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Summary 

The objective of this project is to develop a method to emplace apatite precipitate in the 
100-N Area vadose zone, resulting in sorption and ultimately incorporation of Sr-90 into the 
apatite structure.  The Ca-citrate-phosphate (Ca-citrate-PO4) solution can be infiltrated into 
unsaturated sediments to result in apatite precipitate to provide effective treatment of Sr-90 
contamination.  Microbial redistribution during solution infiltration and a high rate of citrate 
biodegradation for river water microbes (water used for solution infiltration) produces a 
relatively even spatial distribution of the citrate biodegradation rate and ultimately, apatite 
precipitate in the sediment.  Manipulation of the Ca-citrate-PO4 solution infiltration strategy can 
be used to induce apatite precipitation in the lower half of the vadose zone (where most of the 
Sr-90 is located) and within low-K layers (which may have higher Sr-90 concentrations): 

• infiltration rate:  more rapid Ca-citrate-PO4 solution infiltration resulted in greater depth of 
apatite precipitate, but less lateral spreading 

• decrease in infiltration rate:  rapid then slow solution infiltration resulted in greater lateral 
spreading of the apatite precipitate at depth 

• sequential solution then water infiltration:  water infiltration after solution infiltration 
effectively moved the apatite mass to depth in homogeneous sediment systems 

• solution concentration:  infiltration of higher Ca-citrate-PO4 solution concentrations 
resulted in a greater depth of apatite precipitate 

• infiltration cycles:  repeated infiltration of the Ca-citrate-PO4 solution with time between 
cycles to allow for water drainage increased depth and greater lateral spread of apatite  

• low-K zones had a higher apatite precipitate due to higher residual water content 

• solution then water infiltration into a complex heterogeneous system with low-K and 
high-K discontinuous zones (8 ft high) showed high apatite precipitate in low-K and 
medium-grained sediment, but low treatment in high-K zones due to low water content 

The most effective infiltration strategy to precipitate apatite at depth (and with sufficient lateral 
spread) was to infiltrate a high concentration solution (6 mM Ca, 15 mM citrate, 60 mM PO4) at 
a rapid rate (near ponded conditions), followed by rapid, then slow water infiltration.  Repeated 
infiltration events, with sufficient time between events to allow water drainage in the sediment 
profile can be used to build up the mass of apatite precipitate at greater depth.  Low-K 
heterogeneities were effectively treated, as the higher residual water content maintained in these 
zones resulted in higher apatite precipitate concentration.  High-K zones did not receive 
sufficient treatment by infiltration, although an alternative strategy of air/surfactant (foam) was 
demonstrated effective for targeting high-K zones.  The flow rate manipulation used in this study 
to treat specific depths and heterogeneities is not as easy to implement at field scale due to the 
lack of characterization of heterogeneities and difficulty tracking the wetting front over a large 
subsurface area.  However, the use of real-time surface and cross-borehole geophysics can be 
used to track the infiltrating Ca-citrate-PO4 front so some adjustments can be made in the 
infiltration rate to precipitate apatite in desired zones.  In addition, the reactive transport code 
used in this study with field-scale physical parameters for sediments can be used to evaluate 
infiltration strategies along with preliminary water infiltration tests at field scale. 
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1.1 

1.1 

1.0 Introduction 

This project was initiated to develop an infiltration strategy for emplacement in the difficult-to-
inject Hanford formation using the same apatite-forming solution (Ca-citrate-phosphate 
[Ca-citrate-PO4]) technology proven to precipitate apatite by injection in Hanford formation 
sediment (Moore et al. 2004; Williams et al. 2008).  This infiltration strategy will supplement 
the current treatability test plan (DOE-RL 2004, 2005) for well injection of the Ca-citrate-PO4 
solution and is needed to reach the Hanford Federal Facility Agreement and Consent Order 
(Tri-Party Agreement, Ecology et al. 1989) technology evaluation milestone (Milestone 
M-016014(b)) for evaluating technologies in the 100-N Area.  Infiltration of the solution from 
the land surface is advantageous for several reasons:  a) implementation can occur at a larger 
range of river stages compared with well injection; b) it will treat sediments in the entire vadose 
zone profile, so will immobilize Sr-90 in sediments that would not be reached through well 
injection; c) potentially is less expensive to implement relative to well injection; and 
d) sediments closer to the river can be treated due to limitations in well drilling too near the river 
bank.  While the formation of apatite precipitation from the apatite-forming solution had been 
shown to occur, development of the technology was focused upon water-saturated (aerobic, 
anaerobic) processes, and experiments have not been conducted at low water saturation. 

