria is consistent 

with the reduction of KD results for uranium biosorption [68] and sorption to iron oxides 

[42]. 

While the KD value obtained at atmospheric PCO2 for uranium sorption to G. 

uraniireducens is very large, it is not representative of Old Rifle site average geochemical 

conditions. The KD value obtained under 2% PCO2 conditions is closer to that of the 

aquifer and is similar to uranium-mineral sorption KD values obtained by Stewart et al. 

[17].  The Stewart group examined uranium sorption to goethite-coated sand and two 

different natural sediments in an artificial groundwater, which resulted in similar uranium 

speciation to that of our experiment (greater than 99% calcium-uranyl-triscarbonato 

complexes and 3.8 mM HCO3 at pH 7).  As seen in Table 14, the KD values obtained by 

the Stewart group were all in range of the G. uraniireducens-uranium KD  obtained at 2%.  

The KD for uranium sorption to G. uraniireducens at 2% PCO2 was greater than the KD 

determined for sorption to the Naturita sediments, which are from a site similar to the Old 

Rifle site. It is also greater than the KD determined for uranium sorption to ferrihydrite 

exposed to 1% PCO2, where sorption to a surface should be increased as compared to 2% 

PCO2 conditions due to the lower DIC content.  It should be noted that the KD values for 

the minerals and sediments listed in Table 15 reflect the latest literature results that 

capture DIC and calcium effects on uranium sorption, so they may be different from 

those found in earlier literature, which does not incorporate these parameters.  
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Sorbent KD (L/kg) Log KD 

G. uraniireducens (2% CO2)
 a  25 1.4 

Iron Sand (1mM Ca, 3.8 mM DIC) b 17 1.23 

Hanfor Sediment (1mM Ca, 3.8 mM DIC) b 29 1.5 

Oak Ridge Sediment (1mM Ca, 3.8 mM DIC) b 51 1.71 

Naturita Sediments (Field) c 0.5-40  -0.3 - 1.6 

Ferrihydrite (1% CO2)
 d 0.2 -0.7 

Table 15: Comparison of KD values for material exposed to elevated DIC.  a references to values 
obtained from this work,  b  values obtained from [17], c value obtained from [82], d value obtained 
from [42] 

Although the uranium-G. uraniireducens KD value at 2% PCO2  is comparable to  

uranium-mineral KD values obtained under similar conditions, the KD value for uranium 

sorption to G. uraniireducens does not provide enough information to determine whether 

biosorption affects the overall transport of uranium in a bioremediated aquifer.  While the 

KD value indicates a high affinity for uranium to sorb to the bacteria, the concentration of 

sorption sites as defined by the bacteria concentration at the Old Rifle site must be used 

in conjunction with the KD value to estimate the effect of biosorption on uranium 

transport at the site.  Only the concentration of G. uraniireducens will be used to 

determine the overall effects of biosorption on uranium transport.  This is because the G. 

uraniireducens species are eight times more sorptive than the A. palmae species and more 

populous during remediation.  While the A. palmae species is the most populous after 

remediation, they are slow growers; therefore, the concentration of the A. palmae species 

during and after remediation is assumed to be lower than the concentration of the G. 

uraniireducens at the height of remediation.  

The concentration of G. uraniireducens at the height of bioremediation at the Old Rifle 

site was converted to a mass concentration and compared against the average mass 

concentration used in the experimental work.  Analysis done at the University of 

Massachusetts indicated that at the height of remediation, there were approximately 107 

bacteria cells per milliliter of solution in the pore space and roughly 106 bacteria cells per 

gram of sediment [89].   Using the mass for a G. uraniireducens cell listed in Table 13, 

the concentration of bacteria in the Old Rifle site pore water is approximately 0.01 g L-1.  
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This concentration is about 2,000 times less than the average concentration of bacteria 

(20 g L-1) used in the experiments.  

The concentration of bacteria used in the laboratory experiments was also compared to 

the concentration of bacteria available in a volume of the Old Rifle site aquifer, which 

includes the bacteria found on the sediment and that available in the pore water.  Using 

the Old Rifle site porosity of 0.27 [24], the concentration of bacteria in the Old Rifle site 

aquifer in sediment and pore water is approximately 0.005 g L-1 (Table 16), which is 

about 4,000 times less than the average concentration of bacteria (20 g L-1) used in the 

experiments. While the KD values for uranium biosorption are significant, the amount of 

bacteria present in natural system as listed in Table 16 is very small when compared to 

those used in laboratory experiments.   

 
Bacterial concentration 

Pore 
Water Sediment 

Number of bacterial cell per gram  N/A 1.00E+06 
Number of cells per ml 1.00E+07 2.75E+06 
mg of bacteria per ml 1.00E-02 2.75E-03 
mg of bacteria per ml of aquifer  2.70E-03 2.01E-03 

 Total bacteria concentration in aquifer (mg per ml) 0.005 
Table 16: The concentration of bacteria at the Old Rifle site in the pore water and sediment used to 
calculate the concentration in the aquifer. The Old Rifle site sediment density was used to determine 
the number of bacteria per volume of sediment, and the site porosity was used to obtain the final 
value listed. 

It is also important to note that the mass of bacteria in the aquifer is much less than the 

mass of sediment in the aquifer.  Using the sediment density and the knowledge that only 

27% of the sediment has sorption capacity [24], an approximate concentration of sorptive 

sediment is 500 g L-1 .  When compared to the available bacteria concentration of 0.005 g 

L-1 , there is approximately 100,000 more sorptive sediment than sorptive biomass.  

Although the KD values for sorption to bacteria and sediment are similar in magnitude, 

the lower concentration of bacteria means it will sorb less uranium.  Therefore, it is 

unlikely that uranium sorption to G. uraniireducens will have a large impact on soluble 

uranium concentrations during bioremediation due to the low surface site availability. 
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Images of uranium sorption by bacteria  
To provide further support that uranium is sorbing to the bacterial surfaces, cryo-EM 

images and EDX spectroscopy analyses were performed on bacteria taken from 

experimental solutions. The displayed images are a result of multiple images taken of an 

intact cell at a variety of angles.  A computer program incorporated these images into a 

final computer-generated image that may show a volumetric or “slice” image of an intact 

cell.  It is important to understand that while the images may be presented as a “slice” 

image, the cells have not been physically sliced.  The cryo-EM images showed uranium 

located on or integrated into the OM of G. uraniireducens exposed to environmentally 

relevant conditions (1.4 µM uranium and 2% PCO2) as shown by Figure 24. While gold 

beads are included in the imaging for reference of the presence of heavy metals, the 

presence of uranium on the cell was confirmed by scanning transmission EDX analysis 

(Figure 25, red arrow shows path of EDX analysis).  Uranium is indicated by the 

darkened areas on the OM and is patchy and nonuniform. Upon evaluation of the EDX 

analysis presented in Figure 25, the element of uranium is detected at maximum 

concentrations, as indicated by the maximum peak height, where the beam path crosses 

the cell wall.  While calcium is also detected by the scanning transmission EDX with a 

maximum at the cell wall similar to uranium, it is also detected within the cell wall and 

uranium was not. Since calcium is detected inside the cell wall where there are no dark 

patchy areas, it can be concluded that uranium, not calcium, is the source of the dark 

patches.  Also further EDX analyses of the areas that do not have the dark patchy 

occurrences do not detect the presence of uranium but do detect the presence of calcium 

(Appendix B).    

Uranium sorption to the OM, as shown by Figure 24, is in agreement with previous 

research of uranium sorption to both reductive and nonreductive species [72, 73, 90].  It 

is more difficult to see the sorbed uranium in the cryo-EM image of the A. palmae; 

therefore, a cryo-EM image is not shown or discussed here. The images of A. palmae can 

be found in Appendix B 
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Figure 24: Cryo-EM images of uranium sorption to G. uraniireducens OM under 2% PCO2 and 1.4 
µM U. Uranium is indicated by the darkened areas of the cell membrane.    

 

Figure 25: EDX analysis of patchy deposits on the OM of geobacter, which confirms uranium 
sorption. 
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The cryo-EM analysis of G. uraniireducens exposed to higher concentrations of uranium, 

50 µM, and atmospheric PCO2 results in a different trend in uranium sorption.  While the 

uranium deposits are patchy and non-uniform on the OM, uranium is also observed on 

the inside of the OM in the periplasmic space of the bacteria.  This distribution is shown 

in Figure 26.  
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Figure 26: Cryo-ET of uranium sorption to G. uraniireducens under 2% PCO2 and 50 µM uranium  
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Experimental conditions were specifically designed to discourage or prevent any uranium 

reduction by the G. uraniireducens.  As a result of the experimental design, it is expected 

the uranium detected on the surface of the bacteria should be U(VI). This is not an 

unrealistic expectation because uranium was shown sorbed to the surface of the non-

reductive species of A. palmae (this research) and B. subtilis [91, 92].  While uranium 

sorbed to the surface of A. palmae was not confirmed by EDX analysis, uranium sorbed 

to the surface of the B. subtilis was confirmed by TEM-EDS and XANES analysis done 

by Ohnuki et al. [91].   

The same types of uranium deposits on the OM and inside the periplasm as seen in these 

results were also seen by Shelobolina et al. in a mutant G. Sulfurreducens [73].  This 

species was unable to reduce uranium because the path of electron transfer in the 

periplasm was deleted.  Shelobolina and colleges postulated that the accumulation of 

uranium in the periplasmic space of the bacteria may reflect the ability of uranium to 

penetrate the OM and react with substances in the periplasm that may promote formation 

of U(VI) precipitates and not the reductive ability of this area.  

Metal-reducing bacteria have redox active biomolecules within the periplasm.  These 

biomolecules have the ability to store electrons for use during times of famine; this has 

been demonstrated by the c-Type cytochromes of the G. Sulfurreducens when examined 

by Esteve-Nunez et al [93].  They showed that periplasmic and OM cytochromes of the 

G. sulfurreducens act as capacitors and can store approximately 107 electrons per cell 

[93].  Because bacteria have the capability of storing electrons for use during times of 

famine and given that uranium has the ability to travel within the cell membrane as seen 

by cryo-EM analysis, the oxidation state of the observed uranium on and within the G. 

uraniireducens cells (Figures 24 and 26) is not certain.  Any U(VI) that diffused into the 

OM may have contacted a charged cytochrome and subsequently been “passively” 

reduced.  Therefore, the accumulation of uranium in the periplasmic space may be U(IV).  

To investigate the above possibility, beamline x-ray spectroscopy was performed on a 

pellet of bacteria collected from a uranium-G. uraniireducens sorption experiment in 

which no electron donor was present.  The bacteria were exposed to 2% PCO2 and 50 µM 

uranium for more than 24 hours.  The results from the beamline analysis (Appendix B)  
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indicate approximately 40% of the uranium associated with the cell pellet was U(IV), 

which confirmed U(VI) reduction had occurred in the absence of an electron donor.  This 

result indicates that uranium biosorption captured in our experiments represents a mixture 

of U(VI) complexation and U(IV) through “passive” reduction.   

Given that G. sulfurreducens have 107 haem per cell [93] and each haem stores one 

electron[94], it would require approximately 12.4 E 12 cells L-1 of solution to perform the 

40% uranium reduction that occurred.  Yet, there were approximately 13.2 E 13 cells L-1 

in solution during the test that was done to obtain the bacterial pellet for the beamline 

analysis.  The difference between the reduction expected to occur and the reduction that 

did occur due to electron storage per cell could be due to the difference in growth 

conditions between that of these tests and Esteve-Nunez et al [95] or it could be due to 

the large concentration of uranium used in the test.  The uranium concentration in the test 

prepared for beamline analysis is approximately 50 times larger than environmentally 

relevant concentrations and may have resulted in larger amounts of uranium entering into 

the cell (due to a concentration gradient), which encounter charged biomolecules and 

were subsequently reduced.   

Examination of the cryo-EM image (Figure 24) of G. uraniireducens in AGW exposed to 

environmentally relevant conditions (2% PCO2 and 1.4 µM U(VI)) shows uranium only on 

the cell wall.  The cryo-EM images (Figure 26) of G. uraniireducens exposed to 2% PCO2 

AGW spiked with 50 µM U(VI) show uranium on the cell wall and inside the periplasm.  

The difference between these images may be due to the different concentration of 

uranium in the two sorption tests.  Because it is unknown whether the amount of U(VI) 

reduction identified by the beamline analysis is an artifact of the experiment or whether it 

truly represents an active bioprocess, this result can only confirm reduction occurred in 

these sorption experiments when no electron donor was present.  The degree to which the 

reduction occurred is not certain.  Based on the beamline analysis, it is likely that the KD 

values for uranium sorption to G. uraniireducens obtained from the previous experiments 

provide an overestimation in sorption capacity and provides evidence that there is a 

degree of continuing reduction at bio-remediated sites after active reduction has ceased. 
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Speciation 
Uranium sorption to G. uraniireducens is approximately 300 times larger under 

atmospheric PCO2 than under 2% PCO2.  The aqueous speciation resulting from the two 

different DIC concentrations are presented in Table 17.  For AGW exposed to 2% PCO2, 

the calcium-uranyl-triscarbonato species, Ca2UO2(CO3)3 (aq) and CaUO2(CO3)3
-2, 

accounted for more than 99% of the uranyl distribution.  Sorption experiments under 

these conditions resulted in markedly lower biosorption.  For sorption experiments at 

atmospheric PCO2, the calcium-uranyl-triscarbonato species only accounted for 

approximately 19% of the uranyl distribution and produced the largest amount of 

biosorbed uranium.  Under the atmospheric PCO2 conditions, the non-calcium uranyl-

carbonate species accounted for 77% of the uranyl distribution, with the largest 

percentage of uranium distributed among the (UO2)2CO3(OH)3
- species at approximately 

70%.  
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Species 

Uranyl Percent 

Distribution  

2% PCO2 Atm PCO2 

Ca2UO2(CO3)3 (aq) 81.81% 15.69% 

CaUO2(CO3)3
-2 17.81% 3.26% 

(UO2)2CO3(OH)3
- 0.00% 70.26% 

UO2CO3 (aq) 0.02% 5.64% 

UO2(OH)2 (aq) 0.00% 1.70% 

UO2OH+ 0.00% 1.56% 

UO2(CO3)2
-2 0.17% 1.26% 

UO2(CO3)3
-4 0.19% 0.03% 

UO2(OH)3
- 0.00% 0.16% 

UO2(SO4)2
-2 0.00% 0.01% 

UO2
+2 0.00% 0.04% 

UO2SO4 (aq) 0.00% 0.12% 

(UO2)2(OH)2
+2 0.00% 0.01% 

(UO2)3(OH)5
+ 0.00% 0.27% 

(UO2)4(OH)7
+ 0.00% 0.01% 

Table 17: Percent uranium distribution under different CO2 partial pressures at an ionic strength of 
0.04, a pH of 6.95 with 6.5 mM calcium, 8 mM sulfate, 1.4 μM U(VI)+2. 

When comparing the uranium speciation presented by Table 17 and the KD values 

obtained from the experimental work, the non-calcium uranyl-carbonate complexes 

appear to be the sorbing species and the calcium-uranyl-triscarbonato species (calcium 

uranyl-carbonates) appear to decrease sorption.  This conclusion is in agreement with 

sorption of uranium to minerals. Steward et al. found that the concentration of the uranyl-

carbonate species in a solution can provide a valid prediction of uranyl sorption to 

artificial and natural sediments within that solution [17].  Fox et al. also found that the 

presence of calcium uranyl-carbonates decreased uranium sorption to minerals [18].  

Bargar et al. showed that uranyl carbonates sorbed to iron oxide, hematite, by 

examination with EXAFS and electrophoretic  measurements and  concluded that soluble 
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uranium can sorb with carbonate to decrease uranium transport in oxic aquifers through a 

wide range of pH [96]. 

To evaluate the theory that distribution of uranium among the calcium and non-calcium 

uranyl carbonates could be used to predict or estimated uranium biosorption under Old 

Rifle site conditions, the effects of changing solution pH, which changes speciation, was 

also examined. To begin this examination, sorption experiments were performed with 

variable pH at 2% PCO2 with a constant bacterial concentration and the U(VI) 

concentration equal to 1.4 μM.  The concentration of sulfate and calcium were held 

constant to the values listed in Table 1 of Chapter 3.  Upon completion of these sorption 

experiments, thermodynamic equilibrium simulations were performed to determine the 

solution speciation at equilibrium given similar constraints without accounting for 

sorption. The results obtained from both analyses, System A (the simulated system) and 

System B (the experimental system) were compared to determine whether the distribution 

of uranium among the calculated calcium and non-calcium uranyl-carbonates species in 

System A would correlate to experimental sorption in System B (i.e., high concentrations 

of calcium uranyl-carbonate in System A would correlate with low uranium sorption in 

System B or high concentrations of non-calcium uranyl-carbonates in System A would 

correlate with high uranium sorption in System B). 

As shown in Figure 27 the distribution of uranium sorbed to the biomass decreases from 

100% to approximately 15% in System B as the distribution of uranium associated with 

the non-calcium uranyl carbonates in System A decreases from 60% to approximately 

10%.  As this occurred, the uranium distributed among the calcium uranyl-carbonates in 

System A increased from approximately 40% to more than 90%.  While the trends in 

Figure 27 provide more support for the theory that uranium distribution among the 

calcium and non-calcium uranyl carbonates can be used to predict or estimated uranium 

biosorption, they do not match exactly.  This is not unexpected because there are 

thermodynamic differences between Systems A and B.  System B (the experimental 

system) has an extra constraint, a sorptive site, while the simulated system, System A, 

does not.  In System B, the formation of uranyl complexes at the sorption site and their 

related reactions will affect the final uranyl distribution among the various species in the 



 
 

90 
 

solution, while the uranium distribution in System A is not influenced by those 

interactions.  

 

Figure 27: Experimentally obtained sorption (System II, contains solution and bacteria) compared to 
modeled (System I contains solution only) uranium carbonate concentration.   Modeling performed 
with VisualMINTEQ. 

The distribution uranium among the calcium and non-calcium uranyl-carbonates can be 

used to predict uranium sorption, but their presence does not provide information as to 

how the uranium complexes with the sorptive site.  It is unknown whether a specific 

uranyl carbonate sorbs to the site or whether uranium sorbs to the site followed by the 

attachment of carbonates. This will be explored further in the SCM result section. All that 

can be determined from this analysis so far is that in the Old Rifle site solution, the 

presence of non-calcium uranyl carbonates indicates sorption will occur and the presence 

of calcium uranyl-carbonates decreases uranium sorption.   

Determining uranium biosorption by the distribution of uranium among the non-calcium 

and calcium uranyl-carbonates under Old Rifle site conditions can be used to estimate the 

effect of the other critical components in the Old Rifle groundwater.  The effects of the 

other critical components with respect to uranium distribution as identified in Chapter 3 
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were examined.  This was done by sweeping the final three critical components—

concentration of calcium, sulfate, and uranium—against the constant values listed in 

Table 1 of Chapter 3. Because the distribution of uranium among the uranyl-carbonates 

was linked to sorption, these sweeps were done in two different PCO2 atmospheres to 

evaluate how these three critical components may affect uranium sorption by influencing 

the formation of soluble uranyl-carbonates and the distribution of uranium among the 

calcium and non-calcium uranyl-carbonates at pH 6.95.  Prior to the sweeps, the 

maximum concentration of the component to be swept (Calcium = 7 mM, sulfate =10 

mM, uranium =20 µM) at both PCO2 atmospheres was modeled to ensure precipitation did 

not occur (Appendix B).  In the simulations that ensured precipitation did not occur, 

counter ions of sodium and chloride were used to maintain a charge imbalance of less 

than 10%.  These ions were shown by the sensitivity analysis preformed in Chapter 3 to 

have negligible effects on uranium distribution. During the sweeps, counter ions were not 

present, so a charge balance was not maintained. 

All sweeps using the final three critical components under both DIC concentrations 

resulted more than 90% of the uranyl ion distribution to be among the uranyl carbonates 

(Figures 28 through 30). Figure 28 shows the results of sweeping the calcium 

concentration from 0 to 7 mM under 2% and atmospheric PCO2.  Under 2% PCO2 

conditions, the largest change of uranium distribution between the non-calcium and the 

calcium uranyl-carbonates occurred at a calcium concentration between 0 and 1 mM, 

where the distribution of uranium among the non-calcium uranyl-carbonates decreased 

from 70% to 10% and the distribution of uranium among the calcium uranyl-carbonates 

increased from 30% to 90%.  This predicts that sorption under 2% PCO2 will be very 

sensitive to small concentrations of calcium. Under atmospheric PCO2 conditions shown 

in Figure 27, the effect of calcium on the distribution of uranyl carbonates is not as great, 

resulting in only a slight decrease of uranium distributed among the non-calcium uranyl 

carbonates (~90% to 75%) and a slight increase of uranium distributed among the 

calcium uranyl-carbonates (0% to ~25%) over the entire range of the sweep.   
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Figure 28: Calcium sweep of Old Rifle site critical components pH 7 to evaluate the effects on uranyl 
distribution. 

While sweeping the sulfate concentration under atmospheric PCO2 does not appear to 

influence the distribution of uranium among the calcium and non-calcium uranyl 

carbonates, sweeping it under 2% PCO2 does (Figure 29).  The fraction of calcium uranyl-

carbonate that accounts for the uranyl distribution decreases from 65% to approximately 

30% as the sulfate concentration increase from 0 to 10 mM.  The effect of sulfate on 

uranium sorption is likely a reflection of how sulfate affects the free calcium 

concentration available to interact with uranium.  This can be seen in a manner that the 

calcium and sulfate sweep mirrors each other under both DIC concentrations and the fact 

that urany-sulfates are not a major part of the speciation as identified by Table 17.  

Therefore, sorption is predicted to be affected by the change in sulfate concentration only 

if calcium is also in solution.  
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Figure 29: Sulfate sweep of Old Rifle site critical components pH 7 to evaluate the effects on uranyl 
distribution. 

Sweeping the uranium concentration under 2% PCO2 does not appear to influence the 

distribution of uranium among the calcium and non-calcium uranyl carbonates, but 

sweeping it under atmospheric PCO2 does (Figure 30).  Under 2% PCO2 conditions, the 

calcium uranyl-carbonates account for greater than 99% of the uranium distribution.  

Under atmospheric PCO2, changing the uranium concentration from 0 to 5 mM results in a 

decreased uranium distribution among the calcium uranyl-carbonates from 50% to almost 

0% while increasing the distribution of uranium among the non-calcium uranyl-

carbonates from 50% to approximately 80%.  As the concentration of uranium increases 

above 5 μM, there is very little change in uranium distribution among the different uranyl-

carbonate groups under both DIC conditions.  Therefore, it is assumed that uranium 

sorption is more strongly affected by uranium concentrations under atmospheric PCO2 

conditions than 2% PCO2. 
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Figure 30: U(VI)  sweep of Old Rifle site critical components at pH 7 to evaluate the effects on uranyl 
distribution. 

While all components swept are identified as critical components under Old Rifle site 

conditions with respect to uranium, they are not all critical components when applied to 

the framework of sorption.  Upon review of the sweep results, solution pH and 

concentrations of DIC and calcium effect the distribution of uranyl ion among the non-

calcium and calcium uranyl-carbonates under both atmospheric and 2% PCO2 conditions.  

Sulfate and uranium concentrations only affect the distribution of the uranyl carbonates 

under one of the two PCO2 conditions.  Consequently, solution pH and the concentrations 

of DIC and calcium are critical components when considering uranium sorption to G. 

uraniireducens.  

SCM Parameter for Uranium Sorption to G. uraniireducens 
Using the SCM approach as applied by Davis et al. [42], the measured KD values were 

converted to thermodynamic equilibrium coefficients (log K values) using the surface 

complexation reactions that could describe uranium sorption to the G. uraniireducens.  
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The conversion was performed using TITRATOR with the input parameters equivalent to 

the experimental values.  The density of sorption sites used in the simulations was 50 

μMoles g-1.   This concentration was derived from sorption experiments under 2% PCO2 

where less than 20% of uranium in the solution was sorbed to the given bacterial mass.  

Because a majority of uranium remained in the solution, it was assumed that the sorption 

sites on the bacteria were significantly saturated.  The sorption site density used in the 

simulation is only an estimate, but is within the range of the sorption density considered 

in the Old Rifle site transport model of 16.34 µM g-1 [24].  The fact that this sorption 

density is only an estimate must be stressed because it provides another critical 

component that has a large effect on the distribution of uranium in the system.   The 

resulting SCM thermodynamic values, which describe sorption, are directly correlated to 

the site density concentration.  Because the site density is an estimate, the resulting log K 

must be viewed as an estimate as well. 

While sorption to weak and strong sites are used to account for the non linear sorption 

isotherms commonly observed for U(VI) sorption, strong sites only account for 0.1% in 

the SCM approach as applied by Davis et al. [42].  To simplify the application of the 

SCM approach, only the reactions for the weak sorption sites, which describe the 

majority of sorption (99% of sites), were used in the following thermodynamic model.  

As done by Davis et al., it was assumed that sorption could be described with three or 

fewer surface reactions, resulting in the simplest model possible to explain the major 

features of sorption as chemical conditions are varied over field-relevant ranges. 

 

Because it is apparent that sorption is correlated to the formation of uranyl carbonates, 

reactions relating sorption of different uranyl carbonates was considered (equations 19 

through 21).  Sorption reactions used by Fang et al. [24] to describe mineral sorption to 

weak sites at the Old Rifle site were also considered a possible surface reactions 

(equations 22 and 23).  

 

𝑊𝑂𝐻 + 𝑈𝑂2+2 + 𝐶𝑂3−2 = 𝑊𝑂𝑈𝑂2𝐶𝑂3− + 𝐻+    (19) 

𝑊𝑂𝐻 + 𝑈𝑂2+2 + 2𝐶𝑂3−2 = 𝑊𝑂𝑈𝑂2(𝐶𝑂3)2
−3 + 𝐻+    (20) 
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𝑊𝑂𝐻 + 𝑈𝑂2+2 + 3𝐶𝑂3−2 = 𝑊𝑂𝑈𝑂2(𝐶𝑂3)3
−5 + 𝐻+     (21) 

𝑊𝑂𝐻 + 𝑈𝑂2+2 = 𝑊𝑂𝑈𝑂2+ + 𝐻+       (22) 

𝑊𝑂𝐻 + 𝑈𝑂2+2 + 𝐻2𝑂 = 𝑊𝑂𝑈𝑂𝑂𝐻 + 2𝐻+      (23) 

The sorption reactions were first evaluated individually using the above-listed 

stochiometery.  The predicted sorbed concentration of uranium was divided by the 

average mass of bacteria used in the experiments (20 mg mL-1) to obtain KD values in 

units equivalent to those used to express partitioning for the experimental results. The log 

K value for sorption that produced solution concentrations equivalent to that obtained 

under experimental conditions at atmospheric PCO2, KD = 7985 ± 1024 L kg-1 , was then 

used to obtain the KD value at 2% PCO2 system.  The KD values obtained from this 

exercise of obtaining simulated KD under both CO2 atmospheres (Table 18) were then 

compared to the experimentally obtained KD values. Upon evaluation of the simulated KD 

values as compared to the experimentally determined KD values, uranium sorption to G. 

uraniireducens could not be described well with only a single reaction as described by 

equations 19 through 23.  Therefore, a combination of reactions was used in simulations 

to describe uranium sorption. The resulting simulated KD values obtained using equations 

19 and 20 were equivalent to the experimental KD values of 7985 ± 1024 L kg-1 at 

atmospheric PCO2 and 25 ± 1.8 L kg-1 at 2% PCO2.  Equations 19 and 20 equate sorption to 

the formation of uranyl carbonate and uranyl dicarbonate species at the sorption site.   
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Reaction defined 
by equation Log K 

KD at Atmospheric 
PCO2 KD at 2% PCO2 

19 10.182 8,034 6 

20 17.22 7,975 291 

21 23.755 7,909 14,783 

22 2.64 7,976 0.14 

23 -4.23 8,071 0.14 

19,20 10.15, 16.03 7,985 25 

22,23 -2.638,-4.23 8,071 0.14 

22,23 4.9,-4.23 1,518,720 26 
 

Table 18: Summary of simulated results lisiting log K values, which result in equivalent experimental 
uranium distribution at atmospheric PCO2 and the corresponding KD values at 2% PCO2. 

