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Introduction
In the 35 years since Donald Langmuir pub-
lished his summary on uranium solution –
mineral equilibria (Langmuir 1978) there have
been numerous changes to the distribution of
the dissolved species and to the surface ioniza-
tion and complexation models (SICM)that de-
scribe adsorption of uranium onto mineral
surfaces such as hydrous ferric oxide (HFO).
These changes produce signi3cant di2erences
in the modeled extent of adsorption of ura-
nium, and the predicted mobility of uranium
in the subsurface. Of notable importance is
that because database derived di2erences can
change retardation factors they can also alter
model estimated amounts of uranium in a sys-
tem.

Corrections to the Diffuse Layer Model
It was not until 1990, when Dzombak and
Morel (1990)published their database compi-
lation on the di2use layer model,and their val-
ues were incorporated into the MINTEQA2
database (Allison et al. 1990) that the surface
ionization and complexation model became
widely accepted as an important attenuation

process. Unfortunately, and in spite of the
availability of data to prepare a robust set of
di2use layer model reactions for uranium ad-
sorption onto HFO, Dzombak and Morel did
not estimate parameters from published data.
Rather they proposed a Linear Free Energy Re-
lationship (LFER) to estimate surface complex-
ation constants for uranyl sorption. Previously,
Hsi and Langmuir (1985) had prepareda triple
layer model (Fig. 1), and provided laboratory
measurements that could have been used to
de3ne di2use layer model surface complexa-
tion constants for uranyl sorption, but Dzom-
bak and Morel took an alternative approach.

When compared to experimental data, it
became apparent that the values obtained
from the original D&M LFER were clearly
wrong (Mahoney and Jakubowski 2008). The
D&M LFER overestimated sorption for ura-
nium by a factor of about 10 for non-carbonate
systems. Furthermore, the failure of the Dzom-
bak and Morel (1990) compilation to consider
uranyl hydroxide or uranyl carbonate surface
complexation reactions was another short-
coming.To be fair, it was never intended that
their compilation should become the industry
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standard for uranium sorption, but it 3lled a
need for a set of readily useable parameters to
describe sorption of many trace metals, in-
cluding uranium, and was in a database that
had some apparent acceptance by researchers
in the USEPA’s Center for Exposure Assessment
Modeling.

To correct some of these oversights, other
groups performed additional laboratory work
and published new models. Unfortunately,
these models were constructed independently
from the original D&M framework, which lim-
ited their utility in complicated problems
where simultaneous (competitive) adsorption
reactions might be critical to a better under-
standing of the dominant geochemical
processes. The models were speci3c to ura-
nium only, and other surface complexation re-
actions would require di2erent model param-
eters. Morrison et al. (1995) used a smaller site
density than de3ned by Dzombak and Morel
(1990), and to simplify the computational load
eliminated the electrostatic terms. Waite et al.
(1994) and Payne (1999) produced excellent 3ts
to their data, but they used a di2erent site den-
sity and changed the surface hydrolysis reac-
tions ( and ), preventing a direct im-
port into the previously codi3ed compilations
in MINTEQA2 and PHREEQC. Wazne (2003)

used the Waite et al. (1994) site density, but se-
lected a di2erent set of surface reactions. Even
more recently, Merkel et al. (2008) used the
original Dzombak and Morel (1990) uranyl sur-
face complexes with two reactions for uranyl
carbonate surface complexes. These reactions
were listed in his textbook (2ⁿd edition), but
there was no discussion or documentation
about the two additional surface complexa-
tion reactions involving carbonate.