The combined effects of biogeochemical and coupled precipitate/flow processes was quantified 
so that an infiltration strategy that produces a relatively uniform spatial distribution of the apatite 
precipitate in Sr-90 laden zones can be achieved at the field scale.  A sequence of experiments 
was used in this project that increase in complexity and scale to quantify individual and coupled 
processes of apatite precipitation during liquid infiltration and Sr-90 sequestration.  Small-scale 
experiments investigated citrate biodegradation rates as a function of water content and microbial 
population (Task 1).  Low water content 1-D infiltration experiments were also conducted at 
differing apatite-forming solution concentrations and infiltration rates (Task 2).  High solution 
concentration injections add complexities to both the infiltration method and initial Sr-90 
migration, as previously shown in water-saturated systems.  Theoretically, precipitation of 
1.3 mg of apatite per gram of sediment should remove all Sr and Sr-90 for 300 years (10 half-
lives of Sr-90), assuming 11% Sr substitution for Ca (found in natural apatites).  Whether the 
theoretical capacity can be achieved in the 100-N Area depends on the rate at which Sr-90 is 
incorporated into the apatite structure relative to the Sr-90 flux rate.  Long-term apatite recrystal-
lization rate experiments were conducted to address the rate at which Sr is incorporated into 
apatite (Task 3) to evaluate the mass of apatite needed in the vadose zone.  Geochemical and 
microbial reactions quantified in these small-scale experiments were then incorporated into the 
Subsurface Transport Over Multiple Phases (STOMP) simulator to determine the relative impor-
tance of processes, design larger scale experiments, and develop both injection and infiltration 
strategies (Task 4).  Finally, small- to large-scale 2-D infiltration experiments were conducted to 
evaluate placement of apatite precipitate in homogeneous and heterogeneous sediments (Task 5).  
The simulation tool was used to design some 2-D infiltration experiments as well as conduct post-
experiment quantification of processes. 
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1.1 Sr-90 Contamination in Subsurface and River Biota 

The Hanford Site is a U.S. Department of Energy (DOE) site located in southeastern Washington 
State near Richland, Washington.  The Hanford 100 Area is located along the Columbia River 
and includes nine DOE nuclear reactors previously used for plutonium production, one of which 
is the 100-N Reactor (Figure 1.1).  The operation of the 100-N Area nuclear reactor required the 
disposal of pass-through cooling water from the reactor’s primary cooling loop, the spent fuel 
storage basins, and other reactor-related sources.  Two crib and trench liquid waste disposal 
facilities (LWDFs) were constructed to receive these waste streams, and disposal consisted of 
percolation into the soil.  The first LWDF (1301-N) was constructed in 1963, about 244 meters 

(800 feet) from the river (Figure 1.1, lower 
center).  Liquid discharges to this facility 
contained radioactive fission and activation 
products, including cobalt-60, cesium-137, 
strontium-90, and tritium.  Minor amounts of 
hazardous wastes such as sodium dichromate, 
phosphoric acid, lead, and cadmium were also 
part of the waste stream. When Sr-90 was 
detected at the shoreline, disposal at the first 
LWDF was terminated and a second crib and 
trench (1325-N LWDF) was constructed further 
inland in 1983.  Discharges to 1325-N ceased in 
1993.  A more complete history of the ground-
water contamination at the 100-N Area can be 
found in the Hanford 100-N Area Remediation 
Options Evaluation Summary Report (TAG 
2001). 

Sr-90 transport in subsurface sediments from disposal cribs has reached the Columbia River, as 
evidenced by Sr-90 in the river, and in the sediments in shallow water (groundwater discharges 
to the river, red squares, Figure 1.2).  In addition, Sr-90 is detected in Asian clams found on the 

100-N shoreline (circles, Figure 1.2).  The 
highest sediment and clam Sr-90 concen-
tration is at river tube #5.  A proposed 300-ft 
wide treatment zone of apatite will extend 
between river tubes #1 to #8. 
 