Using the sorption reactions shown in equations 19 and 20 and their associated log K 

values to predict equilibrium in the old Rifle site system resulted in KD values equal to 

those obtained in laboratory experiments.  These simulations results, which match 

experimentally determined KD results, indicate that approximately 100% of the soluble 

uranium is distributed among the uranyl-carbonates, with greater than 99% of the 

uranium distributed among calcium uranyl-carbonates under both the examined PCO2 

atmospheres (Table 19).  This is in agreement with the conclusion that the sorbing 

uranyl-carbonates are non-calcium carbonates and the calcium carbonates decreases 

sorption.  

Soluble concentration (M) 
Uranium distribution among soluble uranium  
Atmospheric PCO2 2% PCO2 

Non-calcium Uranyl carbonates 0.2% 0.4% 
Calcium uranyl carbonates 99.8% 99.6% 

Table 19: Soluble uranium distribution at equilibrium in the modeled system that accounts for 
sorption. Results obtained from using sorption equations 1 and 2 with associated log K values. 

The model obtained from this exercise was also tested under 2% PCO2 conditions at pH 6 

to determine whether the model would produce results similar to those obtained 
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experimentally.  As shown by Figure 27, it was experimentally determined that greater 

than 90% of soluble uranium would sorb to bacteria in solution.  The model prediction 

using equations 19 and 20 with their associated log K values predicted that approximately 

85% of uranium in solution sorbed to the bacteria.   

The reaction considered by Fang et al. and Davis et al. did not result in a KD ratio similar 

to our experimental system. Although the solution geochemistry is similar to that of our 

system, the system modeled by Fang et al. and Davis et al. is more complex because they 

account for equilibrium with precipitated minerals, such as calcite minerals in the 

thermodynamic equilibrium.  These more complex input parameters result in a very 

different system at equilibrium as compared to our simple system. Also, the model by 

Fang et al. only considers DIC concentrations in the ranges of 6 to 14 meq L-1[24], which 

results in the formation of mainly calcium uranyl-carbonates.  Although the KD values for 

uranium sorption to minerals are similar to that of uranium sorption to biomass, the 

sorption mechanism between biological materials and minerals may be different.  
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Chapter 5: Conclusions 

Modeling 

Determinate Error 
When modeling uranium speciation, default databases associated with equilibrium 

speciation programs should not be used for modeling of any system.  Although a default 

database is a good starting point, background work should be done to ensure that the user 

identified constraints are from the latest literature research and all reactions related to the 

input parameters are included. Blind use of databases in equilibrium speciation codes can 

result in unrealistic simulations of a system, greatly affecting the credibility of any work 

in which it is used.  

A significant difference was not detected in solution speciation as a result of ionic 

strength correction factors; therefore choosing one ionic strength correction approach 

over another is not critical for the Old Rifle site model. But the choice of ionic strength 

correction approaches may be a critical factor for solutions of ionic strength greater than 

0.1M.  While it is important to choose an applicable ionic strength correction approach 

for lower ionic strength solutions, the errors associated with using the different 

approaches is lower because the values for activity coefficients obtained from those 

different approaches are similar under those conditions.  While the error associated with 

lower ionic strength solution and using different approaches is small, understanding the 

details of how the program applies ionic strength correction approaches to determine the 

activity coefficient is important to minimize errors to the best of the user’s ability.   

Very careful consideration should be taken if using alkalinity to determine DIC 

concentrations of a model or DIC concentration should be entered into the program as 

total inorganic carbon concentrations as opposed an alkalinity measurement.  Allowing 

the equilibrium program to calculate the DIC concentration can result in unnecessary 

error propagation due to issues related to the units of measurement and conversion to 

final DIC concentration.  Sampling related to the DIC input parameter must be precise, 

especially for systems that are very sensitive to DIC concentrations such as the Old Rifle 

site.  If a DIC concentration is not directly obtainable by a PCO2 measurement, care should 
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be taken to prevent alteration of the carbonate equilibrium because this can propogate 

error throughout the simulation.  Also, all alkalinity factors in the thermodynamic 

database must be present to minimize error.  

Indeterminate Error 
The total concentration of calcium, DIC, U(VI) and solution pH were determined to be 

the critical input parameters that have the greatest effect on the predicted distribution of 

uranium species.  Care should be taken to ensure error associated with sampling and 

measuring of these parameters is as small as possible.  Minimization of determinate error 

associated with these parameters allows the bounds of uncertainty associated with the 

distribution of U(VI) to be defined as best as possible.  

Uncertainty propagation is straightforward in calculations of dissolved speciation only, 

but more problematic when sorption is considered.  In the former case, and at low levels 

of uncertainty and high total U(VI) concentrations, calculated species concentrations 

have Gaussian output distributions and modest uncertainty amplification.  In systems 

including sorption reactions with higher levels of uncertainty (temporal and spatial) 

and/or lower total U(VI) concentrations, distributions of calculated concentrations are 

often bimodal and amplification of uncertainty is significant.  These behaviors are related 

to a steep slope or ‘endpoint’ behavior in concentrations of dissolved U(VI) due to the 

filling of all the strong sorption sites.  Because the bimodal distributions represent system 

instability with respect to uncertain inputs, the sorption model may be unreliable when 

used under these conditions.  Users should avoid predicting solid-dissolved partitioning 

of U(VI)  based upon this sorption model at lower total uranium concentrations (less than 

4 µM) and levels of uncertainty corresponding to spatial and temporal variability of the 

system.  On the other hand, predictions of U(VI) speciation in the contaminant ‘plume’ 

appear to be robust as indicated by the resulting mono-modal normal Gaussian 

distributions, as are dissolved-phase calculations at all uranium levels. 

Biosorption 
Uranium sorption to G. uraniireducens is approximately 300 times higher under low-DIC 

conditions and decreases as DIC increases.  Under low-DIC conditions, the KD for U(VI) 

sorption to the surface of G. uraniireducens is 7985 ± 1024 L kg-1, which is larger than 
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the KD of 1850 ± 1.8 L kg-1 determined for uranium sorption to the surface of A. palmae .  

The KD for G. uraniireducens under high-DIC conditions is comparable to reported KD 

values for U(VI)- mineral surface sorption in high-DIC waters.   

Cryo-EM and EDX analyses confirmed uranium sorbed to the cell wall of the G. 

uraniireducens, and beamline results indicate that reduction had occurred without an 

electron donor present. Therefore, the experimentally obtained KD values for the G. 

uraniireducens are likely overestimated. While the partition coefficients of the bacteria in 

high-DIC waters is comparable in strength to reported U(VI)- mineral sorption, when 

combined with the bacterial concentration during and after remediation, the concentration 

of uranium sorbed to biomass is not large enough to produce a noticeable effect on the 

transport of uranium in a bioremediated aquifer.  Therefore, not including G. 

uraniireducens as uranium-sorption sites in the current Old Rifle site transport model will 

not affect the predicted solution, regardless of the identified uncertainties associated with 

the thermodynamics of the model.  

The difference in biosorption as a result of exposure to different PCO2 values is 

attributable to the distribution of uranium among the non-calcium and calcium uranyl-

carbonate species.  The calcium uranyl-carbonates hinder sorption while the non-calcium 

uranyl-carbonates support it. Therefore, the distribution of uranium among the non-

calcium and calcium uranyl-carbonate species can be used to estimate the amount of 

uranyl sorption that will occur to biomass at the Old Rifle site.  The sorption of uranium 

to biomass in the sorption experiments was described well by the SCM GC approach as 

applied by Fang et al. [24] and Davis et al. [42].  The sorption reactions and related 

thermodynamic equilibrium constants that fit the SCM GC model were represented by 

the sorptive site reacting with uranium and two or three carbonate groups.   
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Species TrueValue Mean StdDev Skewness Kurtosis Species TrueValue Mean StdDev Skewness Kurtosis Species TrueValue Mean StdDev Skewness Kurtosis
Ca+2 -2.312 -2.313 0.016 -0.2 0.02 Ca+2 -2.439 -2.439 0.104 -0.012 -0.039 Ca+2 -2.436 -2.439 0.107 -0.035 -0.043
Na+ -2.065 -2.065 0.007 0.024 0.013 Na+ -2.065 -2.066 0.007 0.02 0.013 Na+ -2.064 -2.064 0.007 -0.059 0.109
Mg+2 -2.381 -2.382 0.014 -0.262 0.212 Mg+2 -2.386 -2.387 0.015 -0.301 0.28 Mg+2 -2.368 -2.372 0.027 -0.772 1.035
SO4-2 -2.233 -2.234 0.015 -0.133 -0.008 SO4-2 -2.219 -2.221 0.025 -0.121 0.036 SO4-2 -2.343 -2.341 0.173 0.036 0.003
CO3-2 -4.924 -4.925 0.051 -0.001 -0.093 CO3-2 -5.108 -5.112 0.161 -0.064 -0.031 CO3-2 -5.05 -5.052 0.214 -0.071 -0.017
Cl- -2.273 -2.273 0.004 -0.039 -0.001 Cl- -2.273 -2.273 0.004 -0.035 0.007 Cl- -2.273 -2.273 0.004 -0.036 0.013
NO3- -3.717 -3.717 0.013 -0.001 0.062 NO3- -3.716 -3.716 0.013 0 0.062 NO3- -3.716 -3.716 0.013 0 0.06
UO2+2 -15.445 -15.442 0.152 0.011 -0.084 UO2+2 -14.873 -14.864 0.501 0.044 -0.016 UO2+2 -15.278 -15.251 0.723 0.042 -0.012
K+ -3.522 -3.522 0.006 -0.012 0.044 K+ -3.522 -3.522 0.007 -0.013 0.051 K+ -3.52 -3.521 0.007 -0.084 0.07
Sr+2 -4.58 -4.582 0.02 -0.456 0.331 Sr+2 -4.585 -4.586 0.022 -0.445 0.301 Sr+2 -4.566 -4.571 0.031 -0.818 1.019
H+ -7.18 -7.18 0.02 0.016 0.006 H+ -7.04 -7.039 0.121 0.016 0.006 H+ -7.13 -7.129 0.161 0.016 0.006
H2O 1 1 0 0 0 H2O 1 1 0 0 0 H2O 1 1 0 0 0
(UO2)2(OH)2+2 -20.665 -20.658 0.294 -0.001 -0.086 (UO2)2(OH)2+2 -19.789 -19.773 0.829 0.03 -0.008 (UO2)2(OH)2+2 -20.402 -20.355 1.235 0.029 -0.005
(UO2)2CO3(OH)3- -13.335 -13.329 0.89 -0.006 -0.01 (UO2)2CO3(OH)3- -12.765 -12.754 1.064 0.021 -0.043 (UO2)2CO3(OH)3- -13.21 -13.172 1.328 0.019 -0.04
(UO2)2(OH)+3 -25.409 -25.417 1.041 0 0.101 (UO2)2(OH)+3 -24.407 -24.403 1.344 0.048 0.058 (UO2)2(OH)+3 -25.126 -25.087 1.663 0.042 0.051
(UO2)3(CO3)6-6 -21.878 -21.868 1.026 -0.02 -0.025 (UO2)3(CO3)6-6 -21.27 -21.254 1.209 -0.035 0.031 (UO2)3(CO3)6-6 -22.134 -22.056 1.603 -0.045 0.039
(UO2)3(OH)4+2 -26.545 -26.53 0.524 0.011 -0.072 (UO2)3(OH)4+2 -25.364 -25.336 1.201 0.014 -0.048 (UO2)3(OH)4+2 -26.187 -26.115 1.784 0.016 -0.033
(UO2)3(OH)5+ -22.358 -22.352 0.447 -0.008 -0.108 (UO2)3(OH)5+ -21.309 -21.291 1.107 0.014 -0.005 (UO2)3(OH)5+ -22.031 -21.972 1.689 0.014 -0.007
(UO2)3(OH)7- -22.82 -22.813 0.903 -0.012 0.082 (UO2)3(OH)7- -22.046 -22.03 1.271 -0.017 0.002 (UO2)3(OH)7- -22.583 -22.527 1.757 -0.008 -0.017
(UO2)4(OH)7+ -28.308 -28.306 1.156 0.008 -0.089 (UO2)4(OH)7+ -26.954 -26.937 1.759 0.012 -0.03 (UO2)4(OH)7+ -27.886 -27.814 2.433 0.003 -0.037
Ca(NO3)2 -14.762 -14.763 0.104 0.029 -0.046 Ca(NO3)2 -14.874 -14.875 0.138 -0.023 -0.066 Ca(NO3)2 -14.856 -14.864 0.144 -0.061 -0.079
Ca2UO2(CO3)3(aq) -6.203 -6.204 0.02 -0.312 0.135 Ca2UO2(CO3)3(aq) -6.384 -6.388 0.088 -0.064 0.029 Ca2UO2(CO3)3(aq) -6.547 -6.552 0.328 -0.011 0.017
CaCl+ -4.529 -4.53 0.015 -0.182 -0.015 CaCl+ -4.646 -4.647 0.098 -0.053 -0.044 CaCl+ -4.633 -4.64 0.104 -0.12 -0.012
CaCO3(aq) -4.703 -4.705 0.085 0.025 -0.016 CaCO3(aq) -4.997 -5.001 0.196 -0.023 0.01 CaCO3(aq) -4.915 -4.927 0.24 -0.038 0.001
CaHCO3+ -3.574 -3.576 0.102 -0.042 -0.022 CaHCO3+ -3.728 -3.731 0.155 -0.05 0.022 CaHCO3+ -3.736 -3.746 0.173 -0.062 0.008
CaNO3+ -5.873 -5.873 0.201 -0.055 0.03 CaNO3+ -5.99 -5.99 0.223 -0.058 -0.014 CaNO3+ -5.977 -5.983 0.226 -0.063 -0.013
CaOH+ -7.173 -7.173 0.102 0.011 -0.043 CaOH+ -7.431 -7.431 0.184 0.007 -0.051 CaOH+ -7.327 -7.335 0.216 -0.002 -0.016
CaSO4(aq) -2.872 -2.874 0.051 -0.121 -0.013 CaSO4(aq) -2.967 -2.97 0.095 -0.132 0.018 CaSO4(aq) -3.067 -3.076 0.155 -0.199 0.081
CaUO2(CO3)3-2 -6.723 -6.725 0.061 -0.165 0.077 CaUO2(CO3)3-2 -6.796 -6.8 0.113 -0.111 0.095 CaUO2(CO3)3-2 -6.982 -6.978 0.338 -0.019 0.06
H2CO3*(aq) -3.119 -3.119 0.048 0.03 -0.007 H2CO3*(aq) -3.009 -3.012 0.136 -0.021 0.07 H2CO3*(aq) -3.116 -3.12 0.184 -0.029 0.068
HCO3- -2.119 -2.119 0.044 0.016 -0.103 HCO3- -2.154 -2.157 0.086 0.004 -0.12 HCO3- -2.176 -2.179 0.116 0.006 -0.116
HSO4- -7.767 -7.767 0.026 -0.063 -0.005 HSO4- -7.604 -7.605 0.124 0.004 -0.001 HSO4- -7.807 -7.807 0.23 -0.013 -0.058
KCl(aq) -6.267 -6.266 0.1 0.011 -0.072 KCl(aq) -6.262 -6.262 0.1 0.01 -0.075 KCl(aq) -6.256 -6.257 0.1 0.005 -0.076
KNO3(aq) -7.601 -7.601 0.082 -0.003 -0.09 KNO3(aq) -7.596 -7.596 0.082 -0.003 -0.088 KNO3(aq) -7.589 -7.591 0.083 0.002 -0.077
KOH(aq) -9.271 -9.27 0.102 0.011 -0.006 KOH(aq) -9.407 -9.408 0.157 -0.033 -0.031 KOH(aq) -9.31 -9.313 0.189 -0.038 -0.021
KSO4- -5.248 -5.249 0.017 -0.036 0.036 KSO4- -5.226 -5.229 0.028 -0.169 0.065 KSO4- -5.337 -5.34 0.16 -0.066 -0.041
Mg2CO3+2 -6.783 -6.786 0.114 0.006 -0.053 Mg2CO3+2 -6.959 -6.965 0.186 -0.038 -0.053 Mg2CO3+2 -6.846 -6.862 0.236 -0.072 -0.062
MgCl+ -4.398 -4.398 0.099 -0.007 0.048 MgCl+ -4.393 -4.394 0.1 -0.006 0.044 MgCl+ -4.366 -4.372 0.105 -0.02 0.034
MgCO3(aq) -5.072 -5.074 0.086 0.021 0.01 MgCO3(aq) -5.243 -5.249 0.171 -0.059 -0.056 MgCO3(aq) -5.147 -5.16 0.22 -0.076 -0.065
MgHCO3+ -3.833 -3.835 0.072 -0.027 -0.023 MgHCO3+ -3.864 -3.869 0.1 -0.025 -0.082 MgHCO3+ -3.858 -3.869 0.128 -0.034 -0.126
MgOH+ -5.962 -5.963 0.038 -0.063 0.057 MgOH+ -6.097 -6.1 0.124 -0.028 0.014 MgOH+ -5.98 -5.988 0.166 -0.038 -0.003
MgSO4(aq) -3.041 -3.042 0.055 -0.082 0.078 MgSO4(aq) -3.014 -3.017 0.059 -0.088 0.083 MgSO4(aq) -3.1 -3.108 0.141 -0.248 0.073
NaCl(aq) -4.81 -4.81 0.008 0.008 0.086 NaCl(aq) -4.806 -4.806 0.009 -0.024 0.089 NaCl(aq) -4.799 -4.801 0.012 -0.375 0.512
NaCO3- -6.063 -6.064 0.112 0.037 -0.061 NaCO3- -6.238 -6.243 0.188 -0.008 -0.039 NaCO3- -6.168 -6.174 0.234 -0.029 -0.034
NaHCO3(aq) -4.656 -4.657 0.046 0.009 -0.109 NaHCO3(aq) -4.687 -4.69 0.085 -0.007 -0.131 NaHCO3(aq) -4.701 -4.707 0.115 -0.006 -0.136
NaNO3(aq) -6.504 -6.504 0.014 0.014 0.039 NaNO3(aq) -6.499 -6.5 0.015 -0.012 0.095 NaNO3(aq) -6.492 -6.495 0.017 -0.119 0.21
NaOH(aq) -7.954 -7.954 0.037 0.001 0.046 NaOH(aq) -8.09 -8.091 0.125 -0.008 0.041 NaOH(aq) -7.993 -7.996 0.164 -0.011 0.029
NaSO4- -3.852 -3.852 0.087 0.024 -0.002 NaSO4- -3.829 -3.831 0.09 0.023 0.005 NaSO4- -3.941 -3.943 0.183 -0.044 -0.047
SrCl+ -6.977 -6.978 0.054 -0.043 0.007 SrCl+ -6.972 -6.974 0.055 -0.048 0.001 SrCl+ -6.944 -6.951 0.064 -0.222 0.162
SrCO3(aq) -7.381 -7.384 0.051 -0.052 -0.07 SrCO3(aq) -7.552 -7.559 0.157 -0.085 -0.015 SrCO3(aq) -7.455 -7.468 0.209 -0.096 -0.033
SrHCO3+ -5.832 -5.835 0.054 -0.019 -0.018 SrHCO3+ -5.863 -5.869 0.088 -0.02 -0.087 SrHCO3+ -5.856 -5.868 0.118 -0.052 -0.117
SrNO3+ -8.041 -8.04 0.201 -0.015 0.022 SrNO3+ -8.036 -8.036 0.201 -0.015 0.022 SrNO3+ -8.007 -8.013 0.205 -0.023 0.026
SrOH+ -9.921 -9.923 0.105 0.047 -0.052 SrOH+ -10.056 -10.06 0.158 -0.019 -0.043 SrOH+ -9.937 -9.947 0.193 -0.038 -0.019
SrSO4(aq) -5.2 -5.203 0.082 -0.126 0.02 SrSO4(aq) -5.173 -5.178 0.083 -0.154 0.048 SrSO4(aq) -5.258 -5.267 0.152 -0.278 0.03
UO2(CO3)2-2 -9.37 -9.37 0.11 -0.025 -0.02 UO2(CO3)2-2 -9.149 -9.149 0.25 -0.02 0.03 UO2(CO3)2-2 -9.417 -9.401 0.43 -0.015 0.004
UO2(CO3)3-4 -8.377 -8.377 0.06 0.011 -0.027 UO2(CO3)3-4 -8.358 -8.359 0.172 0.038 0.01 UO2(CO3)3-4 -8.588 -8.567 0.376 0.019 0.07
UO2(OH)2 -11.75 -11.748 0.158 0.003 -0.103 UO2(OH)2 -11.445 -11.44 0.353 0.001 -0.011 UO2(OH)2 -11.654 -11.636 0.542 0.006 0.002
UO2(OH)3- -11.67 -11.666 0.444 0.037 -0.031 UO2(OH)3- -11.505 -11.499 0.523 0.034 0.027 UO2(OH)3- -11.624 -11.605 0.654 0.022 0.017
UO2(OH)4-2 -15.468 -15.472 0.694 0.006 0.028 UO2(OH)4-2 -15.448 -15.45 0.751 0.011 -0.005 UO2(OH)4-2 -15.482 -15.47 0.849 0.014 -0.037
UO2(SO4)2-2 -16.458 -16.456 0.168 0.007 -0.109 UO2(SO4)2-2 -15.841 -15.836 0.519 0.028 -0.011 UO2(SO4)2-2 -16.472 -16.448 0.828 0.034 -0.019
UO2Cl+ -17.891 -17.888 0.155 0.001 -0.08 UO2Cl+ -17.311 -17.302 0.505 0.039 -0.011 UO2Cl+ -17.705 -17.682 0.726 0.039 -0.007
UO2Cl2(aq) -21.607 -21.598 0.428 0.014 -0.031 UO2Cl2(aq) -21.021 -21.008 0.643 0.023 -0.022 UO2Cl2(aq) -21.411 -21.383 0.827 0.018 -0.042
UO2CO3(aq) -11.116 -11.114 0.112 -0.001 -0.097 UO2CO3(aq) -10.711 -10.707 0.363 0.012 0.01 UO2CO3(aq) -11.037 -11.019 0.556 0.011 0.018
UO2NO3+ -19.205 -19.202 0.215 0.026 -0.03 UO2NO3+ -18.624 -18.615 0.527 0.055 0.018 UO2NO3+ -19.019 -18.994 0.741 0.052 0.025
UO2OH+ -12.858 -12.858 0.282 -0.008 -0.032 UO2OH+ -12.418 -12.414 0.479 0.003 0.011 UO2OH+ -12.722 -12.703 0.662 0.014 0.001
UO2(SO4)3-4 -19.123 -19.124 0.406 0.044 0.016 UO2(SO4)3-4 -18.511 -18.507 0.637 0.046 0.022 UO2(SO4)3-4 -19.286 -19.255 1.003 0.052 -0.023
Mg2UO2(CO3)3(aq) -8.681 -8.683 0.207 0.012 0.005 Mg2UO2(CO3)3(aq) -8.618 -8.625 0.275 -0.02 -0.037 Mg2UO2(CO3)3(aq) -8.751 -8.758 0.418 -0.021 -0.004
MgUO2(CO3)3-2 -7.862 -7.863 0.064 -0.042 -0.027 MgUO2(CO3)3-2 -7.813 -7.817 0.186 -0.04 -0.002 MgUO2(CO3)3-2 -7.984 -7.98 0.368 -0.029 0.062
SrUO2(CO3)3-2 -9.311 -9.313 0.065 -0.002 0.026 SrUO2(CO3)3-2 -9.262 -9.267 0.187 -0.025 0.031 SrUO2(CO3)3-2 -9.432 -9.428 0.368 -0.026 0.071
UO2SO4(aq) -15.215 -15.212 0.155 -0.005 -0.071 UO2SO4(aq) -14.612 -14.605 0.511 0.033 -0.005 UO2SO4(aq) -15.119 -15.097 0.759 0.035 -0.008
OH- -5.817 -5.817 0.02 -0.023 0.022 OH- -5.957 -5.958 0.121 -0.017 0.009 OH- -5.867 -5.868 0.161 -0.017 0.008

Analytical Error Only Time Error Only Space Error Only
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Monte carlo analysis raw data