Ultimately these parameters were cor-
rected (Fig. 2), and the results published (Ma-
honey et al. 2009). The e2ort used PHREEQC
(Parkhurst and Appelo 1999) coupled with
UCODE (Poeter et al. 2005); and drew data
from 3ve di2erent research groups that repre-
sented 14 di2erent experimental conditions
and 214 di2erent data points. The following
surface complexation reactions were selected
to describe uranium (as uranyl) adsorption
onto HFO, based upon constants in the
WATEQ4F.DAT (3rst value) and the updated
NEA databases:

Hfo_sOH + UO₂⁺² = Hfo_sOUO₂⁺ + H⁺•
Log K₁ = 3.735, NEA = 3.792

Hfo_wOH + UO₂⁺² = Hfo_wOUO₂⁺ + H⁺•
Log K₂ = 2.534, NEA = 2.507,

pKa
int
2pKa

int
1

Fig. 1. Timeline showing the
changes in uranium surface
complexation models and

solution complexation data-
bases.
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Hfo_wOH + UO₂⁺² + CO₃⁻² =•
Hfo_wOUO₂CO₃⁻ + H⁺

Log KHfo_wOUO₂CO₃₋= 9.014, NEA = 9.150

Hfo_wOH + UO₂⁺² + 2CO₃⁻² =•
Hfo_wOUO₂(CO₃)₂⁻³ + H⁺

Log KHfo_wOUO₂₍CO₃₎₂₋₃ = 15.24, NEA = 15.28

In addition to the uranyl adsorption reac-
tions, two additional reactions (Appelo et al.
2002) were added to the database. These reac-
tions are de3ned below:

Hfo_wOH + CO₃⁻² + H⁺ =•
Hfo_wOCO₂⁻ + H2O

Log KHfo_wOCO₂₋ = 12.78
Hfo_wOH + CO₃⁻² + 2H⁺ = •

Hfo_wOCO₂H + H2O
Log KHfo_wOCO₂H = 20.37

Other Database Updates
Around the same time as the revised surface
complexation constants were published, there
were several papers that further demonstrated
the existence of divalent uranyl carbonate
complexes, speci3cally CaUO₂(CO₃)₃⁻²,
Ca₂UO₂(CO₃)₃0 and MgUO₂(CO₃)₃⁻² in solution
(Dong and Brooks 2006). Updating the surface
complexation database with the new con-
stants tended to increase uranyl sorption in
carbonate bearing waters. Including the ter-
nary complexes generally lessened the extent
of uranyl adsorption, so in calcite bearing sys-
tems there is o1en some o2setting.

Impacts to Solute Transport Models
In solute transport models, surface complexa-
tion is directly related to retardation of the
solute. Consequently selection of database pa-
rameters will have a profound in4uence on
model conclusions. Fig. 3 shows the results of
a series of PHREEQC calculations for various
SICM parameters under di2erent scenarios.
The 3gure shows uranium breakthrough
curves using the PHREEQC transport model.
There were 20 cells in the model and 80 shi1s
for a total of 4 pore volumes. The calculations

in Fig. 3 do not include calcium, so the ternary
complexes are not considered. The original
Dzombak and Morel (1990) parameters over-
estimated uranium surface complexation in
non-carbonate bearing waters, (middle of the
set of curves – solid lines). For comparison,
models that use only the 3rst two revised sur-
face complexation constants (K₁, and K₂) were
prepared (dashed lines), those models reduced
the amount of surface complexation and so in
this transport model they show greater mobil-
ity and less retardation. However, most
groundwaters contain carbonate and all four
reactions plus the complexes Hfo_wOCO₂⁻and
Hfo_wOCO₂H are required. Inclusion of the
updated surface complexation constants in-
creases the overall retardation of uranium
(short dashes). The two Hfo_carbonate com-
plexes compete for sites and reduce uranyl
sorption slightly.

Other model scenarios are summarized in
Table 1. Both open systems with 3xed partial
pressures and a closed system [calcite only, no
3xed CO₂(g)] scenario were examined; some
scenarios included calcite. To estimate the sen-
sitivity of database assumptions on mobility,
additional comparisons, with and without the

Fig. 2 Comparison of Dzombak and Morel (1990)
uranyl sorption model (dashed lines) onto HFO
with re-t model of Mahoney et al. (2009) solid
lines. Diamonds represent 0.15 g/L of HFO X’s

represent 1.0 g/L HFO. Total U was
1.0 × 10⁻⁵ mol/kg of water.
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ternary complexes, were also performed. In-
clusion of the ternary complexes tends to de-
crease the retardation factor. Notice how
greatly retardation values change up and
down a column, as di2erent database assump-
tions are evaluated.