The sediments (gravel with sand/silt) in the 
100-N Area consist of a lower Ringold E 
unit and overlying Hanford formation  
(15- to 20-ft contact depth), which contain 
the unconfined aquifer.  The Hanford 
formation is highly transmissive (Ksat 490 – 
20,000 ft/day) compared to the underlying 
Ringold E (20 to 590 ft/day).  The Ringold E 
unit is bounded by the underlying silty 
Ringold upper mud, ~200 ft thick, which 

 
Figure 1.1.  Hanford 100-N Reactor and disposal 
trench. 

clam dataclam data

source:source:
T. GilmoreT. Gilmore
PNNLPNNL

 
Figure 1.2.  Sr-90 contamination in river sediments 
and clams. 
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acts as an aquitard.  Groundwater flows primarily in a north-northwesterly direction most of the 
year and discharges to the Columbia River.  The groundwater gradient varies from 0.0005 to 
0.003 ft/ft.  Near the LWDF facilities, average groundwater velocities are estimated to be 
between 0.1 and 2 ft/day, with 1 ft/day average. 
 
Sr-90 contamination in sediments reflects the hydrodynamics in the 100-N Area.  Sr-90 has 
leached from trenches through the variable thickness vadose zone to groundwater and moved 
toward the Columbia River.  Because the river stage changes daily (±5 ft) and seasonally (±8 ft 
for sustained periods), the saturated zone thickness changes and flow reversals do occur (i.e., 
movement of river water into the aquifer).  The result on Sr-90 is a smearing of the plume 
vertically and horizontally.  Given that the upper Hanford formation has generally 10 times 
greater groundwater flow than the underlying Ringold E Formation, most (but not all) of the 
Sr-90 contamination is found in the Hanford formation, with roughly a third of the mass in the 
lower Ringold E (Figure 1.3).  The highest concentration is found 50 ft inland from the river 
edge (well N122), inland from river tube #5 (Figure 1.2), with lower Sr-90 concentrations in 
wells on both sides of this location.  This vertical Sr-90 profile type is previously observed 
(Serne and LeGore 1996). 

Figure 1.3.  Sr-90 contamination in subsurface sediments. 

 
Because of strong Sr-90 adsorption by ion exchange to sediments (Kd = 25 cm3/g in ground-
water, so a retardation factor (Rf) ~100; Moore et al. 2006; Routson et al. 1981; Steefel 2004), 
about 1% of the Sr-90 is in groundwater and 99% on sediments.  As such, the pump-and-treat 
system operated since 1995 has only removed a small amount of Sr-90 from the aquifer, 
although it is effective for removal of mobile contaminants such as tritium.  Because of the 
highly transmissive nature of sediments near the river, the pump-and-treat system removes Sr-90 
from inland locations near the disposal trench.  Given the high adsorption and short radioactive 
decay half-life of Sr-90 (29.1 years), only sediments near the river are at risk of entering the river 
(red/yellow highlighted area, Figure 1.1) before radioactive decay reduces Sr-90 activity to 
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negligible amounts.  The pump-and-treat system has not influenced Sr-90 levels in wells near the 
river (red line, Figure 1.4, well N46 inland of river tube #5 and well N122, Figure 1.3). 

Figure 1.4.  Simulation of pump and treat capture zone (a) and crib discharge (green) and Sr-90 levels in 
well N46 (b). 

 
1.2 100-N Area Remediation History 

The 100-N Area of the Hanford Site was placed on the National Priorities List (NPL) in 1989, 
the same year the Tri-Party Agreement (Ecology et al. 1989) signed by the DOE, U.S. Environ-
mental Protection Agency (EPA), and the Washington State Department of Ecology (Ecology) 
established the procedural framework and schedule for the remedial response actions at Hanford. 
In 1995, a pump-and-treat system was installed as an interim measure to control the movement 
of Sr-90 to the Columbia River.  As of June 2004, 1.6 Ci of Sr-90 were removed since beginning 
operations.  Given that there are ~80 Ci of Sr-90 in the saturated sediments in the 100-N Area, at 
this removal rate, the time needed to meet the drinking water standard (8 pCi/L) is ~270 years.  
Although the pump-and-treat system may have met the objective of reducing the flow of 
groundwater to the river, it has not met the objective of reducing Sr-90 concentrations in aquifer 
pore fluid at the shoreline or in the stream bank storage zone.  The pump-and-treat system was 
turned off in 2005, and alternate technologies of:  a) apatite precipitation by Ca-citrate-PO4 
solution injection in near-river aquifer sediments, b) apatite precipitation by Ca-citrate-PO4 
solution infiltration (this project), and c) phytoremediation were investigated in laboratory 
experiments (infiltration) and laboratory/field experiments (injection, phytoremediation). 