Species TrueValue Mean StdDev Skewness Kurtosis Species TrueValue Mean StdDev Skewness Kurtosis Species TrueValue Mean StdDev Skewness Kurtosis
Ca+2 -2.312 -2.313 0.016 -0.217 0.093 Ca+2 -2.439 -2.44 0.103 0.02 -0.061 Ca+2 -2.436 -2.44 0.106 0.004 -0.114
Na+ -2.065 -2.065 0.007 0.021 0.07 Na+ -2.065 -2.065 0.007 0.017 0.074 Na+ -2.064 -2.064 0.007 -0.062 0.165
Mg+2 -2.381 -2.382 0.014 -0.263 0.214 Mg+2 -2.386 -2.386 0.015 -0.29 0.209 Mg+2 -2.368 -2.372 0.027 -0.813 1.18
SO4-2 -2.233 -2.234 0.015 -0.144 0.073 SO4-2 -2.219 -2.221 0.025 -0.125 0.068 SO4-2 -2.343 -2.345 0.175 0.036 0.042
CO3-2 -4.924 -4.926 0.05 0.027 -0.022 CO3-2 -5.108 -5.114 0.16 -0.003 -0.042 CO3-2 -5.05 -5.056 0.212 -0.011 -0.041
Cl- -2.273 -2.273 0.004 -0.013 0.034 Cl- -2.273 -2.273 0.004 -0.014 0.045 Cl- -2.273 -2.273 0.004 -0.02 0.039
NO3- -3.717 -3.717 0.013 0.032 -0.024 NO3- -3.716 -3.717 0.013 0.033 -0.027 NO3- -3.716 -3.717 0.013 0.031 -0.024
UO2+2 -14.942 -14.948 0.091 -0.123 0.065 UO2+2 -14.605 -14.642 0.268 -0.333 0.355 UO2+2 -14.768 -15.207 1.331 -1.66 2.184
K+ -3.522 -3.522 0.007 -0.053 -0.038 K+ -3.522 -3.522 0.007 -0.054 -0.036 K+ -3.52 -3.521 0.007 -0.102 0.014
Sr+2 -4.58 -4.582 0.02 -0.476 0.484 Sr+2 -4.585 -4.586 0.022 -0.472 0.449 Sr+2 -4.566 -4.57 0.031 -0.79 0.951
SSOH -9.659 -9.653 0.13 0.077 0.068 SSOH -9.864 -9.826 0.219 0.281 0.325 SSOH -9.801 -9.375 1.265 1.678 2.081
SOH -4.516 -4.516 0.006 -0.12 -0.144 SOH -4.533 -4.533 0.018 -0.67 0.711 SOH -4.527 -4.55 0.088 -3.236 16.269
WOH -1.485 -1.485 0 -0.617 0.7 WOH -1.485 -1.485 0 -1.106 2.794 WOH -1.485 -1.485 0 -10.518 255.787
H+ -7.18 -7.18 0.02 -0.011 0.005 H+ -7.04 -7.037 0.121 -0.011 0.005 H+ -7.13 -7.127 0.161 -0.011 0.005
H2O 1 1 0 0 0 H2O 1 1 0 0 0 H2O 1 1 0 0 0
(UO2)2(OH)2+2 -19.659 -19.673 0.172 -0.12 0.099 (UO2)2(OH)2+2 -19.253 -19.332 0.391 -0.369 0.421 (UO2)2(OH)2+2 -19.383 -20.271 2.618 -1.778 2.453
(UO2)2CO3(OH)3- -12.33 -12.348 0.857 0.031 -0.034 (UO2)2CO3(OH)3- -12.23 -12.322 0.912 -0.002 -0.011 (UO2)2CO3(OH)3- -12.191 -13.098 2.728 -1.587 2.197
(UO2)2(OH)+3 -24.404 -24.421 1.026 -0.015 -0.019 (UO2)2(OH)+3 -23.871 -23.95 1.107 -0.025 -0.038 (UO2)2(OH)+3 -24.107 -24.991 2.824 -1.397 1.748
(UO2)3(CO3)6-6 -20.371 -20.395 1.017 -0.011 0.112 (UO2)3(CO3)6-6 -20.467 -20.605 1.19 -0.077 0.035 (UO2)3(CO3)6-6 -20.606 -21.95 4.078 -1.663 2.352
(UO2)3(OH)4+2 -25.036 -25.056 0.387 0.032 -0.024 (UO2)3(OH)4+2 -24.561 -24.681 0.619 -0.229 0.193 (UO2)3(OH)4+2 -24.658 -25.995 3.928 -1.787 2.483
(UO2)3(OH)5+ -20.85 -20.871 0.272 -0.081 -0.005 (UO2)3(OH)5+ -20.505 -20.63 0.542 -0.281 0.229 (UO2)3(OH)5+ -20.503 -21.847 3.917 -1.816 2.556
(UO2)3(OH)7- -21.312 -21.314 0.834 -0.047 0.027 (UO2)3(OH)7- -21.243 -21.353 0.989 -0.072 0.057 (UO2)3(OH)7- -21.055 -22.388 4.014 -1.715 2.417
(UO2)4(OH)7+ -26.297 -26.316 1.046 -0.001 0.049 (UO2)4(OH)7+ -25.883 -26.041 1.218 -0.079 0.027 (UO2)4(OH)7+ -25.848 -27.632 5.313 -1.731 2.399
Ca(NO3)2 -14.762 -14.764 0.103 -0.013 0.007 Ca(NO3)2 -14.874 -14.876 0.138 -0.084 -0.013 Ca(NO3)2 -14.856 -14.865 0.144 -0.092 -0.07
Ca2UO2(CO3)3(aq) -5.701 -5.715 0.085 -0.44 0.16 Ca2UO2(CO3)3(aq) -6.117 -6.176 0.346 -0.447 0.042 Ca2UO2(CO3)3(aq) -6.038 -6.519 1.353 -1.739 2.573
CaCl+ -4.529 -4.53 0.015 -0.19 0.069 CaCl+ -4.646 -4.648 0.097 -0.019 -0.079 CaCl+ -4.634 -4.641 0.104 -0.084 -0.102
CaCO3(aq) -4.704 -4.708 0.085 -0.004 -0.024 CaCO3(aq) -4.997 -5.006 0.195 0.003 -0.095 CaCO3(aq) -4.915 -4.932 0.239 -0.009 -0.075
CaHCO3+ -3.575 -3.577 0.103 -0.062 -0.042 CaHCO3+ -3.728 -3.733 0.156 -0.058 0.004 CaHCO3+ -3.736 -3.749 0.175 -0.068 0.021
CaNO3+ -5.873 -5.878 0.199 -0.061 0.037 CaNO3+ -5.99 -5.996 0.221 -0.061 0.078 CaNO3+ -5.977 -5.988 0.224 -0.066 0.053
CaOH+ -7.173 -7.175 0.103 0 -0.044 CaOH+ -7.431 -7.435 0.185 0.009 -0.054 CaOH+ -7.328 -7.338 0.216 0.004 -0.039
CaSO4(aq) -2.872 -2.874 0.051 -0.078 0.017 CaSO4(aq) -2.967 -2.971 0.096 -0.111 -0.001 CaSO4(aq) -3.068 -3.079 0.156 -0.196 0.089
CaUO2(CO3)3-2 -6.222 -6.234 0.098 -0.26 0.093 CaUO2(CO3)3-2 -6.528 -6.585 0.325 -0.429 0.057 CaUO2(CO3)3-2 -6.473 -6.944 1.348 -1.749 2.577
H2CO3*(aq) -3.119 -3.119 0.048 0.031 0.093 H2CO3*(aq) -3.009 -3.011 0.135 -0.003 -0.038 H2CO3*(aq) -3.116 -3.119 0.184 -0.009 -0.041
HCO3- -2.119 -2.12 0.043 0.021 0.074 HCO3- -2.154 -2.158 0.084 0.015 0.038 HCO3- -2.176 -2.181 0.114 0.017 0.049
HSO4- -7.766 -7.767 0.026 -0.046 0.057 HSO4- -7.604 -7.604 0.124 -0.032 0.008 HSO4- -7.807 -7.81 0.231 -0.036 -0.013
KCl(aq) -6.267 -6.265 0.1 0.004 0.001 KCl(aq) -6.262 -6.261 0.1 0.003 -0.005 KCl(aq) -6.256 -6.256 0.1 0.003 0.002
KNO3(aq) -7.601 -7.602 0.081 0.016 -0.045 KNO3(aq) -7.596 -7.597 0.081 0.015 -0.05 KNO3(aq) -7.589 -7.592 0.081 0.016 -0.057
KOH(aq) -9.271 -9.27 0.103 0.003 -0.028 KOH(aq) -9.407 -9.409 0.157 0.003 0.025 KOH(aq) -9.31 -9.314 0.19 0.003 0.021
KSO4- -5.248 -5.249 0.017 -0.063 0.034 KSO4- -5.226 -5.229 0.028 -0.177 0.104 KSO4- -5.337 -5.343 0.162 -0.067 -0.004
Mg2CO3+2 -6.784 -6.788 0.114 0.036 -0.026 Mg2CO3+2 -6.959 -6.968 0.186 0.013 -0.033 Mg2CO3+2 -6.846 -6.865 0.236 -0.018 -0.018
MgCl+ -4.398 -4.399 0.099 -0.009 -0.061 MgCl+ -4.393 -4.395 0.099 -0.009 -0.06 MgCl+ -4.366 -4.372 0.105 -0.033 -0.042
MgCO3(aq) -5.073 -5.075 0.085 0.02 -0.071 MgCO3(aq) -5.243 -5.251 0.17 0.008 -0.057 MgCO3(aq) -5.147 -5.162 0.22 -0.01 -0.05
MgHCO3+ -3.834 -3.836 0.072 -0.039 0.001 MgHCO3+ -3.864 -3.87 0.099 -0.053 -0.009 MgHCO3+ -3.858 -3.871 0.128 -0.063 -0.008
MgOH+ -5.962 -5.962 0.038 -0.041 -0.017 MgOH+ -6.097 -6.1 0.124 0.001 -0.002 MgOH+ -5.98 -5.989 0.167 -0.001 0.006
MgSO4(aq) -3.041 -3.043 0.055 -0.097 0.088 MgSO4(aq) -3.014 -3.018 0.059 -0.114 0.037 MgSO4(aq) -3.1 -3.112 0.142 -0.26 0.068
NaCl(aq) -4.81 -4.81 0.008 0.016 0.039 NaCl(aq) -4.806 -4.806 0.008 -0.021 0.025 NaCl(aq) -4.799 -4.801 0.011 -0.404 0.71
NaCO3- -6.063 -6.065 0.111 0.016 0.018 NaCO3- -6.238 -6.245 0.186 -0.003 -0.024 NaCO3- -6.168 -6.178 0.231 -0.009 -0.029
NaHCO3(aq) -4.656 -4.657 0.045 -0.002 0.059 NaHCO3(aq) -4.687 -4.691 0.084 -0.004 0.024 NaHCO3(aq) -4.702 -4.709 0.113 0.001 0.034
NaNO3(aq) -6.504 -6.504 0.014 -0.027 0.026 NaNO3(aq) -6.499 -6.5 0.015 -0.034 0.02 NaNO3(aq) -6.492 -6.495 0.017 -0.14 0.121
NaOH(aq) -7.954 -7.954 0.036 -0.003 0.009 NaOH(aq) -8.09 -8.093 0.124 0.003 -0.009 NaOH(aq) -7.993 -7.998 0.163 0.006 -0.006
NaSO4- -3.852 -3.853 0.089 -0.047 0.053 NaSO4- -3.829 -3.832 0.091 -0.026 0.018 NaSO4- -3.941 -3.947 0.184 -0.039 -0.078
SrCl+ -6.977 -6.979 0.053 0.018 -0.051 SrCl+ -6.972 -6.975 0.054 0.013 -0.058 SrCl+ -6.944 -6.951 0.064 -0.184 0.178
SrCO3(aq) -7.382 -7.385 0.05 -0.03 -0.026 SrCO3(aq) -7.553 -7.561 0.156 -0.011 -0.04 SrCO3(aq) -7.455 -7.471 0.208 -0.024 -0.026
SrHCO3+ -5.833 -5.835 0.053 -0.045 0.016 SrHCO3+ -5.864 -5.869 0.086 -0.041 0.023 SrHCO3+ -5.856 -5.868 0.117 -0.058 0.03
SrNO3+ -8.041 -8.042 0.202 0.039 -0.013 SrNO3+ -8.036 -8.038 0.203 0.039 -0.011 SrNO3+ -8.007 -8.014 0.206 0.021 0.006
SrOH+ -9.921 -9.925 0.105 -0.037 -0.023 SrOH+ -10.056 -10.063 0.158 -0.013 -0.097 SrOH+ -9.938 -9.95 0.194 -0.006 -0.083
SrSO4(aq) -5.2 -5.203 0.081 -0.138 0.014 SrSO4(aq) -5.173 -5.178 0.083 -0.154 0.037 SrSO4(aq) -5.258 -5.27 0.154 -0.321 0.051
UO2(CO3)2-2 -8.868 -8.877 0.105 -0.042 0.07 UO2(CO3)2-2 -8.882 -8.931 0.226 -0.221 0.166 UO2(CO3)2-2 -8.908 -9.364 1.313 -1.822 2.661
UO2(CO3)3-4 -7.875 -7.887 0.098 -0.197 0.059 UO2(CO3)3-4 -8.091 -8.145 0.328 -0.357 -0.009 UO2(CO3)3-4 -8.079 -8.535 1.354 -1.729 2.53
UO2(OH)2 -11.247 -11.255 0.107 -0.046 -0.02 UO2(OH)2 -11.178 -11.22 0.194 -0.196 0.153 UO2(OH)2 -11.145 -11.595 1.309 -1.816 2.578
UO2(OH)3- -11.167 -11.173 0.43 -0.006 0.09 UO2(OH)3- -11.238 -11.281 0.484 -0.036 0.1 UO2(OH)3- -11.115 -11.566 1.393 -1.561 2.156
UO2(OH)4-2 -14.965 -14.969 0.689 -0.03 -0.002 UO2(OH)4-2 -15.18 -15.223 0.759 -0.041 0.007 UO2(OH)4-2 -14.973 -15.423 1.521 -1.201 1.536
UO2(SO4)2-2 -15.955 -15.964 0.117 -0.113 0.042 UO2(SO4)2-2 -15.573 -15.615 0.287 -0.342 0.314 UO2(SO4)2-2 -15.962 -16.413 1.38 -1.48 1.824
UO2Cl+ -17.389 -17.395 0.094 -0.114 0.093 UO2Cl+ -17.043 -17.08 0.27 -0.34 0.355 UO2Cl+ -17.196 -17.637 1.331 -1.658 2.177
UO2Cl2(aq) -21.104 -21.112 0.414 -0.003 0.023 UO2Cl2(aq) -20.753 -20.792 0.486 -0.059 0.069 UO2Cl2(aq) -20.901 -21.345 1.389 -1.452 1.839
UO2CO3(aq) -10.613 -10.621 0.065 -0.047 -0.005 UO2CO3(aq) -10.443 -10.487 0.184 -0.22 0.269 UO2CO3(aq) -10.527 -10.977 1.305 -1.808 2.554
UO2NO3+ -18.702 -18.711 0.176 0 -0.05 UO2NO3+ -18.357 -18.396 0.305 -0.202 0.184 UO2NO3+ -18.509 -18.953 1.334 -1.631 2.124
UO2OH+ -12.355 -12.365 0.255 0.019 0.05 UO2OH+ -12.15 -12.193 0.309 -0.09 0.094 UO2OH+ -12.213 -12.66 1.329 -1.699 2.323
UO2(SO4)3-4 -18.62 -18.627 0.396 -0.01 0.001 UO2(SO4)3-4 -18.243 -18.282 0.477 -0.096 0.096 UO2(SO4)3-4 -18.776 -19.22 1.494 -1.17 1.343
Mg2UO2(CO3)3(aq) -8.179 -8.189 0.218 0.007 -0.067 Mg2UO2(CO3)3(aq) -8.35 -8.407 0.375 -0.203 -0.051 Mg2UO2(CO3)3(aq) -8.242 -8.72 1.365 -1.689 2.425
MgUO2(CO3)3-2 -7.36 -7.372 0.095 -0.198 0.048 MgUO2(CO3)3-2 -7.545 -7.602 0.322 -0.349 0.01 MgUO2(CO3)3-2 -7.475 -7.946 1.349 -1.743 2.551
SrUO2(CO3)3-2 -8.809 -8.822 0.095 -0.219 0.094 SrUO2(CO3)3-2 -8.994 -9.052 0.322 -0.356 0.033 SrUO2(CO3)3-2 -8.923 -9.394 1.35 -1.745 2.555
UO2SO4(aq) -14.712 -14.719 0.094 -0.127 0.084 UO2SO4(aq) -14.344 -14.383 0.275 -0.356 0.364 UO2SO4(aq) -14.61 -15.056 1.345 -1.607 2.065
OH- -5.817 -5.817 0.02 0.009 -0.027 OH- -5.957 -5.96 0.121 0.011 0 OH- -5.867 -5.87 0.161 0.011 0.001
SSOUO2+ -5.484 -5.484 0 -0.938 1.715 SSOUO2+ -5.484 -5.484 0 -2.253 14.136 SSOUO2+ -5.484 -5.501 0.066 -5.127 31.3
SOUO2+ -5.671 -5.679 0.091 -0.493 0.42 SOUO2+ -5.483 -5.523 0.171 -0.657 0.892 SOUO2+ -5.54 -6.007 1.262 -1.929 2.805
WOUO2+ -6.85 -6.857 0.127 -0.078 0.004 WOUO2+ -6.645 -6.684 0.217 -0.311 0.303 WOUO2+ -6.707 -7.152 1.314 -1.766 2.434
SSOUOOH -9.723 -9.724 0.142 -0.023 -0.042 SSOUOOH -9.859 -9.862 0.184 -0.042 -0.058 SSOUOOH -9.763 -9.787 0.223 -0.166 0.163
SOUOOH -6.733 -6.74 0.124 -0.005 -0.029 SOUOOH -6.681 -6.722 0.195 -0.174 0.082 SOUOOH -6.642 -7.114 1.266 -1.934 2.851
WOUOOH -6.592 -6.599 0.126 -0.102 -0.034 WOUOOH -6.522 -6.565 0.205 -0.203 0.128 WOUOOH -6.489 -6.939 1.311 -1.81 2.563
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Species TrueValue Mean StdDev Skewness Kurtosis Species TrueValue Mean StdDev Skewness Kurtosis Species TrueValue Mean StdDev Skewness Kurtosis
Ca+2 -2.312 -2.313 0.016 -0.217 0.094 Ca+2 -2.439 -2.44 0.103 0.02 -0.061 Ca+2 -2.436 -2.44 0.106 0.003 -0.113
Na+ -2.065 -2.065 0.007 0.021 0.07 Na+ -2.065 -2.065 0.007 0.017 0.074 Na+ -2.064 -2.064 0.007 -0.062 0.165
Mg+2 -2.381 -2.382 0.014 -0.263 0.214 Mg+2 -2.386 -2.386 0.015 -0.29 0.209 Mg+2 -2.368 -2.372 0.027 -0.813 1.181
SO4-2 -2.233 -2.234 0.015 -0.144 0.073 SO4-2 -2.219 -2.221 0.025 -0.125 0.068 SO4-2 -2.343 -2.345 0.175 0.036 0.042
CO3-2 -4.924 -4.926 0.05 0.027 -0.022 CO3-2 -5.108 -5.114 0.16 -0.003 -0.042 CO3-2 -5.05 -5.056 0.212 -0.011 -0.042
Cl- -2.273 -2.273 0.004 -0.013 0.034 Cl- -2.273 -2.273 0.004 -0.014 0.045 Cl- -2.273 -2.273 0.004 -0.02 0.039
NO3- -3.717 -3.717 0.013 0.032 -0.024 NO3- -3.716 -3.717 0.013 0.033 -0.027 NO3- -3.716 -3.717 0.013 0.031 -0.024
UO2+2 -16.333 -16.351 0.134 -0.281 0.215 UO2+2 -15.999 -16.539 1.16 -0.42 -1.319 UO2+2 -16.139 -16.92 1.886 -0.054 -1.651
K+ -3.522 -3.522 0.007 -0.053 -0.038 K+ -3.522 -3.522 0.007 -0.054 -0.036 K+ -3.52 -3.521 0.007 -0.102 0.014
Sr+2 -4.58 -4.582 0.02 -0.476 0.484 Sr+2 -4.585 -4.586 0.022 -0.472 0.449 Sr+2 -4.566 -4.57 0.031 -0.79 0.952
SSOH -8.268 -8.251 0.162 0.18 0.138 SSOH -8.471 -7.948 1.123 0.403 -1.401 SSOH -8.432 -7.763 1.735 -0.009 -1.735
SOH -4.485 -4.485 0 -0.501 0.314 SOH -4.486 -4.488 0.005 -1.702 3.318 SOH -4.486 -4.5 0.033 -4.47 33.115
WOH -1.485 -1.485 0 0 0 WOH -1.485 -1.485 0 -2.092 7.367 WOH -1.485 -1.485 0 -11.13 316
H+ -7.18 -7.18 0.02 -0.011 0.005 H+ -7.04 -7.037 0.121 -0.011 0.005 H+ -7.13 -7.127 0.161 -0.011 0.005
H2O 1 1 0 0 0 H2O 1 1 0 0 0 H2O 1 1 0 0 0
(UO2)2(OH)2+2 -22.441 -22.478 0.262 -0.305 0.262 (UO2)2(OH)2+2 -22.04 -23.126 2.3 -0.452 -1.345 (UO2)2(OH)2+2 -22.124 -23.697 3.747 -0.071 -1.688
(UO2)2CO3(OH)3- -15.112 -15.154 0.878 0.012 -0.026 (UO2)2CO3(OH)3- -15.016 -16.115 2.449 -0.398 -1 (UO2)2CO3(OH)3- -14.932 -16.523 3.839 -0.089 -1.514
(UO2)2(OH)+3 -27.186 -27.227 1.047 -0.013 -0.04 (UO2)2(OH)+3 -26.658 -27.744 2.525 -0.331 -0.949 (UO2)2(OH)+3 -26.847 -28.416 3.9 -0.051 -1.46
(UO2)3(CO3)6-6 -24.543 -24.601 1.07 -0.035 0.058 (UO2)3(CO3)6-6 -24.646 -26.294 3.646 -0.435 -1.061 (UO2)3(CO3)6-6 -24.716 -27.087 5.764 -0.107 -1.534
(UO2)3(OH)4+2 -29.21 -29.265 0.487 -0.146 0.098 (UO2)3(OH)4+2 -28.741 -30.371 3.46 -0.456 -1.324 (UO2)3(OH)4+2 -28.769 -31.133 5.625 -0.078 -1.682
(UO2)3(OH)5+ -25.024 -25.08 0.402 -0.286 0.203 (UO2)3(OH)5+ -24.685 -26.321 3.452 -0.465 -1.332 (UO2)3(OH)5+ -24.613 -26.985 5.621 -0.083 -1.686
(UO2)3(OH)7- -25.486 -25.523 0.889 -0.062 0.048 (UO2)3(OH)7- -25.423 -27.043 3.559 -0.432 -1.168 (UO2)3(OH)7- -25.166 -27.526 5.697 -0.087 -1.598
(UO2)4(OH)7+ -31.862 -31.928 1.117 -0.048 0.025 (UO2)4(OH)7+ -31.456 -33.628 4.703 -0.444 -1.209 (UO2)4(OH)7+ -31.329 -34.484 7.553 -0.085 -1.627
Ca(NO3)2 -14.762 -14.763 0.103 -0.013 0.007 Ca(NO3)2 -14.874 -14.876 0.138 -0.084 -0.013 Ca(NO3)2 -14.855 -14.864 0.144 -0.092 -0.069
Ca2UO2(CO3)3(aq) -7.091 -7.116 0.138 -0.433 0.475 Ca2UO2(CO3)3(aq) -7.509 -8.072 1.203 -0.48 -1.063 Ca2UO2(CO3)3(aq) -7.407 -8.231 1.924 -0.139 -1.512
CaCl+ -4.529 -4.53 0.015 -0.19 0.07 CaCl+ -4.646 -4.648 0.097 -0.019 -0.079 CaCl+ -4.633 -4.64 0.104 -0.085 -0.101
CaCO3(aq) -4.703 -4.707 0.085 -0.004 -0.024 CaCO3(aq) -4.996 -5.006 0.195 0.004 -0.095 CaCO3(aq) -4.915 -4.932 0.239 -0.009 -0.077
CaHCO3+ -3.574 -3.577 0.103 -0.062 -0.042 CaHCO3+ -3.727 -3.733 0.156 -0.058 0.003 CaHCO3+ -3.736 -3.748 0.175 -0.068 0.02
CaNO3+ -5.873 -5.878 0.199 -0.061 0.037 CaNO3+ -5.99 -5.996 0.221 -0.061 0.078 CaNO3+ -5.977 -5.988 0.224 -0.066 0.053
CaOH+ -7.173 -7.174 0.103 0 -0.044 CaOH+ -7.431 -7.435 0.185 0.009 -0.054 CaOH+ -7.327 -7.338 0.216 0.004 -0.039
CaSO4(aq) -2.872 -2.873 0.051 -0.078 0.017 CaSO4(aq) -2.967 -2.971 0.096 -0.111 -0.001 CaSO4(aq) -3.067 -3.079 0.156 -0.195 0.089
CaUO2(CO3)3-2 -7.611 -7.635 0.146 -0.339 0.344 CaUO2(CO3)3-2 -7.921 -8.482 1.196 -0.485 -1.091 CaUO2(CO3)3-2 -7.842 -8.656 1.919 -0.138 -1.524
H2CO3*(aq) -3.119 -3.119 0.048 0.031 0.093 H2CO3*(aq) -3.009 -3.011 0.135 -0.003 -0.038 H2CO3*(aq) -3.116 -3.119 0.184 -0.008 -0.041
HCO3- -2.119 -2.12 0.043 0.021 0.074 HCO3- -2.154 -2.158 0.084 0.015 0.038 HCO3- -2.175 -2.181 0.114 0.017 0.047
HSO4- -7.767 -7.767 0.026 -0.046 0.057 HSO4- -7.604 -7.604 0.124 -0.032 0.008 HSO4- -7.807 -7.81 0.231 -0.036 -0.013
KCl(aq) -6.267 -6.265 0.1 0.004 0.001 KCl(aq) -6.262 -6.261 0.1 0.003 -0.005 KCl(aq) -6.256 -6.256 0.1 0.003 0.002
KNO3(aq) -7.601 -7.602 0.081 0.016 -0.045 KNO3(aq) -7.596 -7.597 0.081 0.015 -0.05 KNO3(aq) -7.589 -7.592 0.081 0.016 -0.057
KOH(aq) -9.271 -9.27 0.103 0.003 -0.028 KOH(aq) -9.407 -9.409 0.157 0.003 0.025 KOH(aq) -9.31 -9.314 0.19 0.003 0.021
KSO4- -5.248 -5.249 0.017 -0.063 0.034 KSO4- -5.226 -5.229 0.028 -0.177 0.104 KSO4- -5.337 -5.343 0.162 -0.067 -0.004
Mg2CO3+2 -6.783 -6.787 0.114 0.036 -0.026 Mg2CO3+2 -6.959 -6.968 0.186 0.013 -0.033 Mg2CO3+2 -6.846 -6.865 0.236 -0.018 -0.018
MgCl+ -4.398 -4.399 0.099 -0.009 -0.061 MgCl+ -4.393 -4.395 0.099 -0.009 -0.06 MgCl+ -4.366 -4.372 0.105 -0.033 -0.042
MgCO3(aq) -5.072 -5.074 0.085 0.02 -0.071 MgCO3(aq) -5.243 -5.251 0.17 0.008 -0.058 MgCO3(aq) -5.147 -5.162 0.22 -0.01 -0.051
MgHCO3+ -3.833 -3.836 0.072 -0.039 0.001 MgHCO3+ -3.864 -3.87 0.099 -0.053 -0.009 MgHCO3+ -3.858 -3.87 0.128 -0.064 -0.008
MgOH+ -5.962 -5.962 0.038 -0.041 -0.017 MgOH+ -6.097 -6.1 0.124 0.001 -0.002 MgOH+ -5.98 -5.989 0.167 -0.001 0.006
MgSO4(aq) -3.041 -3.043 0.055 -0.097 0.088 MgSO4(aq) -3.014 -3.018 0.059 -0.114 0.037 MgSO4(aq) -3.1 -3.112 0.143 -0.26 0.068
NaCl(aq) -4.81 -4.81 0.008 0.016 0.039 NaCl(aq) -4.806 -4.806 0.008 -0.021 0.025 NaCl(aq) -4.799 -4.801 0.011 -0.404 0.709
NaCO3- -6.063 -6.065 0.111 0.016 0.018 NaCO3- -6.238 -6.245 0.186 -0.003 -0.025 NaCO3- -6.168 -6.177 0.231 -0.009 -0.03
NaHCO3(aq) -4.656 -4.657 0.045 -0.003 0.058 NaHCO3(aq) -4.687 -4.691 0.084 -0.005 0.023 NaHCO3(aq) -4.701 -4.708 0.113 0 0.033
NaNO3(aq) -6.504 -6.504 0.014 -0.027 0.026 NaNO3(aq) -6.499 -6.5 0.015 -0.034 0.02 NaNO3(aq) -6.492 -6.495 0.017 -0.14 0.121
NaOH(aq) -7.954 -7.954 0.036 -0.003 0.009 NaOH(aq) -8.09 -8.093 0.124 0.003 -0.009 NaOH(aq) -7.993 -7.998 0.163 0.006 -0.006
NaSO4- -3.852 -3.853 0.089 -0.047 0.053 NaSO4- -3.829 -3.832 0.091 -0.026 0.018 NaSO4- -3.941 -3.947 0.184 -0.039 -0.078
SrCl+ -6.977 -6.979 0.053 0.018 -0.051 SrCl+ -6.972 -6.975 0.054 0.013 -0.058 SrCl+ -6.944 -6.951 0.064 -0.184 0.178
SrCO3(aq) -7.381 -7.384 0.05 -0.03 -0.027 SrCO3(aq) -7.552 -7.561 0.156 -0.011 -0.04 SrCO3(aq) -7.455 -7.471 0.208 -0.025 -0.027
SrHCO3+ -5.832 -5.835 0.053 -0.045 0.016 SrHCO3+ -5.863 -5.869 0.086 -0.041 0.023 SrHCO3+ -5.856 -5.868 0.117 -0.058 0.029
SrNO3+ -8.041 -8.042 0.202 0.039 -0.013 SrNO3+ -8.036 -8.038 0.203 0.039 -0.011 SrNO3+ -8.007 -8.014 0.206 0.021 0.006
SrOH+ -9.921 -9.925 0.105 -0.038 -0.023 SrOH+ -10.056 -10.063 0.158 -0.013 -0.097 SrOH+ -9.938 -9.95 0.194 -0.006 -0.083
SrSO4(aq) -5.2 -5.203 0.081 -0.138 0.014 SrSO4(aq) -5.173 -5.178 0.083 -0.154 0.037 SrSO4(aq) -5.258 -5.27 0.154 -0.321 0.051
UO2(CO3)2-2 -10.258 -10.28 0.148 -0.207 0.237 UO2(CO3)2-2 -10.275 -10.828 1.165 -0.477 -1.24 UO2(CO3)2-2 -10.278 -11.076 1.887 -0.109 -1.631
UO2(CO3)3-4 -9.265 -9.289 0.146 -0.338 0.349 UO2(CO3)3-4 -9.483 -10.041 1.197 -0.481 -1.098 UO2(CO3)3-4 -9.449 -10.247 1.923 -0.137 -1.518
UO2(OH)2 -12.639 -12.658 0.146 -0.214 0.175 UO2(OH)2 -12.571 -13.117 1.154 -0.468 -1.306 UO2(OH)2 -12.515 -13.308 1.877 -0.089 -1.673
UO2(OH)3- -12.559 -12.576 0.442 -0.011 0.09 UO2(OH)3- -12.631 -13.178 1.241 -0.398 -0.946 UO2(OH)3- -12.485 -13.279 1.938 -0.098 -1.468
UO2(OH)4-2 -16.357 -16.372 0.696 -0.027 0.003 UO2(OH)4-2 -16.574 -17.119 1.375 -0.303 -0.603 UO2(OH)4-2 -16.343 -17.136 2.037 -0.094 -1.187
UO2(SO4)2-2 -17.346 -17.367 0.152 -0.226 0.106 UO2(SO4)2-2 -16.966 -17.512 1.163 -0.416 -1.304 UO2(SO4)2-2 -17.333 -18.126 1.918 -0.047 -1.547
UO2Cl+ -18.78 -18.798 0.136 -0.26 0.207 UO2Cl+ -18.436 -18.977 1.161 -0.419 -1.319 UO2Cl+ -18.566 -19.35 1.886 -0.053 -1.651
UO2Cl2(aq) -22.495 -22.515 0.425 -0.001 0.001 UO2Cl2(aq) -22.146 -22.689 1.224 -0.346 -1.051 UO2Cl2(aq) -22.271 -23.058 1.926 -0.046 -1.511
UO2CO3(aq) -12.004 -12.024 0.12 -0.406 0.537 UO2CO3(aq) -11.836 -12.383 1.151 -0.462 -1.331 UO2CO3(aq) -11.897 -12.69 1.874 -0.082 -1.683
UO2NO3+ -20.094 -20.114 0.199 -0.055 -0.028 UO2NO3+ -19.75 -20.293 1.166 -0.412 -1.285 UO2NO3+ -19.879 -20.666 1.888 -0.055 -1.636
UO2OH+ -13.747 -13.768 0.273 -0.022 0.042 UO2OH+ -13.544 -14.089 1.172 -0.427 -1.237 UO2OH+ -13.583 -14.373 1.886 -0.072 -1.634
UO2(SO4)3-4 -20.011 -20.03 0.409 -0.028 0.035 UO2(SO4)3-4 -19.636 -20.179 1.226 -0.365 -1.044 UO2(SO4)3-4 -20.146 -20.933 2.004 -0.041 -1.308
Mg2UO2(CO3)3(aq) -9.569 -9.591 0.243 -0.055 -0.022 Mg2UO2(CO3)3(aq) -9.743 -10.303 1.211 -0.466 -1.06 Mg2UO2(CO3)3(aq) -9.612 -10.432 1.929 -0.135 -1.5
MgUO2(CO3)3-2 -8.751 -8.774 0.143 -0.355 0.436 MgUO2(CO3)3-2 -8.938 -9.498 1.194 -0.481 -1.109 MgUO2(CO3)3-2 -8.845 -9.658 1.919 -0.136 -1.529
SrUO2(CO3)3-2 -10.2 -10.224 0.144 -0.35 0.386 SrUO2(CO3)3-2 -10.387 -10.948 1.195 -0.482 -1.109 SrUO2(CO3)3-2 -10.292 -11.106 1.919 -0.136 -1.53
UO2SO4(aq) -16.103 -16.122 0.137 -0.266 0.168 UO2SO4(aq) -15.737 -16.28 1.162 -0.418 -1.317 UO2SO4(aq) -15.98 -16.769 1.895 -0.051 -1.626
OH- -5.817 -5.817 0.02 0.009 -0.027 OH- -5.957 -5.96 0.121 0.011 0 OH- -5.867 -5.87 0.161 0.011 0.001
SSOUO2+ -5.485 -5.485 0 -1.62 5.537 SSOUO2+ -5.485 -5.504 0.036 -2.251 5.304 SSOUO2+ -5.485 -5.602 0.18 -1.749 2.851
SOUO2+ -7.032 -7.051 0.136 -0.389 0.232 SOUO2+ -6.83 -7.375 1.147 -0.469 -1.327 SOUO2+ -6.869 -7.671 1.855 -0.092 -1.699
WOUO2+ -8.241 -8.259 0.162 -0.18 0.045 WOUO2+ -8.038 -8.581 1.155 -0.45 -1.324 WOUO2+ -8.078 -8.865 1.877 -0.072 -1.679
SSOUOOH -9.724 -9.725 0.142 -0.024 -0.043 SSOUOOH -9.859 -9.882 0.188 -0.054 -0.083 SSOUOOH -9.764 -9.887 0.279 -0.493 0.401
SOUOOH -8.094 -8.112 0.161 -0.135 0.05 SOUOOH -8.027 -8.574 1.155 -0.468 -1.3 SOUOOH -7.971 -8.777 1.861 -0.103 -1.682
WOUOOH -7.983 -8.002 0.161 -0.189 0.077 WOUOOH -7.915 -8.461 1.157 -0.466 -1.298 WOUOOH -7.86 -8.652 1.879 -0.089 -1.67