Changes in retardation factors can pro-
duce another unintended consequence and in
certain PHREEQC based models more ura-
nium can be added to the modeled system
than may have been intended. The “-equili-
brate surface with solution” option in
PHREEQC will add uranium to a surface until

it is equilibrated with the de3ned solution. A
comparison of uranium transport models
showed that inclusion of the newer database
assumptions decreased bulk distribution coef-
3cients by a factor of 2.5. Speci3cally, a three di-
mensional transport model run in PHAST
(Parkhurst et al. 2010) and using the original
Dzombak and Morel (1990) parameters
(WATEQ4F.dat database provided with version
2 of PHREEQC) without the ternary complexes
calculated a distribution coefficient of 50. The
program required that the surface contain
50 ppm for every 1 ppm of uranium in solu-

Fig. 3 Solute transport mod-
els (breakthrough curves)

for uranium onto HFO using
di,erent SICM models and

assumptions about the pres-
ence or absence of carbon-

ate species.

0.0E+00

4.2E-07

8.4E-07

1.3E-06

1.7E-06

2.1E-06

2.5E-06

2.9E-06

3.4E-06

3.8E-06

4.2E-06

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

U
ra

ni
um

 (m
ol

/k
gw

)

Cell Number
REVISED CONSTANTS K1 K2 fixed pH 6.0 WITH CO(g) with ALK
REVISED CONSTANTSK1 K2 fixed pH 6.0 WITH CO(g) no ALK
REVISED CONSTANTS K1 K2 fixed pH 6.0 No carbonate
D&M fixed pH 6.0 WITH CO(g) with ALK
D&M fixed pH 6.0 No carbonate
REVISED CONSTANTSK1 K2 K3 K4 fixed pH 6.0 WITH CO(g) no ALK HFO Carbonate complexes
REVISED CONSTANTSK1 K2 K3 K4 fixed pH 6.0 WITH CO(g) no ALK
REVISED CONSTANTS K1 K2 K3 K4 fixed pH 6.0 WITH CO(g) with ALK HFO Carbonate complexes
REVISED CONSTANTS K1 K2 K3 K4 fixed pH 6.0 WITH CO(g) with ALK

Table 1 Retardation factors for di,erent surface complexation model assumptions for di,erent sce-
narios. Values in parentheses represent NEA database with ternaries, the pH was allowed to .oat in

the calcite scenarios, values were around 7.9 to 8.1.

MODEL 
Fixed pH =6.0 

No CO3
-2   CO2(g) =-3.5    CO2(g) =-2.0 

Calcite Included 

No fixed CO2(g)CO2(g) =-3.5 CO2(g) =-2.0 

D&M K1 K2 8.5 8.5 7.6 2.34 (1) 2.74 (1) 1.47 (1) 

Revised K1 K2 7.6 7.6 5.7 1.56 (1) 1.18 (1) 1.1 (1) 

K1 K2 K3 K4 NA (7.6) 26 32 11.76 (1.7) 12.5 (2.74) 10 (4.1) 

K1 K2 K3 K4 

HFO Carbonate 
NA(7.6) 26 26 10.25 (1.7) 11.1 (1.96) 5 (1.1) 
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tion. Whereas, the same model based upon the
four surface complexation constants plus the
updated NEA database (Grenthe et al. 1992,
Guillaumont et al. 2003) with the ternary com-
plexes produced a distribution coefficient of
18. For evaluation of performance and cleanup
costs these two di2erent starting points will
greatly impact any cost estimates and feasibil-
ity evaluations. 

Conclusions
The importance in selecting database param-
eters that represents realistic quanti3able re-
actions cannot be underestimated. Geochem-
ical modelers must understand the impact
that selection of such reactions can have on
model conclusions. In many cases, the selec-
tion of these parameters can have a much
greater impact than de3ning other model con-
ditions such as carbonate minerals and the
partial pressure of carbon dioxide gas. Data-
base selection will impact conclusions from
solute transport models, and potentially a2ect
the permitting of new facilities. This historical
review has shown that the extent of uranium
plume migration is not always caused by the
geologic setting, but in some cases by histori-
cally changing database parameters.
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