1.3 Sr-90 Immobilization with Apatite 

Apatite [Ca10(PO4)6(OH)2] is a natural calcium phosphate mineral occurring primarily in the 
earth’s crust as phosphate rock.  It is also a primary component in the teeth and bones of animals.  
Apatite minerals sequester elements into their molecular structures via isomorphic substitution, 
whereby elements of similar physical and chemical characteristics replace calcium, phosphate, or 
hydroxide in the hexagonal crystal structure (Hughes et al. 1989; Spence and Shi 2005).  Apatite 
has been used for remediation of other metals including U (Arey et al. 1999; Fuller et al. 2002, 
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2003; Jeanjean et al. 1995), lead (Bailliez 
et al. 2004; Mavropoulos et al. 2002; Ma 
et al. 1995), Pu (Moore et al. 2005), and 
Np (Moore et al. 2003).  Because of the 
extensive substitution into the general 
apatite structure (Figure 1.5), over 
350 apatite minerals have been identified 
(Moelo et al. 2000).  Sr incorporation 
into apatite has also been previously 
studied (Smiciklas et al. 2005; Rendon-
Angeles et al. 2000).  Apatite minerals 
are very stable and practically insoluble in water (Tofe 1998; Wright 1990; Wright et al. 2004).  
The solubility product (Ksp) of hydroxyapatite is about 10-44, while quartz crystal, which is 
considered the most stable mineral in the weathering environment, has a solubility product (Ksp) 
of 10-4 (Geochem Software 1994).  Strontiapatite, Sr10(PO4)6(OH)2, which is formed by the 
complete substitution of Ca by Sr (or Sr-90), has a Ksp of about 10-51, another 107 times less 
soluble than hydroxyapatite (Verbeek et al. 1977).  The substitution of strontium for calcium in 
the crystal structure is thermodynamically favorable, and will proceed provided the two elements 
coexist.  Sr substitution in natural apatites is as high as 11%, although dependent on available Sr 
(Belousova et al. 2002).  Synthetic apatites have been made with up to 40% Sr substitution for 
Ca (Heslop et al. 2005).  The mixed Sr-Ca-apatites have lower solubility than Ca-apatite or 
strontiapatite.  The mechanism (solid-state ion exchange) of Sr substitution for Ca in the apatite 
structure has been previously studied at elevated temperature (Rendon-Angeles et al. 2000; 
Lindsay et al. 1989), but low temperature aqueous rates under Hanford groundwater conditions 
(i.e., Ca/Sr of 220/1) have not. 

1.4 Subsurface Apatite Placement by Solution Injection/Infiltration 

The method of emplacing apatite in subsurface sediments at the 100-N Area is to inject or 
infiltration an aqueous solution containing a Ca-citrate complex and Na-phosphate (Moore et al. 
2004, 2007).  Phosphate adsorption is slow (hours) so rapid infiltration can result in deeper 
phosphate mass at depth.  Citrate is needed to keep Ca in solution long enough (days) to inject 
into the subsurface; a solution containing Ca2+ and phosphate only will rapidly form mono- and 
di-calcium phosphate [Ca(H2PO4)2, CaHPO4*2H2O], but not apatite (Andronescu et al. 2002; 
Elliot et al. 1973; Papargyris et al. 2002).  Relatively slow biodegradation of the Ca-citrate 
complex (days) allows sufficient time for injection and transport of the reagents to the areas of 
the aquifer where treatment is required (Szecsody et al. 2007; Williams et al. 2008).  As 
Ca-citrate is degraded (Van der Houwen and Valsami-Jones 2001; Misra 1998), the free Ca and 
phosphate combine to form amorphous apatite.  The formation of amorphous apatite occurs 
within a week and crystalline apatite forms within a few weeks.  Citrate biodegradation rates in 
Hanford 100-N sediments (water-saturated) at temperatures from 10°C to 21°C (aquifer 
temperature 15°C to 17°C) over the range of citrate concentrations to be used (10 mM to 
100 mM) have been determined experimentally and simulated with a first-order model (Bailey 
and Ollis 1986; Bynhildsen and Rosswall 1997).  In addition, the microbial biomass has been 
characterized with depth and position along the shoreline, and the relationship between biomass 
and the citrate biodegradation rate determined, as described in Section 4.0.  Because Hanford 

 
Figure 1.5.  Cationic and anionic substitution in apatite. 
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100-N Area injections typically use river water (~90% to 95%) with concentrated chemicals, 
microbes in the river water are also injected, which results in a somewhat more uniform citrate 
biodegradation rate in different aquifer zones. 
 