Analytical Error with Adsorption Reactions and Low Uranium Concentration Temporal Error with Adsorption Reactions and Low Uranium Concentration Space Error with Adsorption Reactions and Low Uranium Concentration
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Monte carlo analysis raw data



116

Monte carlo analysis raw data



117

Monte carlo analysis raw data



118

Monte carlo analysis raw data



119

Monte carlo analysis raw data



120

Monte carlo analysis raw data



121

Monte carlo analysis raw data



122

Monte carlo analysis raw data



123

Monte carlo analysis raw data



124

Monte carlo analysis raw data



 

 

 

Appendix B 

Supporting data for Chapter 4 

125



Biosorption:
Removal of U(VI) in the absence of acetate

Lucie N’Guessan and Derek Lovley

University of Massachusetts, Amherst

Unpublished N' Guessan 2006 work on biosorption
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The Role of Biosorption in the Continued

Removal of Uranium from Groundwater in the

Absence of Acetate

Selected Organisms

Geobacter uranireducens

10,000x

Desulfosporosinus meridiei

8,000x

Acholeplasma palmae

30,000x

• Geobacteraceae

• Dissimilatory metal
reducing bacteria

• Iron reduction

• Uranium reduction

• Predominant in the first
phase of biostimulation

• Firmicutes: Clostridia

• Sulfate reduction

• Uranium reduction

• Predominant in the

second phase of

biostimulation

• Firmicutes: Mollicutes

• Uranium removal?

• Predominant in the third

phase of biostimulation

Unpublished N' Guessan 2006 work on biosorption
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Biosorption: G. uranireducens

Unpublished N' Guessan 2006 work on biosorption
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Biosorption: D. meridiei

Unpublished N' Guessan 2006 work on biosorption
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Biosorption: A. palmae

Unpublished N' Guessan 2006 work on biosorption
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Uranium-Biosorption Isotherm for G. uranireducens,

D. meridiei, and A. palmae

Unpublished N' Guessan 2006 work on biosorption
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Work In-Progress and Future Work

• Biosorption experiments
– D. meridiei, A. palmae sorption isotherms

– Elucidation of uranium sorption mechanisms

– Competitive sorption

– Influence of environmental conditions on sorption
capacities

• Specific experiments
– Uranium sorption by Geobacter sp.

– Reduction of sorbed uranium by Geobacter sp.

– Uranium sorption capacity of Geobacter sp. upon
loss of extracellular proteins and/or
exopolysaccharide

Unpublished N' Guessan 2006 work on biosorption
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large CO2 Min Sec Min Vol (ml) Flow rate (ml/min)
10 21 32.12 21.53533 1580 73.36779866
10 21 32.59 21.54317 1580 73.34112131
10 23 11.69 23.19483 1600 68.98087936
30 9 5.34 9.089 1580 173.8365057
30 9 1.5 9.025 1580 175.0692521
30 8 57.34 8.955667 1580 176.4246101
60 4 52.2 4.87 1580 324.4353183
60 4 42.72 4.712 1580 335.3140917
60 4 39.29 4.654833 1580 339.4321315

N2 Min Sec Min
10 3 10.93 3.182167 1580 496.5170481
10 3 25.16 3.419333 1580 462.0783779
10 3 31.68 3.528 1580 447.845805
30 0 49.87 0.831167 1600 1925.005013
30 0 49.22 0.820333 1600 1950.426656 N@
30 0 49.22 0.820333 1600 1950.426656
60 0 23.68 0.394667 1600 4054.054054
60 0 23.5 0.391667 1600 4085.106383
60 0 23.31 0.3885 1600 4118.404118
90 0 16.03 0.267167 1630 6101.060512
90 0 15.32 0.255333 1600 6266.318538

Small CO2 Min Sec Min
4 9 34.66 9.577667 14 1.461733895
4 10 6 10.1 14 1.386138614
4 10 21.34 10.35567 14 1.351916825

30 4 15.69 4.2615 14 3.285228206
30 4 12.12 4.202 14 3.331746787
57 2 21.16 2.352667 14 5.950694248
57 2 26.12 2.435333 14 5.748699699
57 2 23 2.383333 14 5.874125874

y = 5.2266x + 19.137 
R² = 0.9987 
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bacteria 
Concentration 
(mg/ml) Uptake (%) uptake (mg/l)

Wt adsorbed/wt 
bacteria (mg/g) Ce(mg/L)

Wt adsorbed/wt bacteria (umoles 
U/kg) Ce (umol/l)

35 59% 0.180 0.005082 0.125 21.354 0.526
39 48% 0.148 0.003746 0.160 15.738 0.674
38 56% 0.177 0.004707 0.141 19.777 0.593
25 36% 0.140 0.006 0.246 23.173 1.034
25 43% 0.171 0.007 0.223 28.985 0.937
25 42% 0.164 0.007 0.229 27.799 0.962

200 99% 0.366 0.002 0.001 7.689 0.004
200 99% 0.320 0.002 0.001 6.723 0.004

200 85% 0.346 0.002 0.06 7.269 0.252
5 11% 0.044 0.009 0.353 36.975 1.483
5 11% 0.048 0.010 0.382 40.336 1.605

14 27% 0.042 0.003 0.116274246 12.741 0.489
14 9% 0.014 0.001 0.148589045 4.339 0.624
14 9% 0.015 0.001 0.146463066 4.362 0.615
15 25% 0.065 0.004 0.194172414 18.103 0.816
15 21% 0.051 0.003 0.195968309 14.393 0.823
15 32% 0.112 0.007 0.243678919 31.458 1.024
15 19% 0.068 0.005 0.290499688 19.023 1.221
15 37% 0.136 0.009 0.233242224 38.036 0.980

Regression Statistics
Multiple R 0.95418173
R Square 0.910462774
Adjusted R Square 0.854907219
Standard Error 7.027882372
Observations 19

ANOVA
df SS MS F Significance F

Regression 1 9040.241493 9040.241493 183.0337022 1.57383E-10
Residual 18 889.0403514 49.39113063
Total 19 9929.281845

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0 #N/A #N/A #N/A #N/A #N/A
X Variable 1 24.84631054 1.836523022 13.52899487 7.15425E-11 20.98791885 28.70470223

RESIDUAL OUTPUT PROBABILITY OUTPUT

Observation Predicted Y Residuals Percentile Y
1 13.07789422 8.275886558 2.631578947 4.338627791
2 16.75165793 -1.013349318 7.894736842 4.362213085
3 14.72622467 5.050736089 13.15789474 6.722689076
4 25.68148064 -2.508926216 18.42105263 7.268907563
5 23.2803666 5.704813104 23.68421053 7.68907563
6 23.90674418 3.89257525 28.94736842 12.74053938
7 0.104396263 7.584679367 34.21052632 14.39296695
8 0.104396263 6.618292813 39.47368421 15.73830861
9 6.263775766 1.005131797 44.73684211 18.10334521

10 36.85188076 0.122909157 50 19.02263585
11 39.87937238 0.456762074 55.26315789 19.77696075
12 12.13859674 0.601942636 60.52631579 21.35378078
13 15.51214099 -11.1735132 65.78947368 23.17255443
14 15.29019675 -10.92798366 71.05263158 27.79931943
15 20.27087431 -2.167529104 76.31578947 28.9851797
16 20.45835906 -6.065392114 81.57894737 31.45759972
17 25.43916846 6.018431259 86.84210526 36.97478992
18 30.32708171 -11.30444586 92.10526316 38.03641933
19 24.34961645 13.68680287 97.36842105 40.33613445

G. uraniireducens  at 2% PCO2

R² = 0.6293 
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bacteria 
Concentration 
(mg/ml) uptake Adsorbed (mg/L)

Wt adsorbed/wt bacteria 
(mg/g) Ce(mg/L)

Wt adsorbed/wt bacteria 
(umoles U/kg) Ce (umol/l)

36.510 98% 0.303 0.008 0.003 34.813 0.015
8.000 92% 0.241 0.030 0.021 126.576 0.088
8.000 91% 0.223 0.028 0.021 117.122 0.088
8.000 93% 0.248 0.031 0.018 130.252 0.076
15.000 99% 15.925 1.062 0.085 4460.784 0.357
15.000 100% 14.446 0.963 0.064 4046.499 0.269
15.000 100% 15.219 1.015 0.071 4263.025 0.298
15.000 99% 4.614 0.308 0.039 1292.437 0.164
15.000 99% 4.723 0.315 0.033 1322.969 0.139
15.000 99% 4.673 0.312 0.032 1308.824 0.134
11.500 98% 3.070 0.267 0.066 1121.829 0.277
11.500 99% 3.141 0.273 0.042 1147.726 0.177
11.500 98% 3.523 0.306 0.058 1287.358 0.246
14.000 100% 2.743 0.196 0.060 823.280 0.251
14.000 99% 2.502 0.179 0.055 750.993 0.232
14.000 99% 2.380 0.170 0.055 714.412 0.232
14.000 99% 5.184 0.370 0.053 1555.786 0.221
14.000 98% 5.185 0.370 0.058 1556.102 0.245
14.000 99% 5.415 0.387 0.059 1625.070 0.248

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.878291427
R Square 0.771395832
Adjusted R Square 0.715840276
Standard Error 963.5001286
Observations 19

ANOVA
df SS MS F Significance F

Regression 1 56385729.24 56385729.24 60.738722 5.20135E-07
Residual 18 16709984.96 928332.4978
Total 19 73095714.2

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0 #N/A #N/A #N/A #N/A #N/A
X Variable 1 7985.044175 1024.576757 7.793505098 3.549E-07 5832.488289 10137.6

RESIDUAL OUTPUT PROBABILITY OUTPUT

Observation Predicted Y Residuals Percentile Y
1 117.2739979 -82.46086233 2.6315789 34.81313557
2 704.5627213 -577.9870911 7.8947368 117.1218487
3 704.5627213 -587.4408726 13.157895 126.5756303
4 603.910904 -473.6588032 18.421053 130.2521008
5 2851.801491 1608.982823 23.684211 714.4115396
6 2147.23877 1899.25983 28.947368 750.9926883
7 2382.09301 1880.9322 34.210526 823.2798469
8 1308.473625 -16.03665055 39.473684 1121.82901
9 1107.169991 215.799197 44.736842 1147.725948

10 1073.619385 235.2041445 50 1287.358159
11 2215.145196 -1093.316186 55.263158 1292.436975
12 1416.154966 -268.4290175 60.526316 1308.823529
13 1960.979227 -673.6210682 65.789474 1322.969188
14 2005.0664 -1181.786553 71.052632 1555.78563
15 1855.52464 -1104.531952 76.315789 1556.102059
16 1853.923857 -1139.512317 81.578947 1625.070462
17 1763.65201 -207.8663796 86.842105 4046.498599
18 1954.240923 -398.1388643 92.105263 4263.02521
19 1979.511239 -354.4407772 97.368421 4460.784314
20 2088.192512 -48.27913949
21 3250.87527 -1340.021505

G. uraniireducens  at atmospheric PCO2
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bacteria 
Concentration 
(mg/ml) uptake Adsorbed (mg/L)

Wt adsorbed/wt bacteria 
(mg/g) Ce(mg/L)

Wt adsorbed/wt bacteria 
(umoles U/kg) Ce (umol/l)

36.510 98% 0.303 0.008 0.003 34.813 0.015
8.000 92% 0.241 0.030 0.021 126.576 0.088
8.000 91% 0.223 0.028 0.021 117.122 0.088
8.000 93% 0.248 0.031 0.018 130.252 0.076
15.000 99% 15.925 1.062 0.085
15.000 100% 14.446 0.963 0.064
15.000 100% 15.219 1.015 0.071
15.000 99% 4.614 0.308 0.039 1292.437 0.164
15.000 99% 4.723 0.315 0.033 1322.969 0.139
15.000 99% 4.673 0.312 0.032 1308.824 0.134
11.500 98% 3.070 0.267 0.066 1121.829 0.277
11.500 99% 3.141 0.273 0.042 1147.726 0.177
11.500 98% 3.523 0.306 0.058 1287.358 0.246
14.000 100% 2.743 0.196 0.060 823.280 0.251
14.000 99% 2.502 0.179 0.055 750.993 0.232
14.000 99% 2.380 0.170 0.055 714.412 0.232
14.000 99% 5.184 0.370 0.053 1555.786 0.221
14.000 98% 5.185 0.370 0.058 1556.102 0.245
14.000 99% 5.415 0.387 0.059 1625.070 0.248

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.878291427
R Square 0.771395832
Adjusted R Square 0.715840276
Standard Error 963.5001286
Observations 19

ANOVA
df SS MS F Significance F

Regression 1 56385729.24 56385729.24 60.738722 5.20135E-07
Residual 18 16709984.96 928332.4978
Total 19 73095714.2

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0 #N/A #N/A #N/A #N/A #N/A
X Variable 1 7985.044175 1024.576757 7.793505098 3.549E-07 5832.488289 10137.6

RESIDUAL OUTPUT PROBABILITY OUTPUT

Observation Predicted Y Residuals Percentile Y
1 117.2739979 -82.46086233 2.6315789 34.81313557
2 704.5627213 -577.9870911 7.8947368 117.1218487
3 704.5627213 -587.4408726 13.157895 126.5756303
4 603.910904 -473.6588032 18.421053 130.2521008
5 2851.801491 1608.982823 23.684211 714.4115396
6 2147.23877 1899.25983 28.947368 750.9926883
7 2382.09301 1880.9322 34.210526 823.2798469
8 1308.473625 -16.03665055 39.473684 1121.82901
9 1107.169991 215.799197 44.736842 1147.725948

10 1073.619385 235.2041445 50 1287.358159
11 2215.145196 -1093.316186 55.263158 1292.436975
12 1416.154966 -268.4290175 60.526316 1308.823529
13 1960.979227 -673.6210682 65.789474 1322.969188
14 2005.0664 -1181.786553 71.052632 1555.78563
15 1855.52464 -1104.531952 76.315789 1556.102059
16 1853.923857 -1139.512317 81.578947 1625.070462
17 1763.65201 -207.8663796 86.842105 4046.498599
18 1954.240923 -398.1388643 92.105263 4263.02521
19 1979.511239 -354.4407772 97.368421 4460.784314
20 2088.192512 -48.27913949
21 3250.87527 -1340.021505
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Target  U (uM)
Measured U 
(uM)

Loss to container 
sorption

bacteria 
Concentration 
(mg/ml)

Adsorbed 
(mg/L)

Wt adsorbed/wt 
bacteria (mg/g) Ce(mg/L)

Wt adsorbed/wt 
bacteria umoles 
(U/kg)

Ce 
(umol/l)

1.4 0.770 45% 8.5 0.178 0.021 0.005 87.964 0.023
1.4 0.754 46% 8.5 0.175 0.021 0.004 86.582 0.018
1.4 0.762 46% 8.5 0.174 0.021 0.007 86.215 0.029
75 51.173 32% 8.5 11.617 1.367 0.563 5742.224 2.364
75 55.543 26% 8.5 12.278 1.444 0.942 6069.026 3.956
75 52.089 31% 8.5 11.619 1.367 0.778 5743.547 3.269
14 5.016 64% 8.5 1.152 0.136 0.042 569.494 0.175
14 5.273 62% 8.5 1.182 0.139 0.073 584.349 0.306
14 4.763 66% 8.5 1.065 0.125 0.069 526.256 0.289
45 21.486 52% 8.5 4.889 0.575 0.225 2416.719 0.943
45 21.072 53% 8.5 4.796 0.564 0.219 2370.789 0.921
45 22.192 51% 8.5 5.079 0.598 0.203 2510.551 0.852
45 13.178 71% 8.5 3.071 0.361 0.066 1517.830 0.277
45 13.376 70% 8.5 3.164 0.372 0.019 1564.111 0.081
45 15.050 67% 8.5 3.549 0.418 0.032 1754.557 0.136

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.95803042
R Square 0.91782229
Adjusted R Square 0.84639372
Standard Error 871.366311
Observations 15

ANOVA
df SS MS F Significance F

Regression 1 118722802 118722802 156.362501 1.27323E-08
Residual 14 10629909.47 759279.2475
Total 15 129352711.4

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0 #N/A #N/A #N/A #N/A #N/A
X Variable 1 1849.55744 147.9113563 12.50449922 5.5033E-09 1532.319133 2166.795747

RESIDUAL OUTPUT PROBABILITY OUTPUT

Observation Predicted Y Residuals Percentile Y
1 41.9542264 46.00986458 3.33333333 86.21522281
2 33.7373576 52.84511322 10 86.58247084
3 54.4797752 31.73544764 16.6666667 87.96409095
4 4373.10488 1369.119144 23.3333333 526.2557291
5 7317.7336 -1248.707353 30 569.494434
6 6046.16714 -302.6199038 36.6666667 584.3493129
7 324.015886 245.4785482 43.3333333 1517.829876
8 565.097305 19.25200768 50 1564.110845
9 535.443615 -9.187885895 56.6666667 1754.556718

10 1745.052 671.6670262 63.3333333 2370.789412
11 1702.92126 667.8681494 70 2416.719031
12 1575.68694 934.8641997 76.6666667 2510.551142
13 512.126602 1005.703275 83.3333333 5742.224024
14 150.289753 1413.821092 90 5743.547232
15 252.40584 1502.150878 96.6666667 6069.026248
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Sample

bacteria 
Concentratio
n (mg/ml)

Adsorbed 
(mg/L)

Wt adsorbed/wt 
bacteria (mg/g) Ce(mg/L) K(l/g) K (L/Kg) Date

1 25 0.107 0.004 0.282 0.015 15.18 10/4/2010
2 30 0.072 0.002 0.306 0.008 7.83 2/28/2011

A. palmae  at 2% PCO2

Bacteria Isotherm Data
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pH Initial U (mg/L) final U (mg/L) % U sorbed
5 0.169 0.007 96%
5 0.180 0.006 97%
5 0.180 0.006 97%
6 0.274 0.005 98%
6 0.242 0.004 98%
6 0.287 0.004 99%

7.7 0.377 0.317 16%
7.7 0.376 0.330 12%
7.7 0.386 0.333 14%
7 0.361 0.254 30%
7 0.358 0.283 21%
7 0.361 0.288 20%

20 mg/ml bacterial concentration of pH tests

pH VisualMINTEQ results Ca Visual Minteq Results Non-Ca-UO2-CO3
Experimental U-
bacteria (average)

6 36.10% 58.87% 98.38%
7 99.42% 0.58% 23.58%

7.5 88.55% 11.45% 13.96%

pH 6 pH 6.5 pH 7 pH 7.5 pH 8
(UO2)2(OH)2+2 0.02% 0.00% 0.00% 0.00% 0%
(UO2)2CO3(OH)3- 8.56% 0.02% 0.00% 0.00% 0%
(UO2)2OH+3 0.00% 0.00% 0.00% 0.00% 0%
(UO2)3(CO3)6-6 0.00% 0.00% 0.00% 0.00% 0%
(UO2)3(OH)4+2 0.00% 0.00% 0.00% 0.00% 0%
(UO2)3(OH)5+ 0.01% 0.00% 0.00% 0.00% 0%
(UO2)3(OH)7- 0.00% 0.00% 0.00% 0.00% 0%
(UO2)4(OH)7+ 0.00% 0.00% 0.00% 0.00% 0%
Ca+2 0.00% 0.00% 0.00% 0.00% 0%
Ca2UO2(CO3)3 (aq) 28.51% 76.27% 77.90% 24.07% 1%
CaCl+ 0.00% 0.00% 0.00% 0.00% 0%
CaCO3 (aq) 0.00% 0.00% 0.00% 0.00% 0%
CaHCO3+ 0.00% 0.00% 0.00% 0.00% 0%
CaOH+ 0.00% 0.00% 0.00% 0.00% 0%
CaSO4 (aq) 0.00% 0.00% 0.00% 0.00% 0%
CaUO2(CO3)3-2 7.58% 20.47% 21.52% 64.48% 31%
Cl-1 0.00% 0.00% 0.00% 0.00% 0%
CO3-2 0.00% 0.00% 0.00% 0.00% 0%
H+1 0.00% 0.00% 0.00% 0.00% 0%
H2CO3* (aq) 0.00% 0.00% 0.00% 0.00% 0%
HCO3- 0.00% 0.00% 0.00% 0.00% 0%
HSO4- 0.00% 0.00% 0.00% 0.00% 0%
Na+1 0.00% 0.00% 0.00% 0.00% 0%
NaCl (aq) 0.00% 0.00% 0.00% 0.00% 0%
NaCO3- 0.00% 0.00% 0.00% 0.00% 0%
NaHCO3 (aq) 0.00% 0.00% 0.00% 0.00% 0%
NaOH (aq) 0.00% 0.00% 0.00% 0.00% 0%
NaSO4- 0.00% 0.00% 0.00% 0.00% 0%
OH- 0.00% 0.00% 0.00% 0.00% 0%
SO4-2 0.00% 0.00% 0.00% 0.00% 0%
UO2(CO3)2-2 6.09% 1.65% 0.18% 0.52% 0%
UO2(CO3)3-4 0.13% 0.35% 0.39% 10.92% 67%
UO2(OH)2 (aq) 0.25% 0.01% 0.00% 0.00% 0%
UO2(OH)3- 0.00% 0.00% 0.00% 0.00% 0%
UO2(OH)4-2 0.00% 0.00% 0.00% 0.00% 0%
UO2(SO4)2-2 0.09% 0.00% 0.00% 0.00% 0%
UO2(SO4)3-4 0.00% 0.00% 0.00% 0.00% 0%
UO2+2 0.74% 0.00% 0.00% 0.00% 0%
UO2Cl+ 0.01% 0.00% 0.00% 0.00% 0%
UO2Cl2 (aq) 0.00% 0.00% 0.00% 0.00% 0%
UO2CO3 (aq) 44.10% 1.20% 0.01% 0.00% 0%
UO2OH+ 2.43% 0.02% 0.00% 0.00% 0%
UO2SO4 (aq) 1.48% 0.00% 0.00% 0.00% 0%

Species
Uranium distribution at different pH values simulated from VisualMINTEQ 
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0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 