Emplacement of apatite precipitate by a solution injection/infiltration has significant advantages 
over other apatite emplacement technologies for application at the Hanford 100-N Area.  The 
major advantage is minimal disturbance of the subsurface (both vadose and saturated zone), as 
this technology only requires injection wells (for groundwater remediation) or a surface 
infiltration gallery (for vadose zone treatment), in contrast with excavation of the river bank for 
trench-and-fill emplacement of solid-phase apatite.  Other apatite emplacement technologies 
were also considered for the 100-N Area (DOE-RL 2005), which included pneumatic injection of 
solid apatite and vertical hydrofracturing for apatite emplacement both as a permeable reactive 
barrier and grout curtain.  Although each technology has advantages and disadvantages, the 
Ca-citrate-PO4 injection technology was chosen as it appears to provide the most economic 
emplacement methodology to treat Sr-90 in the near-shore sediments.  None of these apatite 
technologies remove the Sr-90 from the sediment until radioactive decay occurs, as the Sr-90 is 
incorporated into the apatite crystalline structure. 

1.5 Need for Injection/Infiltration Strategy at River Shore 
 
The current injection strategy is to inject the Ca-citrate-PO4 solution separately into the Hanford 
formation and Ringold E Formation sediments (Williams et al. 2008).  While there is a high 
degree of confidence that apatite precipitate will occur, the river hydrodynamics create a 
significant problem for the seasonal timing of the injection (Figure 1.6).  Simulation of injections 
into the lower (less transmissive) Ringold E Formation at sustained low and high river stage 
show that the river stage does not move the Ca-citrate-PO4 injection plume a significant distance 
before apatite is expected to precipitate, so lower river stage in late fall is best for injection into 
the Ringold E Formation to get some apatite movement toward the river, but the timing is not 
critical, as this formation is nearly always water-saturated. 
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Figure 1.6.  Columbia River stage 1994–2005 (Edrington 2005). 
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In contrast, apatite-forming solution injection into the upper Hanford formation needs to be done 
during high river stage so that the formation is water saturated (i.e., late spring, Figure 1.6).  In 
addition, because movement of the solution toward the river is desired, the most desirable injec-
tion would be at a high river stage (saturating the formation) followed by a moderate river stage, 
to get slow flow toward the river.  Injection during low river stage would result in rapid move-
ment of the injection solution into the river (days) before precipitation would occur.  Therefore, 
river hydrodynamics have a potentially significant influence on the effectiveness of the emplace-
ment of the solution by injection.  There are only short periods throughout the year where the 
river stage conditions are optimal for injection.  The effectiveness of the low and high river stage 
injections at low concentration (~18 injections completed by July 2007) were described in a 
separate report (Williams et al. 2008).  The effectiveness of high concentration injections in 2008 
will be described in a separate report. 
 
Infiltration of the Ca-citrate-PO4 solution (this study) could be accomplished at a different river 
stage than injection, so an infiltration strategy extends the amount of time that apatite could be 
emplaced.  Infiltration into the Hanford formation sediments would be optimal at periods of low 
river stage (leaving a greater thickness of unsaturated porous media), so could occur during 
summer/fall, or the second low stage of early spring.  The formation of apatite during infiltration 
during these periods is less influenced by transmissivity in the formation and river stage, and 
more dependent on the rate of infiltration.  Another potential benefit to infiltration is that cost of 
implementation may be much less than injection, as wells (a significant cost) do not need to be 
installed, although there is some cost associated with the infiltration method (i.e., trenches, drip 
emitters, etc.). 
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2.0 Background – Infiltration of a Ca-Citrate-PO4 
Solution to Form Apatite In Situ 