100% 

6 6.5 7 7.5 8 

U
ra

ni
um

 d
is

tr
ib

ut
io

n 

pH 

Uranium Distribution 

Experimental 
adsorption 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

5.5 6 6.5 7 7.5 8 

D
is

tr
ib

ut
io

n 
of

 u
ra

ni
um

 (%
) 

pH 

Experimental vs Calculated results for pH Sweep 

System I Ca-
UO2-CO3 

System I  Non-
Ca-UO2-CO3 

System II 
Sorbed U 

Experimental pH sweep with sorption vs. simulated solution specation without sorption

139



  Cryo-EM images of G. uraniireducens exposed to atmospheric PCO2  

 

   

   

    

140



  Cryo-EM images of G. uraniireducens exposed to atmospheric PCO2  
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 Cryo-EM images of G. uraniireducens exposed to 2% PCO2  
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 Cryo-EM images of G. uraniireducens exposed to 2% PCO2  
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 Cryo-EM images of G. uraniireducens exposed to 2% PCO2  
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 Cryo-EM images of G. uraniireducens exposed to 2% PCO2  
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  Cryo-EM images of A. palmae 2% PCO2   
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Component mM
H+ -4.75
CO32- 3.3
UO2+2 0.0014
Ca+2 7
SO4-2 8.5
Na+1 5
Cl-1 1E-10

pH 6.95
Temperature 25 C
Ionic Strength 0.0266
Charge imbalance 4.3

Mineral log IAP Sat. Index
Anhydrite -5.051 -0.691 1 Ca+2 1 SO4-2
Aragonite -8.533 -0.197 1 Ca+2 1 CO3-2
CaCO3xH2O -8.533 -1.389 1 Ca+2 1 CO3-2 1 H2O
Calcite -8.533 -0.053 1 Ca+2 1 CO3-2
Gummite 0.276 -7.396 -2 H+1 1 UO2+2 1 H2O
Gypsum -5.051 -0.441 1 Ca+2 1 SO4-2 2 H2O
Halite -15.449 -16.999 1 Na+1 1 Cl-1
Lime 11.315 -21.385 -2 H+1 1 Ca+2 1 H2O
Mirabilite -7.222 -6.108 2 Na+1 1 SO4-2 10 H2O
Natron -10.704 -9.393 2 Na+1 1 CO3-2 10 H2O
Portlandite 11.315 -11.389 1 Ca+2 2 H2O -2 H+1
Rutherfordine -19.572 -4.812 1 UO2+2 1 CO3-2
Schoepite 0.276 -5.114 1 UO2+2 3 H2O -2 H+1
Thenardite -7.222 -7.544 2 Na+1 1 SO4-2
Thermonatrite -10.704 -11.341 2 Na+1 1 CO3-2 1 H2O
UO2(OH)2 (beta) 0.276 -5.335 -2 H+1 1 UO2+2 2 H2O
UO3 0.276 -7.424 -2 H+1 1 UO2+2 1 H2O
Vaterite -8.533 -0.62 1 Ca+2 1 CO3-2

Stoichiometry

Sweep of critical component with highest concentration tested to check for precipiation.  Component swept highlighted.
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Component mM
H+ -4.75
CO32- 0.07
UO2+2 0.0014
Ca+2 7
SO4-2 8.5
Na+1 5
Cl-1 1E-10

pH 6.95
Temperature 25 C
Ionic Strength 0.0249
Charge imbalance 7.05

Mineral log IAP Sat. Index
Anhydrite -5.037 -0.677 1 Ca+2 1 SO4-2
Aragonite -10.242 -1.906 1 Ca+2 1 CO3-2
CaCO3xH2O -10.242 -3.098 1 Ca+2 1 CO3-2 1 H2O
Calcite -10.242 -1.762 1 Ca+2 1 CO3-2
Gummite 4.564 -3.108 -2 H+1 1 UO2+2 1 H2O
Gypsum -5.037 -0.427 1 Ca+2 1 SO4-2 2 H2O
Halite -15.446 -16.996 1 Na+1 1 Cl-1
Lime 11.327 -21.372 -2 H+1 1 Ca+2 1 H2O
Mirabilite -7.216 -6.102 2 Na+1 1 SO4-2 10 H2O
Natron -12.421 -11.11 2 Na+1 1 CO3-2 10 H2O
Portlandite 11.327 -11.377 1 Ca+2 2 H2O -2 H+1
Rutherfordine -17.006 -2.246 1 UO2+2 1 CO3-2
Schoepite 4.564 -0.826 1 UO2+2 3 H2O -2 H+1
Thenardite -7.216 -7.538 2 Na+1 1 SO4-2
Thermonatrite -12.421 -13.058 2 Na+1 1 CO3-2 1 H2O
UO2(OH)2 (beta) 4.564 -1.048 -2 H+1 1 UO2+2 2 H2O
UO3 4.564 -3.136 -2 H+1 1 UO2+2 1 H2O
Vaterite -10.242 -2.329 1 Ca+2 1 CO3-2

Stoichiometry

Sweep of critical component with highest concentration tested to check for precipiation.  Component swept highlighted.
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Component mM
H+ -4.75
CO32- 3.3
UO2+2 0.0014
Ca+2 6.55
SO4-2 10
Na+1 10
Cl-1 1E-10

pH 6.95
Temperature 25 C
Ionic Strength 0.0308
Charge imbalance 0.06

Mineral log IAP Sat. Index
Anhydrite -5.044 -0.684 1 Ca+2 1 SO4-2
Aragonite -8.593 -0.257 1 Ca+2 1 CO3-2
CaCO3xH2O -8.593 -1.449 1 Ca+2 1 CO3-2 1 H2O
Calcite -8.593 -0.113 1 Ca+2 1 CO3-2
Gummite 0.381 -7.291 -2 H+1 1 UO2+2 1 H2O
Gypsum -5.044 -0.434 1 Ca+2 1 SO4-2 2 H2O
Halite -15.158 -16.708 1 Na+1 1 Cl-1
Lime 11.255 -21.444 -2 H+1 1 Ca+2 1 H2O
Mirabilite -6.565 -5.451 2 Na+1 1 SO4-2 10 H2O
Natron -10.113 -8.802 2 Na+1 1 CO3-2 10 H2O
Portlandite 11.255 -11.449 1 Ca+2 2 H2O -2 H+1
Rutherfordine -19.467 -4.707 1 UO2+2 1 CO3-2
Schoepite 0.381 -5.009 1 UO2+2 3 H2O -2 H+1
Thenardite -6.565 -6.886 2 Na+1 1 SO4-2
Thermonatrite -10.113 -10.75 2 Na+1 1 CO3-2 1 H2O
UO2(OH)2 (beta) 0.381 -5.231 -2 H+1 1 UO2+2 2 H2O
UO3 0.381 -7.319 -2 H+1 1 UO2+2 1 H2O
Vaterite -8.593 -0.68 1 Ca+2 1 CO3-2

Stoichiometry

Sweep of critical component with highest concentration tested to check for precipiation.  Component swept highlighted.
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Component mM
H+ -4.75
CO32- 0.07
UO2+2 0.0014
Ca+2 6.55
SO4-2 10
Na+1 10
Cl-1 1E-10

pH 6.95
Temperature 25 C
Ionic Strength 0.0292
Charge imbalance 8.9

Mineral log IAP Sat. Index
Anhydrite -5.031 -0.671 1 Ca+2 1 SO4-2
Aragonite -10.303 -1.967 1 Ca+2 1 CO3-2
CaCO3xH2O -10.303 -3.159 1 Ca+2 1 CO3-2 1 H2O
Calcite -10.303 -1.823 1 Ca+2 1 CO3-2
Gummite 4.569 -3.103 -2 H+1 1 UO2+2 1 H2O
Gypsum -5.031 -0.421 1 Ca+2 1 SO4-2 2 H2O
Halite -15.155 -16.705 1 Na+1 1 Cl-1
Lime 11.266 -21.433 -2 H+1 1 Ca+2 1 H2O
Mirabilite -6.558 -5.444 2 Na+1 1 SO4-2 10 H2O
Natron -11.831 -10.52 2 Na+1 1 CO3-2 10 H2O
Portlandite 11.266 -11.438 1 Ca+2 2 H2O -2 H+1
Rutherfordine -17 -2.24 1 UO2+2 1 CO3-2
Schoepite 4.569 -0.821 1 UO2+2 3 H2O -2 H+1
Thenardite -6.558 -6.88 2 Na+1 1 SO4-2
Thermonatrite -11.831 -12.468 2 Na+1 1 CO3-2 1 H2O
UO2(OH)2 (beta) 4.569 -1.042 -2 H+1 1 UO2+2 2 H2O
UO3 4.569 -3.131 -2 H+1 1 UO2+2 1 H2O
Vaterite -10.303 -2.39 1 Ca+2 1 CO3-2

Stoichiometry

Sweep of critical component with highest concentration tested to check for precipiation.  Component swept highlighted.
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Component mM
H+ -4.75
CO32- 3.3
UO2+2 0.02
Ca+2 6.55
SO4-2 8.5
Na+1 10
Cl-1 1E-10

pH 6.95
Temperature 25 C
Ionic Strength 0.0286
Charge imbalance 7.68

Mineral log IAP Sat. Index
Anhydrite -5.09 -0.73 1 Ca+2 1 SO4-2
Aragonite -8.569 -0.233 1 Ca+2 1 CO3-2
CaCO3xH2O -8.569 -1.425 1 Ca+2 1 CO3-2 1 H2O
Calcite -8.569 -0.089 1 Ca+2 1 CO3-2
Gummite 1.494 -6.178 -2 H+1 1 UO2+2 1 H2O
Gypsum -5.09 -0.48 1 Ca+2 1 SO4-2 2 H2O
Halite -15.153 -16.703 1 Na+1 1 Cl-1
Lime 11.279 -21.42 -2 H+1 1 Ca+2 1 H2O
Mirabilite -6.627 -5.513 2 Na+1 1 SO4-2 10 H2O
Natron -10.106 -8.795 2 Na+1 1 CO3-2 10 H2O
Portlandite 11.279 -11.425 1 Ca+2 2 H2O -2 H+1
Rutherfordine -18.354 -3.594 1 UO2+2 1 CO3-2
Schoepite 1.494 -3.896 1 UO2+2 3 H2O -2 H+1
Thenardite -6.627 -6.949 2 Na+1 1 SO4-2
Thermonatrite -10.106 -10.743 2 Na+1 1 CO3-2 1 H2O
UO2(OH)2 (beta) 1.494 -4.117 -2 H+1 1 UO2+2 2 H2O
UO3 1.494 -6.206 -2 H+1 1 UO2+2 1 H2O
Vaterite -8.569 -0.656 1 Ca+2 1 CO3-2

Stoichiometry

Sweep of critical component with highest concentration tested to check for precipiation.  Component swept highlighted.
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Component mM
H+ -4.75
CO32- 0.07
UO2+2 0.02
Ca+2 6.55
SO4-2 8.5
Na+1 5
Cl-1 1E-10

pH 6.95
Temperature 25 C
Ionic Strength 0.0244
Charge imbalance 3.8

Mineral log IAP Sat. Index
Anhydrite -5.058 -0.698 1 Ca+2 1 SO4-2
Aragonite -10.272 -1.936 1 Ca+2 1 CO3-2
CaCO3xH2O -10.272 -3.128 1 Ca+2 1 CO3-2 1 H2O
Calcite -10.272 -1.792 1 Ca+2 1 CO3-2
Gummite 5.185 -2.487 -2 H+1 1 UO2+2 1 H2O
Gypsum -5.058 -0.448 1 Ca+2 1 SO4-2 2 H2O
Halite -15.444 -16.994 1 Na+1 1 Cl-1
Lime 11.297 -21.402 -2 H+1 1 Ca+2 1 H2O
Mirabilite -7.206 -6.092 2 Na+1 1 SO4-2 10 H2O
Natron -12.421 -11.11 2 Na+1 1 CO3-2 10 H2O
Portlandite 11.297 -11.407 1 Ca+2 2 H2O -2 H+1
Rutherfordine -16.384 -1.624 1 UO2+2 1 CO3-2
Schoepite 5.185 -0.205 1 UO2+2 3 H2O -2 H+1
Thenardite -7.206 -7.528 2 Na+1 1 SO4-2
Thermonatrite -12.421 -13.058 2 Na+1 1 CO3-2 1 H2O
UO2(OH)2 (beta) 5.185 -0.426 -2 H+1 1 UO2+2 2 H2O
UO3 5.185 -2.515 -2 H+1 1 UO2+2 1 H2O
Vaterite -10.272 -2.359 1 Ca+2 1 CO3-2

Stoichiometry

Sweep of critical component with highest concentration tested to check for precipiation.  Component swept highlighted.
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Freeze Dried Sample
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Monday, May 23, 2011

EDX analysis of G. uraniireducens 
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Freeze Dried Sample

Linescan through 
10 nm Au on cell

C O Cl

Na Au

Monday, May 23, 2011

EDX analysis of G. uraniireducens 
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Air Dried Sample

Many salt crystals

Monday, May 23, 2011

EDX analysis of G. uraniireducens 
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Air Dried Sample

Monday, May 23, 2011

EDX analysis of G. uraniireducens 
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Air Dried Sample
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ClCa

N
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Mg
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Fe

Monday, May 23, 2011

EDX analysis of G. uraniireducens 
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 Beamline Results from SLAC  

 

 

Eshift                  Data                 Energy             Fit                  

17030.0     -0.000557853922124            17030.0     0.0155305100504          

17030.05    -0.00053549802822       17030.05    0.0154697788465          

17030.1     -0.00049053280844       17030.1     0.0154083435762          

17030.15    -0.000430004493327            17030.15    0.0153486606608          

17030.2     -0.000361006038244            17030.2     0.0152931865222          

17030.25    -0.000290738204625            17030.25    0.0152443775819          

17030.3     -0.000226378682421            17030.3     0.0152046902616          

17030.35    -0.000175089641456            17030.35    0.0151765809828          

17030.4     -0.000144118255631            17030.4     0.0151625061672          
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17030.45    -0.000140312771763            17030.45    0.0151649222365          

17030.5     -0.00016482076765       17030.5     0.0151862856122          

17030.55    -0.000210568301863            17030.55    0.0152279274952          

17030.6     -0.00027022948746       17030.6     0.0152866782024          

17030.65    -0.000336381575901            17030.65    0.0153582428304          

17030.7     -0.000401623352011            17030.7     0.0154383264752          

17030.75    -0.000458564328723            17030.75    0.0155226342333          

17030.8     -0.000499749638546            17030.8     0.0156068712008          

17030.85    -0.000518032313884            17030.85    0.0156867424741          

17030.9     -0.000511930931346            17030.9     0.0157579531493          

17030.95    -0.000488813686925            17030.95    0.0158162083229          

17031.0     -0.000456481635184            17031.0     0.0158572130911          

17031.05    -0.000422818132276            17031.05    0.0158777608906          

17031.1     -0.000395688364345            17031.1     0.0158789985201          

17031.15    -0.000382947895991            17031.15    0.0158631611188          

17031.2     -0.000392508921414            17031.2     0.0158324838258          

17031.25    -0.000431998081022            17031.25    0.0157892017802          

17031.3     -0.000501677695611            17031.3     0.0157355501212          

17031.35    -0.00058937130065       17031.35    0.015673763988           

17031.4     -0.00068204263234       17031.4     0.0156060785197          

17031.45    -0.000766573462908            17031.45    0.0155347288555          

17031.5     -0.000829866004543            17031.5     0.0154619501345          

17031.55    -0.000858822673619            17031.55    0.0153896698642          
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17031.6     -0.000840324630513            17031.6     0.0153185850257          

17031.65    -0.000761431670399            17031.65    0.0152490849685          

17031.7     -0.00062068637785       17031.7     0.0151815590419          

17031.75    -0.000438368764847            17031.75    0.0151163965955          

17031.8     -0.000237012640239            17031.8     0.0150539869786          

17031.85    -3.9191457681e-005            17031.85    0.0149947195407          

17031.9     0.000132533951924       17031.9     0.0149389836312          

17031.95    0.000255591911476       17031.95    0.0148871685996          

17032.0     0.000307441505815       17032.0     0.0148396637953          

17032.05    0.00026554652871        17032.05    0.0147964252441          

17032.1     0.000122565109451       17032.1     0.0147556756778          

17032.15    -9.78860346234e-005           17032.15    0.0147152045042          

17032.2     -0.000368165898831            17032.2     0.0146728011313          

17032.25    -0.000660690246395            17032.25    0.0146262549672          

17032.3     -0.000947866600982            17032.3     0.01457335542            

17032.35    -0.00120207864788       17032.35    0.0145118918975          

17032.4     -0.00139581366546       17032.4     0.0144396538077          

17032.45    -0.0015012624717        17032.45    0.0143544305588          

17032.5     -0.0015040436004        17032.5     0.0142540115588          

17032.55    -0.0014202203865        17032.55    0.0141374484583          

17032.6     -0.00127117621599       17032.6     0.0140088418792          

17032.65    -0.00107804986552       17032.65    0.0138735546861          

17032.7     -0.000862039993187            17032.7     0.0137369497435          
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17032.75    -0.000644352126428            17032.75    0.0136043899162          

17032.8     -0.000446104433773            17032.8     0.0134812380686          

17032.85    -0.000288705548422            17032.85    0.0133728570654          

17032.9     -0.000185617768854            17032.9     0.0132846097712          

17032.95    -0.000130987047515            17032.95    0.0132218590504          

17033.0     -0.000114940147681            17033.0     0.0131899677678          

17033.05    -0.000127844815822            17033.05    0.0131923335175          

17033.1     -0.000160005774599            17033.1     0.0132244928118          

17033.15    -0.000201735044879            17033.15    0.0132800168927          

17033.2     -0.000243378478529            17033.2     0.0133524770021          

17033.25    -0.000275154698188            17033.25    0.0134354443821          

17033.3     -0.000289799339612            17033.3     0.0135224902744          

17033.35    -0.000286602931007            17033.35    0.0136071859211          

17033.4     -0.000266456949615            17033.4     0.0136831025642          

17033.45    -0.000230140510889            17033.45    0.0137438114455          

17033.5     -0.00017846554869       17033.5     0.013782883807           

17033.55    -0.000112228155892            17033.55    0.013795549118           

17033.6     -3.22549709175e-005           17033.6     0.0137836697575          

17033.65    6.07262426776e-005            17033.65    0.0137507663318          

17033.7     0.00016462207615        17033.7     0.0137003594473          

17033.75    0.0002733990531         17033.75    0.0136359697102          

17033.8     0.000379827048987       17033.8     0.0135611177271          

17033.85    0.000476768503578       17033.85    0.0134793241041          
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17033.9     0.000557065332118       17033.9     0.0133941094476          

17033.95    0.000613544147391       17033.95    0.0133089943639          

17034.0     0.000639113296495       17034.0     0.0132274994595          

17034.05    0.000626386882513       17034.05    0.0131522156381          

17034.1     0.000571424481219       17034.1     0.0130820149935          

17034.15    0.000480934325084       17034.15    0.0130148399169          

17034.2     0.000365322424205       17034.2     0.0129486327995          

17034.25    0.000234694567404       17034.25    0.0128813360326          

17034.3     9.92377486233e-005            17034.3     0.0128108920074          

17034.35    -3.08638623683e-005           17034.35    0.0127352431152          

17034.4     -0.000145496004223            17034.4     0.0126523317471          

17034.45    -0.000234274694082            17034.45    0.0125601002944          

17034.5     -0.000289563005232            17034.5     0.0124564911483          

17034.55    -0.000312825036949            17034.55    0.0123405070408          

17034.6     -0.000309109595756            17034.6     0.0122153920663          

17034.65    -0.000283169691414            17034.65    0.0120854506597          

17034.7     -0.000239844516719            17034.7     0.0119549872564          

17034.75    -0.000183953271227            17034.75    0.0118283062912          

17034.8     -0.000120308944418            17034.8     0.0117097121994          

17034.85    -5.37678205407e-005           17034.85    0.011603509416           

17034.9     1.11946259612e-005            17034.9     0.0115140023761          

17034.95    7.15076156675e-005            17034.95    0.0114454955148          

17035.0     0.000124760713354       17035.0     0.0114022932672          

162



 Beamline Results from SLAC  

17035.05    0.000168489213208       17035.05    0.0113874285826          

17035.1     0.000200247640401       17035.1     0.0113988484667          

17035.15    0.000217575772756       17035.15    0.0114332284395          

17035.2     0.000218053146495       17035.2     0.0114872440212          

17035.25    0.000199118935884       17035.25    0.0115575707316          

17035.3     0.00015928774295        17035.3     0.0116408840909          

17035.35    0.000101337430277       17035.35    0.0117338596189          

17035.4     3.02844808081e-005            17035.4     0.0118331728356          

17035.45    -4.90293973745e-005           17035.45    0.0119354992612          

17035.5     -0.000131708994105            17035.5     0.0120375144155          

17035.55    -0.000212864766451            17035.55    0.0121363093493          

17035.6     -0.00028763800463       17035.6     0.0122306372362          

17035.65    -0.000351043928077            17035.65    0.0123196667805          

17035.7     -0.000398992287463            17035.7     0.0124025666865          

17035.75    -0.000431220085239            17035.75    0.0124785056585          

17035.8     -0.000449699537324            17035.8     0.0125466524008          

17035.85    -0.000456236582974            17035.85    0.0126061756176          

17035.9     -0.000452692761363            17035.9     0.0126562440134          

17035.95    -0.000440914503159            17035.95    0.0126960262924          

17036.0     -0.000422753073137            17036.0     0.0127246911589          

17036.05    -0.000400055561576            17036.05    0.0127417904447          

17036.1     -0.000374688890583            17036.1     0.0127484084913          

17036.15    -0.000348614298199            17036.15    0.0127460127678          
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17036.2     -0.000323857018756            17036.2     0.0127360707433          

17036.25    -0.000302438692087            17036.25    0.0127200498867          

17036.3     -0.000286380050952            17036.3     0.0126994176672          

17036.35    -0.000277710593168            17036.35    0.0126756415537          

17036.4     -0.000278425663402            17036.4     0.0126501890152          

17036.45    -0.000290646678998            17036.45    0.0126245275209          

17036.5     -0.000315751384137            17036.5     0.0126001245398          

17036.55    -0.000351208396682            17036.55    0.0125780284273          

17036.6     -0.000391557310837            17036.6     0.0125576110849          

17036.65    -0.000431510539823            17036.65    0.0125378253006          

17036.7     -0.00046571575892       17036.7     0.0125176238623          

17036.75    -0.000488823888205            17036.75    0.0124959595578          

17036.8     -0.000495537606538            17036.8     0.0124717851752          

17036.85    -0.000480351708341            17036.85    0.0124440535023          

17036.9     -0.000438925937373            17036.9     0.012411717327           

17036.95    -0.000373633473388            17036.95    0.0123737294374          

17037.0     -0.000292375233255            17037.0     0.0123290426212          

17037.05    -0.000202769125896            17037.05    0.0122770508925          

17037.1     -0.000112553759382            17037.1     0.0122189131696          

17037.15    -2.94500687771e-005           17037.15    0.0121562295968          

17037.2     3.88710179806e-005            17037.2     0.0120906003183          

17037.25    8.45226675274e-005            17037.25    0.0120236254786          

17037.3     0.000100747883656       17037.3     0.011956905222           
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17037.35    8.83699203447e-005            17037.35    0.0118920396928          

17037.4     5.53678328746e-005            17037.4     0.0118306290353          

17037.45    9.45457946706e-006            17037.45    0.0117742733939          

17037.5     -4.15107649649e-005           17037.5     0.0117245729128          

17037.55    -8.96961639728e-005           17037.55    0.0116824959828          

17037.6     -0.000127307543942            17037.6     0.01164648398            

17037.65    -0.000146373108801            17037.65    0.0116143465267          

17037.7     -0.00013981850726       17037.7     0.0115838932456          

17037.75    -0.000107317234865            17037.75    0.0115529337589          

17037.8     -5.55014721219e-005           17037.8     0.0115192776892          

17037.85    9.1802030824e-006       17037.85    0.011480734659           

17037.9     8.01448428462e-005            17037.9     0.0114351142906          

17037.95    0.000150840012179       17037.95    0.0113802262065          

17038.0     0.000214725594417       17038.0     0.0113138800291          

17038.05    0.000265182093057       17038.05    0.0112345118155          

17038.1     0.00029598366227        17038.1     0.0111430633606          

17038.15    0.000304268144056       17038.15    0.0110411028938          

17038.2     0.000290955379095       17038.2     0.0109301986447          

17038.25    0.000256910696227       17038.25    0.0108119188426          

17038.3     0.000203068761322       17038.3     0.0106878317171          

17038.35    0.000130340849896       17038.35    0.0105595054976          

17038.4     3.966246185e-005        17038.4     0.0104285084136          

17038.45    -6.81041864373e-005           17038.45    0.0102964086946          
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17038.5     -0.000191762503454            17038.5     0.01016477457            

17038.55    -0.000326547274524            17038.55    0.01003548771            

17038.6     -0.000463140610534            17038.6     0.00991168354743         

17038.65    -0.000592194519381            17038.65    0.0097968109559          

17038.7     -0.000704294876536            17038.7     0.00969431880899         

17038.75    -0.000790034413433            17038.75    0.00960765598025         

17038.8     -0.000840044570163            17038.8     0.00954027134325         

17038.85    -0.000844795441355            17038.85    0.00949561377157         

17038.9     -0.000795503188589            17038.9     0.00947713213877         

17038.95    -0.000692964381272            17038.95    0.00948827531843         

17039.0     -0.000551244464631            17039.0     0.00953249218411         

17039.05    -0.000384703226831            17039.05    0.00961145405427         

17039.1     -0.000207871751223            17039.1     0.00971972202689         

17039.15    -3.52435794149e-005           17039.15    0.00985007964487         

17039.2     0.000118708875209       17039.2     0.00999531045105         

17039.25    0.000239391309766       17039.25    0.0101481979883          

17039.3     0.000312785246693       17039.3     0.0103015257996          

17039.35    0.000334136245647       17039.35    0.0104480774276          

17039.4     0.000312597225576       17039.4     0.0105806364154          

17039.45    0.00025787073841        17039.45    0.0106919863058          

17039.5     0.000179807763163       17039.5     0.0107749106417          

17039.55    8.82216111224e-005            17039.55    0.0108242698213          

17039.6     -7.0721626037e-006            17039.6     0.0108432316647          
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17039.65    -9.62293248742e-005           17039.65    0.0108370408474          

17039.7     -0.000169559788961            17039.7     0.0108109420448          

17039.75    -0.000221362750811            17039.75    0.0107701799324          

17039.8     -0.000252675296084            17039.8     0.0107199991857          

17039.85    -0.000265000188193            17039.85    0.01066564448            

17039.9     -0.000259884859898            17039.9     0.0106123604909          

17039.95    -0.00023886465223       17039.95    0.0105653918939          

17040.0     -0.0002034786038        17040.0     0.0105299833644          

17040.05    -0.000155263054841            17040.05    0.0105095939473          

17040.1     -9.57653521963e-005           17040.1     0.0105005401656          

17040.15    -2.69951338599e-005           17040.15    0.0104973529118          

17040.2     4.81949275962e-005            17040.2     0.0104945630783          

17040.25    0.000126874984215       17040.25    0.0104867015577          

17040.3     0.000206112239136       17040.3     0.0104682992422          

17040.35    0.000282974685648       17040.35    0.0104338870245          

17040.4     0.000354530105343       17040.4     0.0103779957969          

17040.45    0.000417846336452       17040.45    0.0102951564519          

17040.5     0.000470002634987       17040.5     0.010179899882           

17040.55    0.000509520406433       17040.55    0.0100291380817          

17040.6     0.000537754114235       17040.6     0.00984930745409         

17040.65    0.000556388245355       17040.65    0.00964922550428         

17040.7     0.000567107342576       17040.7     0.00943770973746         

17040.75    0.00057159574008        17040.75    0.00922357765875         

167



 Beamline Results from SLAC  

17040.8     0.000571538550646       17040.8     0.00901564677331         

17040.85    0.000568617981261       17040.85    0.00882273458628         

17040.9     0.000564515762415       17040.9     0.00865365860279         

17040.95    0.000559442284322       17040.95    0.00851723632802         

17041.0     0.000550610035148       17041.0     0.00842228526711         

17041.05    0.000534841862325       17041.05    0.00837479284805         

17041.1     0.000508965915213       17041.1     0.00836942619022         

17041.15    0.000469810273477       17041.15    0.00839802233586         

17041.2     0.000414197990842       17041.2     0.0084524183272          

17041.25    0.000338972294516       17041.25    0.00852445120646         

17041.3     0.000240925717384       17041.3     0.00860595801588         

17041.35    0.000120303280277       17041.35    0.00868877579769         

17041.4     -1.50931506505e-005           17041.4     0.00876474159412         

17041.45    -0.000156259300415            17041.45    0.0088256924474          

17041.5     -0.000294235123862            17041.5     0.00886346539976         

17041.55    -0.000420051414347            17041.55    0.00887211389966         

17041.6     -0.000524731193867            17041.6     0.00885455702045         

17041.65    -0.000599337731335            17041.65    0.0088159302417          

17041.7     -0.000634809802916            17041.7     0.008761369043           

17041.75    -0.000626322529548            17041.75    0.00869600890393         

17041.8     -0.000578997643971            17041.8     0.00862498530406         

17041.85    -0.000499857311757            17041.85    0.00855343372296         

17041.9     -0.000395821765341            17041.9     0.00848648964022         
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17041.95    -0.000273837678232            17041.95    0.00842928853541         