2.1 Precipitation of Apatite in Subsurface Sediments 

The method of emplacing apatite in vadose zone sediments at the 100-N Area is to infiltrate an 
aqueous solution containing a Ca-citrate complex and Na-phosphate (Szecsody et al. 2008).  
Citrate is needed to keep Ca in solution long enough (days) to inject into the subsurface; a 
solution containing Ca2+ and phosphate only will rapidly form mono- and di-calcium phosphate, 
but not apatite (Andronescu et al. 2002; Elliot et al. 1973; Papargyris et al. 2002).  Relatively 
slow biodegradation of the Ca-citrate complex (days) allows sufficient time for injection and 
transport of the reagents to the areas of the aquifer where treatment is required.  As Ca-citrate is 
degraded (Van der Houwen and Valsami-Jones 2001; Misra 1998), the free Ca and phosphate 
combine to form amorphous apatite.  The formation of amorphous apatite occurs within a week 
and crystalline apatite forms within a few weeks.  Citrate biodegradation rates in Hanford 100-N 
sediments (water-saturated) at temperatures from 10°C to 21°C (aquifer temperature 15°C to 
17°C) over the range of citrate concentrations to be used (10 mM to 100 mM) have been 
determined experimentally and simulated with 
a first-order model (Bailey and Ollis 1986; 
Bynhildsen and Rosswall 1997).  In addition, 
the microbial biomass has been characterized 
with depth and position along the shoreline, 
and the relationship between biomass and the 
citrate biodegradation rate determined, as 
described in Section 4.0. 
 
Citrate is biodegraded in oxic sediment to 
carbon dioxide (Figure 2.1a) within a week.  
In anaerobic systems (demonstrated to occur 
during injections, once dissolved oxygen is 
consumed) occurs at somewhat slower rates 
(Figure 2.1b, c).  For the infiltration studies in 
this project, aerobic citrate biodegradation is 
expected to occur.  Issues that are investigated 
include the influence of low water saturation 
(i.e., does citrate biodegradation decrease at 
very low water content), can citrate 
biodegradation during infiltration be predicted 
as the sediment microbial biomass changes 
with depth, and does apatite still form in these 
highly oxic systems with great excess CO2, or 
do carbonates form, utilizing Ca and Sr.  The 
spatial variations in microbial population and 
citrate mineralization at the 100-N site was 
investigated as a function of depth and location 
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Figure 2.1.  Apatite precipitation rate and citrate 
biodegradation:  a) precipitation rate in aerobic 
system (reported as CO3); b) precipitation rate in 
anaerobic system; and c) citrate biodegradation in 
anaerobic system. 
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in sediments from monitoring and injection wells along the Columbia River shoreline at the 
100-N remediation site.  The microbial population in sediment samples from three wells 
decreased with increasing depth (Figure 2.2). Populations per gram of sediment, reported as cell 
equivalents or colony forming units (cfu), decreased by 5 orders of magnitude in these wells and 
were higher in the Hanford formation than in the deeper Ringold Formation. 

Figure 2.2.  Microbial distribution with depth in 100-N wells. 

2.2 Characterization of Apatite Precipitate 

Previous studies have used multiple characterization techniques (Figure 1.6) to assess the crystal 
chemistry of the apatite formed by the microbial digestion of Ca-citrate in sediments (Moore 
et al. 2003, 2004).  These techniques (and others) were used in this study to assess the apatite 
purity formed, the amount of organic carbon in the apatite (due to the presence of microbial 
biomass), inorganic carbon, and the mass of apatite in sediment (generally present at low con-
centrations).  Previous studies used high-resolution transmission electron microscopy (HRTEM) 
and X-ray powder diffraction (XRD) to assess apatite crystallinity and to document the 
transformation from an amorphous calcium phosphate to nanocrystalline apatite.  Energy 
dispersive (EDS) and Fourier transform infrared (FTIR) spectroscopy were used to analyze the 
chemical constituents.  Blade-like apatite crystals in an amorphous matrix were ~0.1µm in size 
(Figure 2.3a, upper left).  This was consistent with the observed broad overlapping peaks in the 
XRD pattern at 2 microns of ~32°, a typical characteristic of poorly crystallized apatite 
(Figure 2.3b, upper right; Waychunas 1989; Nancollas and Mohan 1970; Hughes and Rakovan 
2002).  The remaining peaks in the XRD correspond to components of the sediment.  FTIR 
spectra are given for pure hydroxyapatite (top spectrum) produced by precipitation and heat 
treatment at 700°C and calcium phosphate precipitates in the Hanford 100-N sediment after 
one month (bottom spectrum).  The lower resolution of the PO4

- bands confirms the lower 
crystallinity of the sample, as observed by both HRTEM and XRD.  The bands at 1455 cm-1 and  
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879 cm-1 indicate the presence of carbonate in the apatite structure.  The TEM-EDS spectrum 
identifies calcium and phosphate as the major components with a stoichiometric apatite ratio of 
~5:3. 