17042.0     -0.00014084903028       17042.0     0.00838696588812         

17042.05    -3.78413483188e-006           17042.05    0.00836337597013         

17042.1     0.000130370384104       17042.1     0.00835724822214         

17042.15    0.000255780550993       17042.15    0.00836603087705         

17042.2     0.000369614092114       17042.2     0.00838717216774         

17042.25    0.000469771931463       17042.25    0.00841812032714         

17042.3     0.000554103298262       17042.3     0.00845632358814         

17042.35    0.000620473346204       17042.35    0.00849923018364         

17042.4     0.000666736632121       17042.4     0.00854428834655         

17042.45    0.000690774175831       17042.45    0.00858894630977         

17042.5     0.000690379368418       17042.5     0.00863065230619         

17042.55    0.000664688027396       17042.55    0.00866730451396         

17042.6     0.000616578858462       17042.6     0.00869860089211         

17042.65    0.000549990641322       17042.65    0.00872468934491         

17042.7     0.000468781211584       17042.7     0.00874571777665         

17042.75    0.000376830909918       17042.75    0.00876183409158         

17042.8     0.00027801444078        17042.8     0.00877318619398         

17042.85    0.00017620654842        17042.85    0.00877992198813         

17042.9     7.52871251358e-005            17042.9     0.00878218937829         

17042.95    -2.09290298145e-005           17042.95    0.00878013626873         

17043.0     -0.00010882849713       17043.0     0.00877391056373         

17043.05    -0.00018486817256       17043.05    0.00876346922287         

169



 Beamline Results from SLAC  

17043.1     -0.000245497894891            17043.1     0.008748005427           

17043.15    -0.000287174187474            17043.15    0.00872652141228         

17043.2     -0.00030633430429       17043.2     0.00869801941485         

17043.25    -0.000299485892223            17043.25    0.00866150167088         

17043.3     -0.000262886053033            17043.3     0.00861597041653         

17043.35    -0.000195328121452            17043.35    0.00856042788795         

17043.4     -0.000104006738116            17043.4     0.0084938763213          

17043.45    5.74818208567e-007            17043.45    0.00841531795274         

17043.5     0.000108184513623       17043.5     0.00832375501842         

17043.55    0.000208517538252       17043.55    0.00821896920601         

17043.6     0.000291262224361       17043.6     0.00810386000921         

17043.65    0.00034620711162        17043.65    0.00798210637319         

17043.7     0.000362761217346       17043.7     0.00785738724317         

17043.75    0.000333746229237       17043.75    0.00773338156435         

17043.8     0.00026411597034        17043.8     0.00761376828191         

17043.85    0.000164207777171       17043.85    0.00750222634106         

17043.9     4.3918986864e-005       17043.9     0.00740243468699         

17043.95    -8.67241800216e-005           17043.95    0.0073180722649          

17044.0     -0.000217714011394            17044.0     0.00725281801999         

17044.05    -0.000339097644786            17044.05    0.00720896126988         

17044.1     -0.000440690865368            17044.1     0.00718323282191         

17044.15    -0.000514104909036            17044.15    0.00717097385582         

17044.2     -0.000558071909476            17044.2     0.00716752555138         
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17044.25    -0.000575063439346            17044.25    0.00716822908836         

17044.3     -0.000567257656559            17044.3     0.00716842564649         

17044.35    -0.000536927712852            17044.35    0.00716345640555         

17044.4     -0.000486316264058            17044.4     0.00714866254529         

17044.45    -0.000417692955789            17044.45    0.00711938524547         

17044.5     -0.000333251674429            17044.5     0.00707096568584         

17044.55    -0.000235707312585            17044.55    0.00700043803289         

17044.6     -0.000130001148648            17044.6     0.00691160839998         

17044.65    -2.23744407093e-005           17044.65    0.00680997588718         

17044.7     8.10268905162e-005            17044.7     0.00670103959458         

17044.75    0.000174029818481       17044.75    0.00659029862226         

17044.8     0.00025045054295        17044.8     0.0064832520703          

17044.85    0.000304175464261       17044.85    0.00638539903879         

17044.9     0.000328825988703       17044.9     0.00630223862779         

17044.95    0.000319753973822       17044.95    0.0062392699374          

17045.0     0.000280323460321       17045.0     0.0062019920677          

17045.05    0.000219081579178       17045.05    0.00619417665596         

17045.1     0.000144217582993       17045.1     0.0062126854882          

17045.15    6.40439864172e-005            17045.15    0.00625265288766         

17045.2     -1.31475539244e-005           17045.2     0.00630921317756         

17045.25    -7.91052113052e-005           17045.25    0.00637750068112         

17045.3     -0.000125399515897            17045.3     0.00645264972156         

17045.35    -0.000144662341758            17045.35    0.00652979462211         
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17045.4     -0.000135107708321            17045.4     0.006604069706           

17045.45    -9.91327247683e-005           17045.45    0.00667060929643         

17045.5     -3.88856053994e-005           17045.5     0.00672454771665         

17045.55    4.33850590167e-005            17045.55    0.00676188010499         

17045.6     0.000145464927014       17045.6     0.00678204486028         

17045.65    0.000265103036394       17045.65    0.00678534119648         

17045.7     0.000400159409369       17045.7     0.00677206832752         

17045.75    0.000547885889007       17045.75    0.00674252546737         

17045.8     0.00070203344255        17045.8     0.00669701182997         

17045.85    0.000853470620965       17045.85    0.00663582662928         

17045.9     0.000993212498591       17045.9     0.00655926907923         

17045.95    0.00111221521674        17045.95    0.00646763839378         

17046.0     0.00120142915405        17046.0     0.00636123378689         

17046.05    0.00125188667298        17046.05    0.00624101613861         

17046.1     0.00125430091747        17046.1     0.00611059299342         

17046.15    0.00120108223422        17046.15    0.00597423356191         

17046.2     0.00109543795418        17046.2     0.00583620705468         

17046.25    0.00095031972578        17046.25    0.00570078268233         

17046.3     0.000778268101588       17046.3     0.00557222965544         

17046.35    0.000592029177451       17046.35    0.0054548171846          

17046.4     0.000404308371854       17046.4     0.00535281448041         

17046.45    0.000227768269441       17046.45    0.00527049075346         

17046.5     7.5282080227e-005       17046.5     0.00521211521435         
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17046.55    -4.13435090472e-005           17046.55    0.00518065600697         

17046.6     -0.000118322118569            17046.6     0.00517387700846         

17046.65    -0.000160138393158            17046.65    0.00518824102927         

17046.7     -0.000171058234123            17046.7     0.00522021087983         

17046.75    -0.00015550919763       17046.75    0.00526624937061         

17046.8     -0.000117875305919            17046.8     0.00532281931203         

17046.85    -6.2553062072e-005            17046.85    0.00538638351455         

17046.9     6.0674040873e-006       17046.9     0.00545340478861         

17046.95    8.35794257017e-005            17046.95    0.00552034594466         

17047.0     0.000165442475686       17047.0     0.00558366979313         

17047.05    0.00024696540638        17047.05    0.00564048977296         

17047.1     0.000323458663058       17047.1     0.005690521837           

17047.15    0.000390232147718       17047.15    0.00573413256659         

17047.2     0.0004425883943         17047.2     0.00577168854305         

17047.25    0.000475859952209       17047.25    0.00580355634771         

17047.3     0.000485267089626       17047.3     0.00583010256191         

17047.35    0.000466556468128       17047.35    0.00585169376698         

17047.4     0.000420662902343       17047.4     0.00586869654425         

17047.45    0.000354869789396       17047.45    0.00588147747506         

17047.5     0.000276455679812       17047.5     0.00589040314074         

17047.55    0.000192799944956       17047.55    0.00589593498875         

17047.6     0.00011126168176        17047.6     0.00589891393106         

17047.65    3.91802640536e-005            17047.65    0.00590027574579         
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17047.7     -1.60059816333e-005           17047.7     0.00590095621104         

17047.75    -4.7321299928e-005            17047.75    0.00590189110492         

17047.8     -5.3733950155e-005            17047.8     0.00590401620552         

17047.85    -4.24445247267e-005           17047.85    0.00590826729097         

17047.9     -2.08362334187e-005           17047.9     0.00591558013936         

17047.95    3.60141525003e-006            17047.95    0.00592689052881         

17048.0     2.34022951431e-005            17048.0     0.00594313423741         

17048.05    3.11130493492e-005            17048.05    0.00596487431306         

17048.1     1.92059625206e-005            17048.1     0.00599118288278         

17048.15    -1.94952491169e-005           17048.15    0.00602075934336         

17048.2     -8.6512764275e-005            17048.2     0.00605230309162         

17048.25    -0.000174880737968            17048.25    0.00608451352434         

17048.3     -0.000277297793267            17048.3     0.00611609003834         

17048.35    -0.000386372246347            17048.35    0.00614573203042         

17048.4     -0.000494734349851            17048.4     0.00617213889737         

17048.45    -0.000595016917449            17048.45    0.00619401003599         

17048.5     -0.000679820605846            17048.5     0.0062100448431          

17048.55    -0.000741906531827            17048.55    0.00621917442128         

17048.6     -0.000777487153407            17048.6     0.00622125669633         

17048.65    -0.000788382010265            17048.65    0.00621638129981         

17048.7     -0.000776739986067            17048.7     0.0062046378633          

17048.75    -0.000744755182948            17048.75    0.00618611601838         

17048.8     -0.000694609575338            17048.8     0.00616090539664         
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17048.85    -0.00062848843001       17048.85    0.00612909562964         

17048.9     -0.000548575972082            17048.9     0.00609077634897         

17048.95    -0.000457057666138            17048.95    0.0060460371862          

17049.0     -0.000356162091268            17049.0     0.00599496777291         

17049.05    -0.000248196568832            17049.05    0.00593796779945         

17049.1     -0.000135475623172            17049.1     0.00587667719124         

17049.15    -2.03140550967e-005           17049.15    0.00581304593245         

17049.2     9.49734086411e-005            17049.2     0.00574902400728         

17049.25    0.000208072021464       17049.25    0.00568656139992         

17049.3     0.000316667042106       17049.3     0.00562760809454         

17049.35    0.000418450068536       17049.35    0.00557411407535         

17049.4     0.000511912526035       17049.4     0.00552802932651         

17049.45    0.000597117076603       17049.45    0.00549130383222         

17049.5     0.000674309424338       17049.5     0.00546588757667         

17049.55    0.000743735273319       17049.55    0.00545292138891         

17049.6     0.00080564032763        17049.6     0.00545030947751         

17049.65    0.000860270291357       17049.65    0.00545514689588         

17049.7     0.000907870868574       17049.7     0.00546452869746         

17049.75    0.000948687763368       17049.75    0.00547554993569         

17049.8     0.000982966679821       17049.8     0.00548530566397         

17049.85    0.00101095332202        17049.85    0.00549089093576         

17049.9     0.00103289339404        17049.9     0.00548940080447         

17049.95    0.00104903259996        17049.95    0.00547793032354         
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17050.0     0.00105961664388        17050.0     0.00545357454639         

17050.05    0.00106489122986        17050.05    0.00541440886276         

17050.1     0.001065102062          17050.1     0.00536243000756         

17050.15    0.00106049484438        17050.15    0.00530061505202         

17050.2     0.00105131528108        17050.2     0.00523194106737         

17050.25    0.00103780907617        17050.25    0.00515938512482         

17050.3     0.00102022193375        17050.3     0.00508592429561         

17050.35    0.0009987995579         17050.35    0.00501453565095         

17050.4     0.000973787652694       17050.4     0.00494819626206         

17050.45    0.00094543192222        17050.45    0.00488988320018         

17050.5     0.000913978070561       17050.5     0.00484257353652         

17050.55    0.000879671801797       17050.55    0.00480874176741         

17050.6     0.000842758820012       17050.6     0.00478885208955         

17050.65    0.000803484829285       17050.65    0.00478286612477         

17050.7     0.000762095533704       17050.7     0.00479074549487         

17050.75    0.000718836637349       17050.75    0.00481245182166         

17050.8     0.000673953844303       17050.8     0.00484794672696         

17050.85    0.000627692858647       17050.85    0.00489719183257         

17050.9     0.000580299384461       17050.9     0.00496014876032         

17050.95    0.000532019125834       17050.95    0.005036779132           

17051.0     0.000483097786845       17051.0     0.00512704456944         

17051.05    0.000433781071577       17051.05    0.00522996205485         

17051.1     0.000384314684112       17051.1     0.00534077001209         
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Summary of SCM
eqn S-OH CO3 UO2 H+ KD2 simulation kd

1 1 1 1 -1 Eqn Log K KD Atm pCO2 KD2% pCO2
Kd Ratio 

(Atm/2%)
2 1 2 1 -1 1 10.182 8,034               6                     1,281          

2 17.22 7,975               291                27                
3 23.755 7,909               14,783          1                   

eqn S-OH CO3 UO2 H+ 4 2.64                             7,976               0.14               56,620        
1 1 1 1 -1 5 -4.23 8,071               0.14               57,107        

1,2 10.15, 16.03 7,985               25                   321              
4,5 `-2.638,-4.23 8,071               0.14               57,107        

eqn S-OH CO3 UO2 H+ 4,5 4,9, -4.23 1,518,720       25.77             58,926        
2 1 2 1 -1 Experimentally determined

n/a n/a 7985 ± 1024 25 ± 1.8 319              

eqn S-OH CO3 UO2 H+
3 1 3 1 -1

eqn S-OH H20 UO2 H+
4 1  1 -1

eqn S-OH H20 UO2 H+
5 1 1 1 -2

eqn S-OH H20 UO2 H+
4 1  1 -1
5 1 1 1 -2

Atmospheric pCO2 Concentration (M)
U distribution among 
soluble uranium

Soluble non-calcium Uranyl carbonates 2.32E-09 0.25%
Calcium uranyl carbonates 9.32E-07 99.75%
Sorbed uranyl carbonates 1.39E-06 Ratio
Total soluble uranyl carbonates 9.34E-07 100.00%
Free uranyl ion 1.26E-11 Atmospheric PCO2 2% PCO2

Non-calcium uranyl carbonates 0.2% 0.4%
Calcium uranyl carbonates 99.8% 99.6%

2% PCO2 Concentration (M) U distribution among soluble uranium
Soluble non-calcium Uranyl carbonates 3.63E-09 0.39%
Calcium uranyl carbonates 9.32E-07 99.61%
Sorbed uranyl carbonates 4.65E-07
Total soluble uranyl carbonates 9.35E-07
Free uranyl ion 2.26E-14

System KD % sorbed
Atmospheric 7,984.50                         99%
2% PCO2 24.85                              33%

Soluble Species

U(VI) distribution among soluble uranium at 

SCM Data
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Reactions 1 and 2 at 2% PCO2 Sorbed 4.65E-07
Aquous 9.35E-07
ratio 0.50             
bacteria concentration (kg/L) 0.02
Kd L/kg 24.85           

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.341 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.629 2.35E-06
UO2+2               Total     2 1.40E-06 -13.647 2.26E-14
WOH                 Total     0 5.00E-05 -4.305 4.95E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribut
(UO2)2(OH)2+2       Dissolved 4.85E-20 -19.314 48.9 0 0 -5.62 0 0 0 2 0 -2 2 9.71E-20 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.92E-14 -13.717 0 0 0 -0.859 0 0 1 2 0 -3 3 3.84E-14 0.00%
(UO2)2(OH)+3        Dissolved 1.02E-23 -22.993 0 0 0 -2.7 0 0 0 2 0 -1 1 2.03E-23 0.00%
(UO2)3(CO3)6-6      Dissolved 1.92E-21 -20.716 -62.7 0 0 54 0 0 6 3 0 0 0 5.77E-21 0.00%
(UO2)3(OH)4+2       Dissolved 2.28E-26 -25.641 0 0 0 -11.9 0 0 0 3 0 -4 4 6.85E-26 0.00%
(UO2)3(OH)5+        Dissolved 2.76E-23 -22.559 123 0 0 -15.55 0 0 0 3 0 -5 5 8.29E-23 0.00%
(UO2)3(OH)7-        Dissolved 4.55E-26 -25.342 0 0 0 -32.2 0 0 0 3 0 -7 7 1.36E-25 0.00%
(UO2)4(OH)7+        Dissolved 1.11E-29 -28.956 0 0 0 -21.9 0 0 0 4 0 -7 7 4.42E-29 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 7.60E-07 -6.119 0 0 0 30.7 2 0 3 1 0 0 0 7.60E-07 54.25%
CaCO3(aq)           Dissolved 5.19E-06 -5.285 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.976 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 1.72E-07 -6.764 0 0 0 27.18 1 0 3 1 0 0 0 1.72E-07 12.29%
H2CO3*(aq)          Dissolved 4.47E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 1.48E-09 -8.83 18.5 0 0 16.61 0 0 2 1 0 0 0 1.48E-09 0.11%
UO2(CO3)3-4         Dissolved 2.02E-09 -8.695 -39.2 0 0 21.84 0 0 3 1 0 0 0 2.02E-09 0.14%
UO2(OH)2            Dissolved 6.35E-13 -12.197 0 0 0 -12.15 0 0 0 1 0 -2 2 6.35E-13 0.00%
UO2(OH)3-           Dissolved 5.04E-14 -13.297 0 0 0 -20.25 0 0 0 1 0 -3 3 5.04E-14 0.00%
UO2(OH)4-2          Dissolved 4.86E-19 -18.314 0 0 0 -32.4 0 0 0 1 0 -4 4 4.86E-19 0.00%
UO2(SO4)2-2         Dissolved 3.42E-15 -14.466 35.1 0 0 4.14 0 2 0 1 0 0 0 3.42E-15 0.00%
UO2CO3(aq)          Dissolved 1.35E-10 -9.87 5 0 0 9.94 0 0 1 1 0 0 0 1.35E-10 0.01%
UO2OH+              Dissolved 6.86E-13 -12.164 0.9 0 0 -5.25 0 0 0 1 0 -1 1 6.86E-13 0.00%
UO2(SO4)3-4         Dissolved 5.44E-18 -17.265 0 0 0 3.02 0 3 0 1 0 0 0 5.44E-18 0.00%
UO2SO4(aq)          Dissolved 5.71E-14 -13.244 19.5 0 0 3.15 0 1 0 1 0 0 0 5.71E-14 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2CO3            Dissolved 1.08E-07 -6.966 0 0 0 10.15 0 0 1 1 1 -1 0 1.08E-07 7.73%
WOUO2(CO3)2         Dissolved 3.57E-07 -6.448 0 0 0 16.03 0 0 2 1 1 -1 0 3.57E-07 25.47%

100.00%

SCM Data
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Reactions 1 and 2 at atmospheric PCO2 Sorbed 1.39E-06
Aquous 8.71E-09
ratio 159.69              
bacteria concentration (kg/L) 0.02
Kd L/kg 7,984.50            

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.06E-03
CO3-2               Total     -2 7.21E-05 -7.303 4.98E-08
UO2+2               Total     2 1.40E-06 -10.899 1.26E-11
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.55E-14 -13.809 48.9 0 0 -5.62 0 0 0 2 0 -2 2 3.11E-14 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.35E-10 -9.87 0 0 0 -0.859 0 0 1 2 0 -3 3 2.70E-10 0.02%
(UO2)2(OH)+3        Dissolved 3.17E-18 -17.499 0 0 0 -2.7 0 0 0 2 0 -1 1 6.34E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 3.05E-23 -22.516 -62.7 0 0 54 0 0 6 3 0 0 0 9.14E-23 0.00%
(UO2)3(OH)4+2       Dissolved 4.19E-18 -17.378 0 0 0 -11.9 0 0 0 3 0 -4 4 1.26E-17 0.00%
(UO2)3(OH)5+        Dissolved 5.16E-15 -14.288 123 0 0 -15.55 0 0 0 3 0 -5 5 1.55E-14 0.00%
(UO2)3(OH)7-        Dissolved 8.56E-18 -17.068 0 0 0 -32.2 0 0 0 3 0 -7 7 2.57E-17 0.00%
(UO2)4(OH)7+        Dissolved 1.18E-18 -17.927 0 0 0 -21.9 0 0 0 4 0 -7 7 4.73E-18 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 4.57E-09 -8.34 0 0 0 30.7 2 0 3 1 0 0 0 4.57E-09 0.33%
CaCO3(aq)           Dissolved 1.15E-07 -6.939 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.35E-06 -5.63 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 9.91E-10 -9.004 0 0 0 27.18 1 0 3 1 0 0 0 9.91E-10 0.07%
H2CO3*(aq)          Dissolved 9.73E-06 -5.012 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.84E-05 -4.234 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.85E-10 -9.415 18.5 0 0 16.61 0 0 2 1 0 0 0 3.85E-10 0.03%
UO2(CO3)3-4         Dissolved 1.08E-11 -10.968 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.08E-11 0.00%
UO2(OH)2            Dissolved 3.64E-10 -9.439 0 0 0 -12.15 0 0 0 1 0 -2 2 3.64E-10 0.03%
UO2(OH)3-           Dissolved 2.89E-11 -10.539 0 0 0 -20.25 0 0 0 1 0 -3 3 2.89E-11 0.00%
UO2(OH)4-2          Dissolved 2.76E-16 -15.559 0 0 0 -32.4 0 0 0 1 0 -4 4 2.76E-16 0.00%
UO2(SO4)2-2         Dissolved 1.93E-12 -11.714 35.1 0 0 4.14 0 2 0 1 0 0 0 1.93E-12 0.00%
UO2CO3(aq)          Dissolved 1.65E-09 -8.782 5 0 0 9.94 0 0 1 1 0 0 0 1.65E-09 0.12%
UO2OH+              Dissolved 3.90E-10 -9.409 0.9 0 0 -5.25 0 0 0 1 0 -1 1 3.90E-10 0.03%
UO2(SO4)3-4         Dissolved 2.94E-15 -14.531 0 0 0 3.02 0 3 0 1 0 0 0 2.94E-15 0.00%
UO2SO4(aq)          Dissolved 3.26E-11 -10.486 19.5 0 0 3.15 0 1 0 1 0 0 0 3.26E-11 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2CO3            Dissolved 1.30E-06 -5.885 0 0 0 10.15 0 0 1 1 1 -1 0 1.30E-06 92.93%
WOUO2(CO3)2         Dissolved 8.94E-08 -7.049 0 0 0 16.03 0 0 2 1 1 -1 0 8.94E-08 6.39%

99.94%

SCM Data
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Reaction 1 at atmospheric PCO2 Sorbed 1.39E-06
Aquous 8.66E-09
ratio 160.68               
bacteria concentration (kg/L) 0.02
Kd L/kg 8,033.99            

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.06E-03
CO3-2               Total     -2 7.21E-05 -7.302 4.98E-08
UO2+2               Total     2 1.40E-06 -10.903 1.25E-11
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.53E-14 -13.816 48.9 0 0 -5.62 0 0 0 2 0 -2 2 3.06E-14 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.33E-10 -9.877 0 0 0 -0.859 0 0 1 2 0 -3 3 2.65E-10 0.02%
(UO2)2(OH)+3        Dissolved 3.12E-18 -17.506 0 0 0 -2.7 0 0 0 2 0 -1 1 6.24E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 2.99E-23 -22.524 -62.7 0 0 54 0 0 6 3 0 0 0 8.98E-23 0.00%
(UO2)3(OH)4+2       Dissolved 4.09E-18 -17.389 0 0 0 -11.9 0 0 0 3 0 -4 4 1.23E-17 0.00%
(UO2)3(OH)5+        Dissolved 5.03E-15 -14.299 123 0 0 -15.55 0 0 0 3 0 -5 5 1.51E-14 0.00%
(UO2)3(OH)7-        Dissolved 8.34E-18 -17.079 0 0 0 -32.2 0 0 0 3 0 -7 7 2.50E-17 0.00%
(UO2)4(OH)7+        Dissolved 1.14E-18 -17.942 0 0 0 -21.9 0 0 0 4 0 -7 7 4.57E-18 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 4.55E-09 -8.342 0 0 0 30.7 2 0 3 1 0 0 0 4.55E-09 0.33%
CaCO3(aq)           Dissolved 1.15E-07 -6.938 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.35E-06 -5.629 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 9.86E-10 -9.006 0 0 0 27.18 1 0 3 1 0 0 0 9.86E-10 0.07%
H2CO3*(aq)          Dissolved 9.74E-06 -5.011 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.84E-05 -4.233 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.82E-10 -9.418 18.5 0 0 16.61 0 0 2 1 0 0 0 3.82E-10 0.03%
UO2(CO3)3-4         Dissolved 1.07E-11 -10.97 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.07E-11 0.00%
UO2(OH)2            Dissolved 3.61E-10 -9.443 0 0 0 -12.15 0 0 0 1 0 -2 2 3.61E-10 0.03%
UO2(OH)3-           Dissolved 2.87E-11 -10.543 0 0 0 -20.25 0 0 0 1 0 -3 3 2.87E-11 0.00%
UO2(OH)4-2          Dissolved 2.74E-16 -15.563 0 0 0 -32.4 0 0 0 1 0 -4 4 2.74E-16 0.00%
UO2(SO4)2-2         Dissolved 1.92E-12 -11.717 35.1 0 0 4.14 0 2 0 1 0 0 0 1.92E-12 0.00%
UO2CO3(aq)          Dissolved 1.64E-09 -8.785 5 0 0 9.94 0 0 1 1 0 0 0 1.64E-09 0.12%
UO2OH+              Dissolved 3.86E-10 -9.413 0.9 0 0 -5.25 0 0 0 1 0 -1 1 3.86E-10 0.03%
UO2(SO4)3-4         Dissolved 2.92E-15 -14.535 0 0 0 3.02 0 3 0 1 0 0 0 2.92E-15 0.00%
UO2SO4(aq)          Dissolved 3.24E-11 -10.49 19.5 0 0 3.15 0 1 0 1 0 0 0 3.24E-11 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2CO3            Dissolved 1.39E-06 -5.857 0 0 0 10.182 0 0 1 1 1 -1 0 1.39E-06 99.36%

0.00E+00 0.00%
99.97%

SCM Data

180



Reaction 1 at 2% PCO2 Sorbed 1.56E-07
Aquous 1.24E-06
ratio 0.13                  
bacteria concentration (kg/L) 0.02
Kd L/kg 6.27                  