Figure 2.3.  Characterization of nanocrystalline apatite formed in Hanford sediment by microbially 
mitigated Ca-citrate degradation in the presence of aqueous phosphorous:  a) TEM, b) XRD, c) FTIR, and 
d) EDS. 

2.3 Mass of Apatite Needed for Hanford 100-N Area 

Two factors control the amount of apatite needed to sequester Sr-90 in the Hanford 100-N Area:  
Sr-90 uptake per amount of precipitate, and the rate of Sr-90 uptake must exceed the natural flux 
rate toward the river (Szecsody et al. 2007).  First, from a mass balance (equilibrium) perspec-
tive, a specific amount of apatite is needed that will remove all Sr and Sr-90 from groundwater 
over the next 300 years (i.e., 10 half-lives of Sr-90 decay, half-life 29.1 years).  This calculation 
is dependent on the crystal substitution of Sr for Ca in apatite.  If 10% substitution is assumed 
(easily achieved in laboratory experiments), then 1.7 mg of apatite/g of sediment is sufficient to 
sequester Sr and Sr-90 from the estimated 3300 pore volumes of water that will flow through an 
apatite-laden zone.  This calculation assumes an average groundwater flow rate of 0.3 m/day and 
a 10-m thick apatite-laden barrier.  The 1.7-mg apatite/g of sediment does occupy some pore 
space in the aquifer, which has an average field porosity of 20%.  Given a crystal lattice 
dimensions of 9.3 A by 6.89 A (i.e., assume a cylinder of dimensions 7.5E-21 cm3/atom), the 
1.7-mg apatite/g sediment would occupy 13.6% of the 20% pore space, so there should be some 
decrease in permeability. 

  

 

               

0

20

40

60

80

100

120

140

160

180

200

25 27 29 31 33 35 37 39

2-Theta

C
o

u
n

ts

 
 

 

        
0 1 2 3 4

Energy (keV)

0

20

40

60

cps

O

P

Cl

Ca

 

 



 

2.4 

2.4 

The second factor that would control the amount of apatite needed to sequester Sr-90 is the rate 
of incorporation.  This permeable reactive barrier concept of apatite solids in the aquifer works 
only if the flux rate of Sr and Sr-90 in the aquifer is slower than the removal rate of Sr and Sr-90 
by apatite.  If the groundwater flow rate is too high, even highly sorbing Sr and Sr-90 could 
advect through the apatite-laden zone more quickly than it is removed.  The way to circumvent 
this issue is to have additional apatite in the groundwater system (upgradient) to essentially 
remove Sr-90 at an increased rate.  Based on the experience in the 100-D Area where partially 
reduced sediment is slowly removing chromate (and nitrate), seasonal fluctuations in the river 
level lead to specific times of year when flow in the aquifer exceeds the chromate removal rate 
of the reduced sediment.  Therefore, numerous experiments have been conducted in this study to 
clearly define the rate at which Sr and Sr-90 is incorporated into the crystal structure of apatite.  
Sr-90 migration in unsaturated sediments moves at a slower rate than in the aquifer.  A worst-
case scenario is when the vadose zone is entirely water saturated, which does occur during 
floods.  Therefore, use of the 3.4-mg apatite/g sediment (i.e., value needed for water-saturated 
conditions) is a conservative estimate.  In order to predict the average and transient advection of 
Sr-90 in the vadose zone sediments, simulations of the 100-N Area would need to be conducted 
that include river levels for decades. 
 
Because Sr and Sr-90 interact with apatite by two processes (sorption by ion exchange and 
incorporation into apatite), the effect of addition of a small amount of apatite to sediment and the 
subsequent change in both sorption and incorporation can be calculated (Table 2.1).  These 
calculations assume no Sr/Sr-90 is incorporated into apatite during the initial precipitation 
(experiments show 25% to 40% is incorporated).  The possibility of Sr incorporation slowing at 
long time periods was investigated by measuring Sr with depth in apatite (Section 4.3.3.3). 

Table 2.1.  Apatite mass and change in Sr-90 mobilization. 

System 
Injected PO4 

(mM) 
g apatite/ 

g sediment 

Predicted(a) 
Sr-90 (pCi/L) 

w/sorption only 

Predicted(a) 
Sr-90 (pCi/L) 

w/incorporation 

Groundwater 0.0 0.0 1000 1000 
Field inj. #1, #2 2.4 9.0E-05 999 165 
Field inj. #3-10 10 3.8E-04 974 44 
Max. infiltration 60 2.3E-03 825 7 
300-year capacity 90 3.4E-03 767 4 

(a) Assumptions: 1000 pCi/L initially in groundwater, Kd (Sr, sediment) = 25 cm3/g, Kd (Sr, 
apatite) = 1370 cm3/g, 10% Sr substitution for Ca in apatite. 