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.341 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.63 2.35E-06
UO2+2               Total     2 1.40E-06 -13.522 3.00E-14
WOH                 Total     0 5.00E-05 -4.302 4.98E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 8.60E-20 -19.066 48.9 0 0 -5.62 0 0 0 2 0 -2 2 1.72E-19 0.00%
(UO2)2CO3(OH)3-     Dissolved 3.40E-14 -13.469 0 0 0 -0.859 0 0 1 2 0 -3 3 6.80E-14 0.00%
(UO2)2(OH)+3        Dissolved 1.80E-23 -22.745 0 0 0 -2.7 0 0 0 2 0 -1 1 3.60E-23 0.00%
(UO2)3(CO3)6-6      Dissolved 4.53E-21 -20.344 -62.7 0 0 54 0 0 6 3 0 0 0 1.36E-20 0.00%
(UO2)3(OH)4+2       Dissolved 5.38E-26 -25.269 0 0 0 -11.9 0 0 0 3 0 -4 4 1.61E-25 0.00%
(UO2)3(OH)5+        Dissolved 6.51E-23 -22.186 123 0 0 -15.55 0 0 0 3 0 -5 5 1.95E-22 0.00%
(UO2)3(OH)7-        Dissolved 1.07E-25 -24.97 0 0 0 -32.2 0 0 0 3 0 -7 7 3.22E-25 0.00%
(UO2)4(OH)7+        Dissolved 3.47E-29 -28.459 0 0 0 -21.9 0 0 0 4 0 -7 7 1.39E-28 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 1.01E-06 -5.996 0 0 0 30.7 2 0 3 1 0 0 0 1.01E-06 72.14%
CaCO3(aq)           Dissolved 5.19E-06 -5.285 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.976 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 2.29E-07 -6.64 0 0 0 27.18 1 0 3 1 0 0 0 2.29E-07 16.34%
H2CO3*(aq)          Dissolved 4.47E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 1.97E-09 -8.706 18.5 0 0 16.61 0 0 2 1 0 0 0 1.97E-09 0.14%
UO2(CO3)3-4         Dissolved 2.69E-09 -8.571 -39.2 0 0 21.84 0 0 3 1 0 0 0 2.69E-09 0.19%
UO2(OH)2            Dissolved 8.45E-13 -12.073 0 0 0 -12.15 0 0 0 1 0 -2 2 8.45E-13 0.00%
UO2(OH)3-           Dissolved 6.71E-14 -13.173 0 0 0 -20.25 0 0 0 1 0 -3 3 6.71E-14 0.00%
UO2(OH)4-2          Dissolved 6.46E-19 -18.19 0 0 0 -32.4 0 0 0 1 0 -4 4 6.46E-19 0.00%
UO2(SO4)2-2         Dissolved 4.55E-15 -14.342 35.1 0 0 4.14 0 2 0 1 0 0 0 4.55E-15 0.00%
UO2CO3(aq)          Dissolved 1.79E-10 -9.746 5 0 0 9.94 0 0 1 1 0 0 0 1.79E-10 0.01%
UO2OH+              Dissolved 9.13E-13 -12.04 0.9 0 0 -5.25 0 0 0 1 0 -1 1 9.13E-13 0.00%
UO2(SO4)3-4         Dissolved 7.24E-18 -17.14 0 0 0 3.02 0 3 0 1 0 0 0 7.24E-18 0.00%
UO2SO4(aq)          Dissolved 7.59E-14 -13.12 19.5 0 0 3.15 0 1 0 1 0 0 0 7.59E-14 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2CO3            Dissolved 1.56E-07 -6.807 0 0 0 10.182 0 0 1 1 1 -1 0 1.56E-07 11.14%

0.00E+00 0.00%
99.97%

SCM Data
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Reaction 2 at atmospheric PCO2 Sorbed 1.39E-06
Aquous 8.72E-09
ratio 159.49               
bacteria concentration (kg/L) 0.02
Kd L/kg 7,974.73            

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.06E-03
CO3-2               Total     -2 7.21E-05 -7.311 4.89E-08
UO2+2               Total     2 1.40E-06 -10.882 1.31E-11
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.69E-14 -13.773 48.9 0 0 -5.62 0 0 0 2 0 -2 2 3.37E-14 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.44E-10 -9.843 0 0 0 -0.859 0 0 1 2 0 -3 3 2.87E-10 0.02%
(UO2)2(OH)+3        Dissolved 3.44E-18 -17.463 0 0 0 -2.7 0 0 0 2 0 -1 1 6.89E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 3.09E-23 -22.51 -62.7 0 0 54 0 0 6 3 0 0 0 9.27E-23 0.00%
(UO2)3(OH)4+2       Dissolved 4.74E-18 -17.324 0 0 0 -11.9 0 0 0 3 0 -4 4 1.42E-17 0.00%
(UO2)3(OH)5+        Dissolved 5.83E-15 -14.234 123 0 0 -15.55 0 0 0 3 0 -5 5 1.75E-14 0.00%
(UO2)3(OH)7-        Dissolved 9.68E-18 -17.014 0 0 0 -32.2 0 0 0 3 0 -7 7 2.90E-17 0.00%
(UO2)4(OH)7+        Dissolved 1.39E-18 -17.856 0 0 0 -21.9 0 0 0 4 0 -7 7 5.57E-18 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 4.51E-09 -8.346 0 0 0 30.7 2 0 3 1 0 0 0 4.51E-09 0.32%
CaCO3(aq)           Dissolved 1.13E-07 -6.947 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.30E-06 -5.638 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 9.77E-10 -9.01 0 0 0 27.18 1 0 3 1 0 0 0 9.77E-10 0.07%
H2CO3*(aq)          Dissolved 9.55E-06 -5.02 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.73E-05 -4.242 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.86E-10 -9.413 18.5 0 0 16.61 0 0 2 1 0 0 0 3.86E-10 0.03%
UO2(CO3)3-4         Dissolved 1.06E-11 -10.974 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.06E-11 0.00%
UO2(OH)2            Dissolved 3.79E-10 -9.421 0 0 0 -12.15 0 0 0 1 0 -2 2 3.79E-10 0.03%
UO2(OH)3-           Dissolved 3.01E-11 -10.521 0 0 0 -20.25 0 0 0 1 0 -3 3 3.01E-11 0.00%
UO2(OH)4-2          Dissolved 2.87E-16 -15.541 0 0 0 -32.4 0 0 0 1 0 -4 4 2.87E-16 0.00%
UO2(SO4)2-2         Dissolved 2.01E-12 -11.696 35.1 0 0 4.14 0 2 0 1 0 0 0 2.01E-12 0.00%
UO2CO3(aq)          Dissolved 1.69E-09 -8.772 5 0 0 9.94 0 0 1 1 0 0 0 1.69E-09 0.12%
UO2OH+              Dissolved 4.06E-10 -9.391 0.9 0 0 -5.25 0 0 0 1 0 -1 1 4.06E-10 0.03%
UO2(SO4)3-4         Dissolved 3.07E-15 -14.513 0 0 0 3.02 0 3 0 1 0 0 0 3.07E-15 0.00%
UO2SO4(aq)          Dissolved 3.40E-11 -10.469 19.5 0 0 3.15 0 1 0 1 0 0 0 3.40E-11 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2(CO3)2         Dissolved 1.39E-06 -5.857 0 0 0 17.22 0 0 2 1 1 -1 0 1.39E-06 99.36%

0.00E+00 0.00%
99.98%

SCM Data
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Reaction 2 at 2% PCO2 Sorbed 1.19E-06
Aquous 2.05E-07
ratio 5.81                  
bacteria concentration (kg/L) 0.02
Kd L/kg 290.70               

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.34 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.629 2.35E-06
UO2+2               Total     2 1.40E-06 -14.305 4.95E-15
WOH                 Total     0 5.00E-05 -4.312 4.88E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 2.34E-21 -20.631 48.9 0 0 -5.62 0 0 0 2 0 -2 2 4.67E-21 0.00%
(UO2)2CO3(OH)3-     Dissolved 9.24E-16 -15.034 0 0 0 -0.859 0 0 1 2 0 -3 3 1.85E-15 0.00%
(UO2)2(OH)+3        Dissolved 4.89E-25 -24.31 0 0 0 -2.7 0 0 0 2 0 -1 1 9.79E-25 0.00%
(UO2)3(CO3)6-6      Dissolved 2.03E-23 -22.692 -62.7 0 0 54 0 0 6 3 0 0 0 6.10E-23 0.00%
(UO2)3(OH)4+2       Dissolved 2.41E-28 -27.618 0 0 0 -11.9 0 0 0 3 0 -4 4 7.24E-28 0.00%
(UO2)3(OH)5+        Dissolved 2.92E-25 -24.535 123 0 0 -15.55 0 0 0 3 0 -5 5 8.76E-25 0.00%
(UO2)3(OH)7-        Dissolved 4.80E-28 -27.318 0 0 0 -32.2 0 0 0 3 0 -7 7 1.44E-27 0.00%
(UO2)4(OH)7+        Dissolved 2.57E-32 -31.591 0 0 0 -21.9 0 0 0 4 0 -7 7 1.03E-31 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 1.67E-07 -6.778 0 0 0 30.7 2 0 3 1 0 0 0 1.67E-07 11.91%
CaCO3(aq)           Dissolved 5.20E-06 -5.284 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.975 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 3.78E-08 -7.423 0 0 0 27.18 1 0 3 1 0 0 0 3.78E-08 2.70%
H2CO3*(aq)          Dissolved 4.47E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.25E-10 -9.489 18.5 0 0 16.61 0 0 2 1 0 0 0 3.25E-10 0.02%
UO2(CO3)3-4         Dissolved 4.43E-10 -9.353 -39.2 0 0 21.84 0 0 3 1 0 0 0 4.43E-10 0.03%
UO2(OH)2            Dissolved 1.39E-13 -12.856 0 0 0 -12.15 0 0 0 1 0 -2 2 1.39E-13 0.00%
UO2(OH)3-           Dissolved 1.11E-14 -13.956 0 0 0 -20.25 0 0 0 1 0 -3 3 1.11E-14 0.00%
UO2(OH)4-2          Dissolved 1.07E-19 -18.973 0 0 0 -32.4 0 0 0 1 0 -4 4 1.07E-19 0.00%
UO2(SO4)2-2         Dissolved 7.50E-16 -15.125 35.1 0 0 4.14 0 2 0 1 0 0 0 7.50E-16 0.00%
UO2CO3(aq)          Dissolved 2.96E-11 -10.529 5 0 0 9.94 0 0 1 1 0 0 0 2.96E-11 0.00%
UO2OH+              Dissolved 1.51E-13 -12.823 0.9 0 0 -5.25 0 0 0 1 0 -1 1 1.51E-13 0.00%
UO2(SO4)3-4         Dissolved 1.19E-18 -17.923 0 0 0 3.02 0 3 0 1 0 0 0 1.19E-18 0.00%
UO2SO4(aq)          Dissolved 1.25E-14 -13.902 19.5 0 0 3.15 0 1 0 1 0 0 0 1.25E-14 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2(CO3)2         Dissolved 1.19E-06 -5.923 0 0 0 17.22 0 0 2 1 1 -1 0 1.19E-06 85.29%

0.00E+00 0.00%
99.95%

SCM Data
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Reaction 3 at atmospheric PCO2 Sorbed 1.39E-06
Aquous 8.79E-09
ratio 158.19               
bacteria concentration (kg/L) 0.02
Kd L/kg 7,909.48            

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.07E-03
CO3-2               Total     -2 7.21E-05 -7.32 4.79E-08
UO2+2               Total     2 1.40E-06 -10.859 1.38E-11
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.87E-14 -13.729 48.9 0 0 -5.62 0 0 0 2 0 -2 2 3.74E-14 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.56E-10 -9.807 0 0 0 -0.859 0 0 1 2 0 -3 3 3.12E-10 0.02%
(UO2)2(OH)+3        Dissolved 3.81E-18 -17.419 0 0 0 -2.7 0 0 0 2 0 -1 1 7.63E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 3.19E-23 -22.496 -62.7 0 0 54 0 0 6 3 0 0 0 9.58E-23 0.00%
(UO2)3(OH)4+2       Dissolved 5.52E-18 -17.258 0 0 0 -11.9 0 0 0 3 0 -4 4 1.66E-17 0.00%
(UO2)3(OH)5+        Dissolved 6.79E-15 -14.168 123 0 0 -15.55 0 0 0 3 0 -5 5 2.04E-14 0.00%
(UO2)3(OH)7-        Dissolved 1.13E-17 -16.948 0 0 0 -32.2 0 0 0 3 0 -7 7 3.38E-17 0.00%
(UO2)4(OH)7+        Dissolved 1.71E-18 -17.767 0 0 0 -21.9 0 0 0 4 0 -7 7 6.83E-18 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 4.46E-09 -8.35 0 0 0 30.7 2 0 3 1 0 0 0 4.46E-09 0.32%
CaCO3(aq)           Dissolved 1.11E-07 -6.956 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.26E-06 -5.647 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 9.67E-10 -9.014 0 0 0 27.18 1 0 3 1 0 0 0 9.67E-10 0.07%
H2CO3*(aq)          Dissolved 9.36E-06 -5.029 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.62E-05 -4.251 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.90E-10 -9.409 18.5 0 0 16.61 0 0 2 1 0 0 0 3.90E-10 0.03%
UO2(CO3)3-4         Dissolved 1.05E-11 -10.978 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.05E-11 0.00%
UO2(OH)2            Dissolved 3.99E-10 -9.399 0 0 0 -12.15 0 0 0 1 0 -2 2 3.99E-10 0.03%
UO2(OH)3-           Dissolved 3.17E-11 -10.499 0 0 0 -20.25 0 0 0 1 0 -3 3 3.17E-11 0.00%
UO2(OH)4-2          Dissolved 3.02E-16 -15.519 0 0 0 -32.4 0 0 0 1 0 -4 4 3.02E-16 0.00%
UO2(SO4)2-2         Dissolved 2.12E-12 -11.674 35.1 0 0 4.14 0 2 0 1 0 0 0 2.12E-12 0.00%
UO2CO3(aq)          Dissolved 1.74E-09 -8.759 5 0 0 9.94 0 0 1 1 0 0 0 1.74E-09 0.12%
UO2OH+              Dissolved 4.27E-10 -9.369 0.9 0 0 -5.25 0 0 0 1 0 -1 1 4.27E-10 0.03%
UO2(SO4)3-4         Dissolved 3.23E-15 -14.491 0 0 0 3.02 0 3 0 1 0 0 0 3.23E-15 0.00%
UO2SO4(aq)          Dissolved 3.58E-11 -10.447 19.5 0 0 3.15 0 1 0 1 0 0 0 3.58E-11 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2(CO3)3         Dissolved 1.39E-06 -5.857 0 0 0 23.755 0 0 3 1 1 -1 0 1.39E-06 99.36%

0.00E+00 0.00%
1.40E-06 99.98%

SCM Data
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Reaction 3 at 2% PCO2 Sorbed 1.40E-06
Aquous 4.72E-09
ratio 295.65               
bacteria concentration (kg/L) 0.02
Kd L/kg 14,782.73          

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.34 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.629 2.35E-06
UO2+2               Total     2 1.40E-06 -15.943 1.14E-16
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.24E-24 -23.908 48.9 0 0 -5.62 0 0 0 2 0 -2 2 2.47E-24 0.00%
(UO2)2CO3(OH)3-     Dissolved 4.89E-19 -18.311 0 0 0 -0.859 0 0 1 2 0 -3 3 9.78E-19 0.00%
(UO2)2(OH)+3        Dissolved 2.59E-28 -27.587 0 0 0 -2.7 0 0 0 2 0 -1 1 5.18E-28 0.00%
(UO2)3(CO3)6-6      Dissolved 2.47E-28 -27.607 -62.7 0 0 54 0 0 6 3 0 0 0 7.42E-28 0.00%
(UO2)3(OH)4+2       Dissolved 2.94E-33 -32.532 0 0 0 -11.9 0 0 0 3 0 -4 4 8.81E-33 0.00%
(UO2)3(OH)5+        Dissolved 3.55E-30 -29.45 123 0 0 -15.55 0 0 0 3 0 -5 5 1.07E-29 0.00%
(UO2)3(OH)7-        Dissolved 5.85E-33 -32.233 0 0 0 -32.2 0 0 0 3 0 -7 7 1.75E-32 0.00%
(UO2)4(OH)7+        Dissolved 7.18E-39 -38.144 0 0 0 -21.9 0 0 0 4 0 -7 7 2.87E-38 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 3.83E-09 -8.417 0 0 0 30.7 2 0 3 1 0 0 0 3.83E-09 0.27%
CaCO3(aq)           Dissolved 5.19E-06 -5.285 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.976 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 8.68E-10 -9.061 0 0 0 27.18 1 0 3 1 0 0 0 8.68E-10 0.06%
H2CO3*(aq)          Dissolved 4.47E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 7.47E-12 -11.127 18.5 0 0 16.61 0 0 2 1 0 0 0 7.47E-12 0.00%
UO2(CO3)3-4         Dissolved 1.02E-11 -10.992 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.02E-11 0.00%
UO2(OH)2            Dissolved 3.20E-15 -14.494 0 0 0 -12.15 0 0 0 1 0 -2 2 3.20E-15 0.00%
UO2(OH)3-           Dissolved 2.54E-16 -15.594 0 0 0 -20.25 0 0 0 1 0 -3 3 2.54E-16 0.00%
UO2(OH)4-2          Dissolved 2.45E-21 -20.611 0 0 0 -32.4 0 0 0 1 0 -4 4 2.45E-21 0.00%
UO2(SO4)2-2         Dissolved 1.72E-17 -16.763 35.1 0 0 4.14 0 2 0 1 0 0 0 1.72E-17 0.00%
UO2CO3(aq)          Dissolved 6.80E-13 -12.168 5 0 0 9.94 0 0 1 1 0 0 0 6.80E-13 0.00%
UO2OH+              Dissolved 3.46E-15 -14.461 0.9 0 0 -5.25 0 0 0 1 0 -1 1 3.46E-15 0.00%
UO2(SO4)3-4         Dissolved 2.75E-20 -19.561 0 0 0 3.02 0 3 0 1 0 0 0 2.75E-20 0.00%
UO2SO4(aq)          Dissolved 2.88E-16 -15.541 19.5 0 0 3.15 0 1 0 1 0 0 0 2.88E-16 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2(CO3)3         Dissolved 1.40E-06 -5.855 0 0 0 23.755 0 0 3 1 1 -1 0 1.40E-06 99.64%

0.00E+00 0.00%
1.40E-06 99.98%

SCM Data
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Reaction 4 at atmospheric PCO2 Sorbed 1.39E-06
Aquous 8.72E-09
ratio 159.52               
bacteria concentration (kg/L) 0.02
Kd L/kg 7,976.20            

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.06E-03
CO3-2               Total     -2 7.21E-05 -7.294 5.08E-08
UO2+2               Total     2 1.40E-06 -10.918 1.21E-11
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.42E-14 -13.847 48.9 0 0 -5.62 0 0 0 2 0 -2 2 2.85E-14 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.26E-10 -9.899 0 0 0 -0.859 0 0 1 2 0 -3 3 2.52E-10 0.02%
(UO2)2(OH)+3        Dissolved 2.91E-18 -17.537 0 0 0 -2.7 0 0 0 2 0 -1 1 5.81E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 3.03E-23 -22.519 -62.7 0 0 54 0 0 6 3 0 0 0 9.08E-23 0.00%
(UO2)3(OH)4+2       Dissolved 3.67E-18 -17.435 0 0 0 -11.9 0 0 0 3 0 -4 4 1.10E-17 0.00%
(UO2)3(OH)5+        Dissolved 4.52E-15 -14.345 123 0 0 -15.55 0 0 0 3 0 -5 5 1.36E-14 0.00%
(UO2)3(OH)7-        Dissolved 7.50E-18 -17.125 0 0 0 -32.2 0 0 0 3 0 -7 7 2.25E-17 0.00%
(UO2)4(OH)7+        Dissolved 9.93E-19 -18.003 0 0 0 -21.9 0 0 0 4 0 -7 7 3.97E-18 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 4.66E-09 -8.332 0 0 0 30.7 2 0 3 1 0 0 0 4.66E-09 0.33%
CaCO3(aq)           Dissolved 1.18E-07 -6.93 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.39E-06 -5.621 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 1.01E-09 -8.996 0 0 0 27.18 1 0 3 1 0 0 0 1.01E-09 0.07%
H2CO3*(aq)          Dissolved 9.94E-06 -5.003 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.96E-05 -4.225 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.84E-10 -9.416 18.5 0 0 16.61 0 0 2 1 0 0 0 3.84E-10 0.03%
UO2(CO3)3-4         Dissolved 1.10E-11 -10.96 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.10E-11 0.00%
UO2(OH)2            Dissolved 3.48E-10 -9.458 0 0 0 -12.15 0 0 0 1 0 -2 2 3.48E-10 0.02%
UO2(OH)3-           Dissolved 2.77E-11 -10.558 0 0 0 -20.25 0 0 0 1 0 -3 3 2.77E-11 0.00%
UO2(OH)4-2          Dissolved 2.64E-16 -15.578 0 0 0 -32.4 0 0 0 1 0 -4 4 2.64E-16 0.00%
UO2(SO4)2-2         Dissolved 1.85E-12 -11.733 35.1 0 0 4.14 0 2 0 1 0 0 0 1.85E-12 0.00%
UO2CO3(aq)          Dissolved 1.61E-09 -8.792 5 0 0 9.94 0 0 1 1 0 0 0 1.61E-09 0.12%
UO2OH+              Dissolved 3.73E-10 -9.428 0.9 0 0 -5.25 0 0 0 1 0 -1 1 3.73E-10 0.03%
UO2(SO4)3-4         Dissolved 2.82E-15 -14.55 0 0 0 3.02 0 3 0 1 0 0 0 2.82E-15 0.00%
UO2SO4(aq)          Dissolved 3.12E-11 -10.505 19.5 0 0 3.15 0 1 0 1 0 0 0 3.12E-11 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOU2                Dissolved 1.39E-06 -5.857 0 0 0 2.635 0 0 0 1 1 -1 0 1.39E-06 99.36%

0.00E+00 0.00%
99.98%

SCM Data
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Reaction 4 at 2% PCO2 Sorbed 3.93E-09
Aquous 1.40E-06
ratio 0.00         
bacteria concentration (kg/L) 0.02
Kd L/kg 0.14         

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.341 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.63 2.35E-06
UO2+2               Total     2 1.40E-06 -13.472 3.37E-14
WOH                 Total     0 5.00E-05 -4.301 5.00E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distrib
(UO2)2(OH)2+2       Dissolved 1.08E-19 -18.965 48.9 0 0 -5.62 0 0 0 2 0 -2 2 2.17E-19 0.00%
(UO2)2CO3(OH)3-     Dissolved 4.28E-14 -13.368 0 0 0 -0.859 0 0 1 2 0 -3 3 8.57E-14 0.00%
(UO2)2(OH)+3        Dissolved 2.27E-23 -22.644 0 0 0 -2.7 0 0 0 2 0 -1 1 4.54E-23 0.00%
(UO2)3(CO3)6-6      Dissolved 6.40E-21 -20.194 -62.7 0 0 54 0 0 6 3 0 0 0 1.92E-20 0.00%
(UO2)3(OH)4+2       Dissolved 7.62E-26 -25.118 0 0 0 -11.9 0 0 0 3 0 -4 4 2.29E-25 0.00%
(UO2)3(OH)5+        Dissolved 9.22E-23 -22.035 123 0 0 -15.55 0 0 0 3 0 -5 5 2.76E-22 0.00%
(UO2)3(OH)7-        Dissolved 1.52E-25 -24.819 0 0 0 -32.2 0 0 0 3 0 -7 7 4.55E-25 0.00%
(UO2)4(OH)7+        Dissolved 5.52E-29 -28.258 0 0 0 -21.9 0 0 0 4 0 -7 7 2.21E-28 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 1.13E-06 -5.945 0 0 0 30.7 2 0 3 1 0 0 0 1.13E-06 80.93%
CaCO3(aq)           Dissolved 5.19E-06 -5.285 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.976 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 2.57E-07 -6.59 0 0 0 27.18 1 0 3 1 0 0 0 2.57E-07 18.34%
H2CO3*(aq)          Dissolved 4.47E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 2.21E-09 -8.656 18.5 0 0 16.61 0 0 2 1 0 0 0 2.21E-09 0.16%
UO2(CO3)3-4         Dissolved 3.01E-09 -8.521 -39.2 0 0 21.84 0 0 3 1 0 0 0 3.01E-09 0.22%
UO2(OH)2            Dissolved 9.48E-13 -12.023 0 0 0 -12.15 0 0 0 1 0 -2 2 9.48E-13 0.00%
UO2(OH)3-           Dissolved 7.53E-14 -13.123 0 0 0 -20.25 0 0 0 1 0 -3 3 7.53E-14 0.00%
UO2(OH)4-2          Dissolved 7.25E-19 -18.139 0 0 0 -32.4 0 0 0 1 0 -4 4 7.25E-19 0.00%
UO2(SO4)2-2         Dissolved 5.11E-15 -14.292 35.1 0 0 4.14 0 2 0 1 0 0 0 5.11E-15 0.00%
UO2CO3(aq)          Dissolved 2.01E-10 -9.696 5 0 0 9.94 0 0 1 1 0 0 0 2.01E-10 0.01%
UO2OH+              Dissolved 1.02E-12 -11.989 0.9 0 0 -5.25 0 0 0 1 0 -1 1 1.02E-12 0.00%
UO2(SO4)3-4         Dissolved 8.13E-18 -17.09 0 0 0 3.02 0 3 0 1 0 0 0 8.13E-18 0.00%
UO2SO4(aq)          Dissolved 8.53E-14 -13.069 19.5 0 0 3.15 0 1 0 1 0 0 0 8.53E-14 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOU2                Dissolved 3.93E-09 -8.405 0 0 0 2.635 0 0 0 1 1 -1 0 3.93E-09 0.28%

0.00E+00 0.00%
99.94%

SCM Data
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Reaction 5 at atmospheric PCO2 Sorbed 1.39E-06
Aquous 8.62E-09
ratio 161.43                
bacteria concentration (kg/L) 0.02
Kd L/kg 8,071.41             

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.06E-03
CO3-2               Total     -2 7.21E-05 -7.294 5.08E-08
UO2+2               Total     2 1.40E-06 -10.923 1.19E-11
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.39E-14 -13.857 48.9 0 0 -5.62 0 0 0 2 0 -2 2 2.78E-14 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.23E-10 -9.909 0 0 0 -0.859 0 0 1 2 0 -3 3 2.46E-10 0.02%
(UO2)2(OH)+3        Dissolved 2.84E-18 -17.547 0 0 0 -2.7 0 0 0 2 0 -1 1 5.68E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 2.92E-23 -22.534 -62.7 0 0 54 0 0 6 3 0 0 0 8.77E-23 0.00%
(UO2)3(OH)4+2       Dissolved 3.55E-18 -17.45 0 0 0 -11.9 0 0 0 3 0 -4 4 1.06E-17 0.00%
(UO2)3(OH)5+        Dissolved 4.37E-15 -14.36 123 0 0 -15.55 0 0 0 3 0 -5 5 1.31E-14 0.00%
(UO2)3(OH)7-        Dissolved 7.25E-18 -17.14 0 0 0 -32.2 0 0 0 3 0 -7 7 2.17E-17 0.00%
(UO2)4(OH)7+        Dissolved 9.48E-19 -18.023 0 0 0 -21.9 0 0 0 4 0 -7 7 3.79E-18 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 4.60E-09 -8.337 0 0 0 30.7 2 0 3 1 0 0 0 4.60E-09 0.33%
CaCO3(aq)           Dissolved 1.18E-07 -6.93 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.39E-06 -5.621 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 9.98E-10 -9.001 0 0 0 27.18 1 0 3 1 0 0 0 9.98E-10 0.07%
H2CO3*(aq)          Dissolved 9.94E-06 -5.003 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.96E-05 -4.225 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.79E-10 -9.421 18.5 0 0 16.61 0 0 2 1 0 0 0 3.79E-10 0.03%
UO2(CO3)3-4         Dissolved 1.08E-11 -10.965 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.08E-11 0.00%
UO2(OH)2            Dissolved 3.44E-10 -9.463 0 0 0 -12.15 0 0 0 1 0 -2 2 3.44E-10 0.02%
UO2(OH)3-           Dissolved 2.73E-11 -10.563 0 0 0 -20.25 0 0 0 1 0 -3 3 2.73E-11 0.00%
UO2(OH)4-2          Dissolved 2.61E-16 -15.583 0 0 0 -32.4 0 0 0 1 0 -4 4 2.61E-16 0.00%
UO2(SO4)2-2         Dissolved 1.83E-12 -11.738 35.1 0 0 4.14 0 2 0 1 0 0 0 1.83E-12 0.00%
UO2CO3(aq)          Dissolved 1.60E-09 -8.797 5 0 0 9.94 0 0 1 1 0 0 0 1.60E-09 0.11%
UO2OH+              Dissolved 3.69E-10 -9.433 0.9 0 0 -5.25 0 0 0 1 0 -1 1 3.69E-10 0.03%
UO2(SO4)3-4         Dissolved 2.79E-15 -14.555 0 0 0 3.02 0 3 0 1 0 0 0 2.79E-15 0.00%
UO2SO4(aq)          Dissolved 3.09E-11 -10.51 19.5 0 0 3.15 0 1 0 1 0 0 0 3.09E-11 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUOOH              Dissolved 1.39E-06 -5.857 0 0 0 -4.23 0 0 0 1 1 -2 1 1.39E-06 99.36%

99.97%

SCM Data
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Reaction 5at 2% PCO2 Sorbed 3.94E-09
Aquous 1.40E-06
ratio 0.00                    
bacteria concentration (kg/L) 0.02
Kd L/kg 0.14                    

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.341 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.63 2.35E-06
UO2+2               Total     2 1.40E-06 -13.472 3.37E-14
WOH                 Total     0 5.00E-05 -4.301 5.00E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.08E-19 -18.965 48.9 0 0 -5.62 0 0 0 2 0 -2 2 2.17E-19 0.00%
(UO2)2CO3(OH)3-     Dissolved 4.28E-14 -13.368 0 0 0 -0.859 0 0 1 2 0 -3 3 8.57E-14 0.00%
(UO2)2(OH)+3        Dissolved 2.27E-23 -22.644 0 0 0 -2.7 0 0 0 2 0 -1 1 4.54E-23 0.00%
(UO2)3(CO3)6-6      Dissolved 6.40E-21 -20.194 -62.7 0 0 54 0 0 6 3 0 0 0 1.92E-20 0.00%
(UO2)3(OH)4+2       Dissolved 7.62E-26 -25.118 0 0 0 -11.9 0 0 0 3 0 -4 4 2.29E-25 0.00%
(UO2)3(OH)5+        Dissolved 9.22E-23 -22.035 123 0 0 -15.55 0 0 0 3 0 -5 5 2.76E-22 0.00%
(UO2)3(OH)7-        Dissolved 1.52E-25 -24.819 0 0 0 -32.2 0 0 0 3 0 -7 7 4.55E-25 0.00%
(UO2)4(OH)7+        Dissolved 5.52E-29 -28.258 0 0 0 -21.9 0 0 0 4 0 -7 7 2.21E-28 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 1.13E-06 -5.945 0 0 0 30.7 2 0 3 1 0 0 0 1.13E-06 80.93%
CaCO3(aq)           Dissolved 5.19E-06 -5.285 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.976 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 2.57E-07 -6.59 0 0 0 27.18 1 0 3 1 0 0 0 2.57E-07 18.34%
H2CO3*(aq)          Dissolved 4.47E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 2.21E-09 -8.656 18.5 0 0 16.61 0 0 2 1 0 0 0 2.21E-09 0.16%
UO2(CO3)3-4         Dissolved 3.01E-09 -8.521 -39.2 0 0 21.84 0 0 3 1 0 0 0 3.01E-09 0.22%
UO2(OH)2            Dissolved 9.48E-13 -12.023 0 0 0 -12.15 0 0 0 1 0 -2 2 9.48E-13 0.00%
UO2(OH)3-           Dissolved 7.53E-14 -13.123 0 0 0 -20.25 0 0 0 1 0 -3 3 7.53E-14 0.00%
UO2(OH)4-2          Dissolved 7.25E-19 -18.139 0 0 0 -32.4 0 0 0 1 0 -4 4 7.25E-19 0.00%
UO2(SO4)2-2         Dissolved 5.11E-15 -14.292 35.1 0 0 4.14 0 2 0 1 0 0 0 5.11E-15 0.00%
UO2CO3(aq)          Dissolved 2.01E-10 -9.696 5 0 0 9.94 0 0 1 1 0 0 0 2.01E-10 0.01%
UO2OH+              Dissolved 1.02E-12 -11.989 0.9 0 0 -5.25 0 0 0 1 0 -1 1 1.02E-12 0.00%
UO2(SO4)3-4         Dissolved 8.13E-18 -17.09 0 0 0 3.02 0 3 0 1 0 0 0 8.13E-18 0.00%
UO2SO4(aq)          Dissolved 8.53E-14 -13.069 19.5 0 0 3.15 0 1 0 1 0 0 0 8.53E-14 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUOOH              Dissolved 3.94E-09 -8.404 0 0 0 -4.23 0 0 0 1 1 -2 1 3.94E-09 0.28%

0.00E+00 0.00%
99.94%

SCM Data
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Reactions 4 and 5 at atmospheric PCO2 Sorbed 1.39E-06

Aquous 8.62E-09
ratio 161.43                
bacteria concentration (kg/L) 0.02
Kd L/kg 8071.45

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.06E-03
CO3-2               Total     -2 7.21E-05 -7.294 5.08E-08
UO2+2               Total     2 1.40E-06 -10.923 1.19E-11
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.39E-14 -13.857 48.9 0 0 -5.62 0 0 0 2 0 -2 2 2.78E-14 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.23E-10 -9.909 0 0 0 -0.859 0 0 1 2 0 -3 3 2.46E-10 0.02%
(UO2)2(OH)+3        Dissolved 2.84E-18 -17.547 0 0 0 -2.7 0 0 0 2 0 -1 1 5.68E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 2.92E-23 -22.534 -62.7 0 0 54 0 0 6 3 0 0 0 8.77E-23 0.00%
(UO2)3(OH)4+2       Dissolved 3.55E-18 -17.45 0 0 0 -11.9 0 0 0 3 0 -4 4 1.06E-17 0.00%
(UO2)3(OH)5+        Dissolved 4.37E-15 -14.36 123 0 0 -15.55 0 0 0 3 0 -5 5 1.31E-14 0.00%
(UO2)3(OH)7-        Dissolved 7.25E-18 -17.14 0 0 0 -32.2 0 0 0 3 0 -7 7 2.17E-17 0.00%
(UO2)4(OH)7+        Dissolved 9.48E-19 -18.023 0 0 0 -21.9 0 0 0 4 0 -7 7 3.79E-18 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 4.60E-09 -8.337 0 0 0 30.7 2 0 3 1 0 0 0 4.60E-09 0.33%
CaCO3(aq)           Dissolved 1.18E-07 -6.93 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.39E-06 -5.621 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 9.98E-10 -9.001 0 0 0 27.18 1 0 3 1 0 0 0 9.98E-10 0.07%
H2CO3*(aq)          Dissolved 9.94E-06 -5.003 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.96E-05 -4.225 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 3.79E-10 -9.421 18.5 0 0 16.61 0 0 2 1 0 0 0 3.79E-10 0.03%
UO2(CO3)3-4         Dissolved 1.08E-11 -10.965 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.08E-11 0.00%
UO2(OH)2            Dissolved 3.44E-10 -9.463 0 0 0 -12.15 0 0 0 1 0 -2 2 3.44E-10 0.02%
UO2(OH)3-           Dissolved 2.73E-11 -10.563 0 0 0 -20.25 0 0 0 1 0 -3 3 2.73E-11 0.00%
UO2(OH)4-2          Dissolved 2.61E-16 -15.583 0 0 0 -32.4 0 0 0 1 0 -4 4 2.61E-16 0.00%
UO2(SO4)2-2         Dissolved 1.83E-12 -11.738 35.1 0 0 4.14 0 2 0 1 0 0 0 1.83E-12 0.00%
UO2CO3(aq)          Dissolved 1.60E-09 -8.797 5 0 0 9.94 0 0 1 1 0 0 0 1.60E-09 0.11%
UO2OH+              Dissolved 3.69E-10 -9.433 0.9 0 0 -5.25 0 0 0 1 0 -1 1 3.69E-10 0.03%
UO2(SO4)3-4         Dissolved 2.79E-15 -14.555 0 0 0 3.02 0 3 0 1 0 0 0 2.79E-15 0.00%
UO2SO4(aq)          Dissolved 3.09E-11 -10.51 19.5 0 0 3.15 0 1 0 1 0 0 0 3.09E-11 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUOOH              Dissolved 1.39E-06 -5.857 0 0 0 -4.23 0 0 0 1 1 -2 1 1.39E-06 99.36%
WOU2                Dissolved 7.34E-12 -11.134 0 0 0 -2.638 0 0 0 1 1 -1 0 7.34E-12 0.00%

1.40E-06 99.97%

SCM Data
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Reactions 4 and 5 at 2% PCO2 Sorbed 3.94E-09

Aquous 1.40E-06
ratio 0.00                    
bacteria concentration (kg/L) 0.02
Kd L/kg 0.14

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.341 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.63 2.35E-06
UO2+2               Total     2 1.40E-06 -13.472 3.37E-14
WOH                 Total     0 5.00E-05 -4.301 5.00E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 1.08E-19 -18.965 48.9 0 0 -5.62 0 0 0 2 0 -2 2 2.17E-19 0.00%
(UO2)2CO3(OH)3-     Dissolved 4.28E-14 -13.368 0 0 0 -0.859 0 0 1 2 0 -3 3 8.57E-14 0.00%
(UO2)2(OH)+3        Dissolved 2.27E-23 -22.644 0 0 0 -2.7 0 0 0 2 0 -1 1 4.54E-23 0.00%
(UO2)3(CO3)6-6      Dissolved 6.40E-21 -20.194 -62.7 0 0 54 0 0 6 3 0 0 0 1.92E-20 0.00%
(UO2)3(OH)4+2       Dissolved 7.62E-26 -25.118 0 0 0 -11.9 0 0 0 3 0 -4 4 2.29E-25 0.00%
(UO2)3(OH)5+        Dissolved 9.22E-23 -22.035 123 0 0 -15.55 0 0 0 3 0 -5 5 2.76E-22 0.00%
(UO2)3(OH)7-        Dissolved 1.52E-25 -24.819 0 0 0 -32.2 0 0 0 3 0 -7 7 4.55E-25 0.00%
(UO2)4(OH)7+        Dissolved 5.52E-29 -28.258 0 0 0 -21.9 0 0 0 4 0 -7 7 2.21E-28 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 1.13E-06 -5.945 0 0 0 30.7 2 0 3 1 0 0 0 1.13E-06 80.93%
CaCO3(aq)           Dissolved 5.19E-06 -5.285 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.976 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 2.57E-07 -6.59 0 0 0 27.18 1 0 3 1 0 0 0 2.57E-07 18.34%
H2CO3*(aq)          Dissolved 4.47E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 2.21E-09 -8.656 18.5 0 0 16.61 0 0 2 1 0 0 0 2.21E-09 0.16%
UO2(CO3)3-4         Dissolved 3.01E-09 -8.521 -39.2 0 0 21.84 0 0 3 1 0 0 0 3.01E-09 0.22%
UO2(OH)2            Dissolved 9.48E-13 -12.023 0 0 0 -12.15 0 0 0 1 0 -2 2 9.48E-13 0.00%
UO2(OH)3-           Dissolved 7.53E-14 -13.123 0 0 0 -20.25 0 0 0 1 0 -3 3 7.53E-14 0.00%
UO2(OH)4-2          Dissolved 7.25E-19 -18.139 0 0 0 -32.4 0 0 0 1 0 -4 4 7.25E-19 0.00%
UO2(SO4)2-2         Dissolved 5.11E-15 -14.292 35.1 0 0 4.14 0 2 0 1 0 0 0 5.11E-15 0.00%
UO2CO3(aq)          Dissolved 2.01E-10 -9.696 5 0 0 9.94 0 0 1 1 0 0 0 2.01E-10 0.01%
UO2OH+              Dissolved 1.02E-12 -11.989 0.9 0 0 -5.25 0 0 0 1 0 -1 1 1.02E-12 0.00%
UO2(SO4)3-4         Dissolved 8.13E-18 -17.09 0 0 0 3.02 0 3 0 1 0 0 0 8.13E-18 0.00%
UO2SO4(aq)          Dissolved 8.53E-14 -13.069 19.5 0 0 3.15 0 1 0 1 0 0 0 8.53E-14 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUOOH              Dissolved 3.94E-09 -8.404 0 0 0 -4.23 0 0 0 1 1 -2 1 3.94E-09 0.28%
WOU2                Dissolved 2.10E-14 -13.678 0 0 0 -2.638 0 0 0 1 1 -1 0 2.10E-14 0.00%

1.40E-06 99.94%

SCM Data
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Sorbed 4.76E-07

Aquous 9.24E-07
ratio 0.52                    
bacteria concentration (kg/L) 0.02
Kd L/kg 25.77

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.023 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.341 4.57E-03
SO4-2               Total     -2 8.00E-03 -2.213 6.13E-03
CO3-2               Total     -2 3.27E-03 -5.629 2.35E-06
UO2+2               Total     2 1.40E-06 -13.652 2.23E-14
WOH                 Total     0 5.00E-05 -4.305 4.95E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 4.73E-20 -19.325 48.9 0 0 -5.62 0 0 0 2 0 -2 2 9.46E-20 0.00%
(UO2)2CO3(OH)3-     Dissolved 1.87E-14 -13.728 0 0 0 -0.859 0 0 1 2 0 -3 3 3.74E-14 0.00%
(UO2)2(OH)+3        Dissolved 9.90E-24 -23.004 0 0 0 -2.7 0 0 0 2 0 -1 1 1.98E-23 0.00%
(UO2)3(CO3)6-6      Dissolved 1.85E-21 -20.733 -62.7 0 0 54 0 0 6 3 0 0 0 5.55E-21 0.00%
(UO2)3(OH)4+2       Dissolved 2.20E-26 -25.658 0 0 0 -11.9 0 0 0 3 0 -4 4 6.59E-26 0.00%
(UO2)3(OH)5+        Dissolved 2.66E-23 -22.575 123 0 0 -15.55 0 0 0 3 0 -5 5 7.97E-23 0.00%
(UO2)3(OH)7-        Dissolved 4.38E-26 -25.359 0 0 0 -32.2 0 0 0 3 0 -7 7 1.31E-25 0.00%
(UO2)4(OH)7+        Dissolved 1.05E-29 -28.978 0 0 0 -21.9 0 0 0 4 0 -7 7 4.20E-29 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 7.50E-07 -6.125 0 0 0 30.7 2 0 3 1 0 0 0 7.50E-07 53.59%
CaCO3(aq)           Dissolved 5.20E-06 -5.284 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 1.06E-04 -3.975 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 4.96E-09 -8.305 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.87E-03 -2.728 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 1.70E-07 -6.77 0 0 0 27.18 1 0 3 1 0 0 0 1.70E-07 12.14%
H2CO3*(aq)          Dissolved 4.48E-04 -3.349 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 2.71E-03 -2.568 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.24E-08 -7.49 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 1.46E-09 -8.835 18.5 0 0 16.61 0 0 2 1 0 0 0 1.46E-09 0.10%
UO2(CO3)3-4         Dissolved 1.99E-09 -8.7 -39.2 0 0 21.84 0 0 3 1 0 0 0 1.99E-09 0.14%
UO2(OH)2            Dissolved 6.27E-13 -12.203 0 0 0 -12.15 0 0 0 1 0 -2 2 6.27E-13 0.00%
UO2(OH)3-           Dissolved 4.98E-14 -13.303 0 0 0 -20.25 0 0 0 1 0 -3 3 4.98E-14 0.00%
UO2(OH)4-2          Dissolved 4.79E-19 -18.319 0 0 0 -32.4 0 0 0 1 0 -4 4 4.79E-19 0.00%
UO2(SO4)2-2         Dissolved 3.37E-15 -14.472 35.1 0 0 4.14 0 2 0 1 0 0 0 3.37E-15 0.00%
UO2CO3(aq)          Dissolved 1.33E-10 -9.876 5 0 0 9.94 0 0 1 1 0 0 0 1.33E-10 0.01%
UO2OH+              Dissolved 6.77E-13 -12.169 0.9 0 0 -5.25 0 0 0 1 0 -1 1 6.77E-13 0.00%
UO2(SO4)3-4         Dissolved 5.37E-18 -17.27 0 0 0 3.02 0 3 0 1 0 0 0 5.37E-18 0.00%
UO2SO4(aq)          Dissolved 5.63E-14 -13.249 19.5 0 0 3.15 0 1 0 1 0 0 0 5.63E-14 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUOOH              Dissolved 2.58E-09 -8.588 0 0 0 -4.23 0 0 0 1 1 -2 1 2.58E-09 0.18%
WOU2                Dissolved 4.74E-07 -6.325 0 0 0 4.9 0 0 0 1 1 -1 0 4.74E-07 33.83%

1.40E-06 100.00%

Reactions 4 and 5 at 2% PCO2 fixing Log K again to match experimental conditions
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Sorbed 1.40E-06

Aquous 4.61E-11
ratio 30,374.41           
bacteria concentration (kg/L) 0.02
Kd L/kg 1518720.42

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.021 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.336 4.61E-03
SO4-2               Total     -2 8.00E-03 -2.217 6.06E-03
CO3-2               Total     -2 7.21E-05 -7.294 5.08E-08
UO2+2               Total     2 1.40E-06 -13.183 6.56E-14
WOH                 Total     0 5.00E-05 -4.313 4.86E-05
H+                  Free      1 0.00E+00 -7 1.00E-07
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 4.21E-19 -18.376 48.9 0 0 -5.62 0 0 0 2 0 -2 2 8.42E-19 0.00%
(UO2)2CO3(OH)3-     Dissolved 3.73E-15 -14.428 0 0 0 -0.859 0 0 1 2 0 -3 3 7.46E-15 0.00%
(UO2)2(OH)+3        Dissolved 8.59E-23 -22.066 0 0 0 -2.7 0 0 0 2 0 -1 1 1.72E-22 0.00%
(UO2)3(CO3)6-6      Dissolved 4.87E-30 -29.312 -62.7 0 0 54 0 0 6 3 0 0 0 1.46E-29 0.00%
(UO2)3(OH)4+2       Dissolved 5.91E-25 -24.229 0 0 0 -11.9 0 0 0 3 0 -4 4 1.77E-24 0.00%
(UO2)3(OH)5+        Dissolved 7.27E-22 -21.139 123 0 0 -15.55 0 0 0 3 0 -5 5 2.18E-21 0.00%
(UO2)3(OH)7-        Dissolved 1.21E-24 -23.919 0 0 0 -32.2 0 0 0 3 0 -7 7 3.62E-24 0.00%
(UO2)4(OH)7+        Dissolved 8.68E-28 -27.061 0 0 0 -21.9 0 0 0 4 0 -7 7 3.47E-27 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 2.53E-11 -10.596 0 0 0 30.7 2 0 3 1 0 0 0 2.53E-11 0.00%
CaCO3(aq)           Dissolved 1.18E-07 -6.93 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 2.40E-06 -5.621 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.09E-09 -8.293 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.94E-03 -2.713 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 5.49E-12 -11.26 0 0 0 27.18 1 0 3 1 0 0 0 5.49E-12 0.00%
H2CO3*(aq)          Dissolved 9.94E-06 -5.003 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 5.96E-05 -4.225 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.26E-08 -7.487 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 2.09E-12 -11.68 18.5 0 0 16.61 0 0 2 1 0 0 0 2.09E-12 0.00%
UO2(CO3)3-4         Dissolved 5.96E-14 -13.225 -39.2 0 0 21.84 0 0 3 1 0 0 0 5.96E-14 0.00%
UO2(OH)2            Dissolved 1.89E-12 -11.723 0 0 0 -12.15 0 0 0 1 0 -2 2 1.89E-12 0.00%
UO2(OH)3-           Dissolved 1.50E-13 -12.823 0 0 0 -20.25 0 0 0 1 0 -3 3 1.50E-13 0.00%
UO2(OH)4-2          Dissolved 1.44E-18 -17.843 0 0 0 -32.4 0 0 0 1 0 -4 4 1.44E-18 0.00%
UO2(SO4)2-2         Dissolved 1.01E-14 -13.997 35.1 0 0 4.14 0 2 0 1 0 0 0 1.01E-14 0.00%
UO2CO3(aq)          Dissolved 8.78E-12 -11.057 5 0 0 9.94 0 0 1 1 0 0 0 8.78E-12 0.00%
UO2OH+              Dissolved 2.03E-12 -11.693 0.9 0 0 -5.25 0 0 0 1 0 -1 1 2.03E-12 0.00%
UO2(SO4)3-4         Dissolved 1.53E-17 -16.815 0 0 0 3.02 0 3 0 1 0 0 0 1.53E-17 0.00%
UO2SO4(aq)          Dissolved 1.70E-13 -12.77 19.5 0 0 3.15 0 1 0 1 0 0 0 1.70E-13 0.00%
OH-                 Dissolved 1.01E-07 -6.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUOOH              Dissolved 7.65E-09 -8.116 0 0 0 -4.23 0 0 0 1 1 -2 1 7.65E-09 0.55%
WOU2                Dissolved 1.39E-06 -5.856 0 0 0 4.9 0 0 0 1 1 -1 0 1.39E-06 99.43%

1.40E-06 99.98%

Reactions 4 and 5 at atm PCO2 using Log K changed at 2% match experimental conditions
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% Sorbed 85.19%
%Aquous 14.81%

No temperature corrections performed
Temperature (K) = 298.1

Ionic Strength corrections performed:
Ionic strength = 0.022 Calculated

Component  Type  Charge  Total(M)  Log Free  Free Molarity
Ca+2                Total     2 6.55E-03 -2.338 4.59E-03
SO4-2               Total     -2 8.00E-03 -2.215 6.09E-03
CO3-2               Total     -2 3.27E-03 -6.983 1.04E-07
UO2+2               Total     2 1.40E-06 -10.311 4.89E-11
WOH                 Total     0 5.00E-05 -4.312 4.88E-05
H+                  Free      1 0.00E+00 -6 1.00E-06
H2O                 Free      0 5.55E+01 0 1.00E+00

Species  Type  Molarity  Log M  Delta H  Delta S  Delta G  Log K  Stoichiometry [UO2] UO2 distribution
(UO2)2(OH)2+2       Dissolved 2.31E-15 -14.637 48.9 0 0 -5.62 0 0 0 2 0 -2 2 4.61E-15 0.00%
(UO2)2CO3(OH)3-     Dissolved 4.12E-12 -11.385 0 0 0 -0.859 0 0 1 2 0 -3 3 8.24E-12 0.00%
(UO2)2(OH)+3        Dissolved 4.76E-18 -17.322 0 0 0 -2.7 0 0 0 2 0 -1 1 9.52E-18 0.00%
(UO2)3(CO3)6-6      Dissolved 1.47E-19 -18.832 -62.7 0 0 54 0 0 6 3 0 0 0 4.42E-19 0.00%
(UO2)3(OH)4+2       Dissolved 2.38E-20 -19.623 0 0 0 -11.9 0 0 0 3 0 -4 4 7.15E-20 0.00%
(UO2)3(OH)5+        Dissolved 2.91E-18 -17.536 123 0 0 -15.55 0 0 0 3 0 -5 5 8.73E-18 0.00%
(UO2)3(OH)7-        Dissolved 4.81E-23 -22.318 0 0 0 -32.2 0 0 0 3 0 -7 7 1.44E-22 0.00%
(UO2)4(OH)7+        Dissolved 2.56E-23 -22.592 0 0 0 -21.9 0 0 0 4 0 -7 7 1.02E-22 0.00%
Ca2UO2(CO3)3(aq)    Dissolved 1.53E-07 -6.815 0 0 0 30.7 2 0 3 1 0 0 0 1.53E-07 10.94%
CaCO3(aq)           Dissolved 2.36E-07 -6.627 16 0 0 3.22 1 0 1 0 0 0 0 0.00E+00 0.00%
CaHCO3+             Dissolved 4.81E-05 -4.318 0 0 0 11.529 1 0 1 0 0 1 0 0.00E+00 0.00%
CaOH+               Dissolved 5.04E-10 -9.298 64.1 0 0 -12.697 1 0 0 0 0 -1 1 0.00E+00 0.00%
CaSO4(aq)           Dissolved 1.91E-03 -2.719 7.1 0 0 2.36 1 1 0 0 0 0 0 0.00E+00 0.00%
CaUO2(CO3)3-2       Dissolved 3.38E-08 -7.471 0 0 0 27.18 1 0 3 1 0 0 0 3.38E-08 2.42%
H2CO3*(aq)          Dissolved 2.01E-03 -2.697 -32 0 0 16.681 0 0 1 0 0 2 0 0.00E+00 0.00%
HCO3-               Dissolved 1.21E-03 -2.917 -14.6 0 0 10.329 0 0 1 0 0 1 0 0.00E+00 0.00%
HSO4-               Dissolved 3.25E-07 -6.488 22 0 0 1.99 0 1 0 0 0 1 0 0.00E+00 0.00%
UO2(CO3)2-2         Dissolved 6.40E-09 -8.194 18.5 0 0 16.61 0 0 2 1 0 0 0 6.40E-09 0.46%
UO2(CO3)3-4         Dissolved 3.80E-10 -9.421 -39.2 0 0 21.84 0 0 3 1 0 0 0 3.80E-10 0.03%
UO2(OH)2            Dissolved 1.39E-11 -10.856 0 0 0 -12.15 0 0 0 1 0 -2 2 1.39E-11 0.00%
UO2(OH)3-           Dissolved 1.11E-13 -12.956 0 0 0 -20.25 0 0 0 1 0 -3 3 1.11E-13 0.00%
UO2(OH)4-2          Dissolved 1.06E-19 -18.974 0 0 0 -32.4 0 0 0 1 0 -4 4 1.06E-19 0.00%
UO2(SO4)2-2         Dissolved 7.45E-12 -11.128 35.1 0 0 4.14 0 2 0 1 0 0 0 7.45E-12 0.00%
UO2CO3(aq)          Dissolved 1.32E-08 -7.881 5 0 0 9.94 0 0 1 1 0 0 0 1.32E-08 0.94%
UO2OH+              Dissolved 1.50E-10 -9.824 0.9 0 0 -5.25 0 0 0 1 0 -1 1 1.50E-10 0.01%
UO2(SO4)3-4         Dissolved 1.16E-14 -13.937 0 0 0 3.02 0 3 0 1 0 0 0 1.16E-14 0.00%
UO2SO4(aq)          Dissolved 1.25E-10 -9.903 19.5 0 0 3.15 0 1 0 1 0 0 0 1.25E-10 0.01%
OH-                 Dissolved 1.01E-08 -7.997 55.8 0 0 -13.997 0 0 0 0 0 -1 1 0.00E+00 0.00%
WOUO2CO3            Dissolved 1.04E-06 -5.982 0 0 0 10.15 0 0 1 1 1 -1 0 1.04E-06 74.43% 85.19%
WOUO2(CO3)2         Dissolved 1.51E-07 -6.822 0 0 0 16.03 0 0 2 1 1 -1 0 1.51E-07 10.76%

99.98%

Reactions 1 and 2 at pH 6 and 2% PCO2 to determine if the model fits experimental condtions
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