 

What these calculations show is that even though the Sr sorption to apatite is very high (Kd = 
1370 cm3/g), because the mass of apatite is so small (as precipitate in pore space of sediment), 
the resulting sorption of Sr and Sr-90 onto apatite/sediment is small.  The net effect is that right 
after apatite is placed in sediment (i.e., weeks), there will be little observed decreased in the 
Sr-90.  Over the time scale of months, however, Sr and Sr-90 are slowly removed, and the 
amount of incorporation (10% crystal substitution of Sr for Ca in apatite is assumed in these 
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calculations) is fairly significant.  Even the 2.4-mM of PO4 injected in field injections #1 and #2 
should eventually result in an 8-time decrease in the Sr-90 concentration (after 6 to 12 months).  
This small amount of apatite will be exhausted after a few years, so additional apatite is needed.  
A sequential low concentration injection followed by a 6- to 12-month wait period, then one or 
more high concentration injections are proposed for injection treatments.  The purpose of these 
injections is to emplace sufficient apatite for 300 years of capacity, but minimize the initial 
desorption of Sr-90 in the injection zone.  A similar method is proposed for the vadose zone to 
minimize Sr-90 downward migration, although the underlying water-saturated zone will already 
contain some apatite precipitate. 

2.4 Sr and Sr-90 Incorporation Rate into Apatite 
 
Because Sr2+ and Sr-90 behave essentially the same as Ca2+, some Sr and Sr-90 is incorporated 
in apatite during the initial precipitation.  Thermodynamically strontiapatite [Sr10(PO4)6(OH)2, 
Ksp =10-51] and mixed phases are favored relative to hydroxyapatite [Ca10(PO4)6(OH)2 Ksp = 
10-44].  However, the more rapid the apatite precipitation is, the Ca/Sr ratio in the crystalline 
structure will increasingly reflect the Ca/Sr ratio in the solution.  Therefore, while it is relatively 
easy to make 40% Sr-substituted apatite from a solution containing 40% Sr, Hanford ground-
water Ca/Sr ratio is 220:1, limiting the amount of Sr in the precipitate.  Results in this report 
show that the amount of Sr substitution into apatite during the initial precipitation is far greater 
than 0.4% (1/220), and is generally in the 30% to 40% range, so reflects the influence of 
thermodynamics on the slow precipitation. 
 
Once solid-phase apatite is precipitated, Sr and Sr-90 will additionally be incorporated into the 
apatite structure by solid-phase dissolution/recrystallization, as described below.  The initial step 
in this process is Sr and Sr-90 sorption to the apatite surface.  Results in this study show this 
sorption is quite strong (Kd = 1370 ± 439 L/Kg) or 55 times stronger affinity than to sediment 
(Kd = 24.8 ± 0.4 L/Kg).  The rate of metal incorporation into the apatite crystal lattice can be 
relatively slow, on the order of days to years (LeGeros et al. 1979; Vukovic et al. 1998; Moore 
2003, 2005).  While there have been a number of studies of this Sr-substitution rate into apatite 
(Hill et al. 2004; Lazic and Vukovic 1991; Raicevic et al. 1996; Heslop et al. 2005; Koutsoukos 
and Nancollas 1981), geochemical conditions differ from the application in groundwater at the 
Hanford 100-N Area.  However, in the presence of soluble phosphates, apatite acts as a seed 
crystal for the precipitation of metal phosphates (Vukovic et al. 1998).  Homogeneous nucleation 
(precipitation directly from solution) will generally not occur except at very high metal concen-
trations, for example, greater than 10 parts per million (ppm).  However, at low concentrations of 
the substituting cation (such as calcium) and in the presence of small amounts of phosphate and a 
seed crystal of apatite, heterogeneous nucleation occurs on the surface of the apatite seed crystal 
(Lower et al. 1998).  The apatite itself serves as a small, but sufficient source of phosphate to 
solution, and thus perpetuates the precipitation reaction.  Over time, the precipitated metals are 
sequestered into the apatite crystal matrix.  The mechanism (solid-state ion exchange) of Sr 
substitution for Ca in the apatite structure has been previously studied at elevated temperature 
(Rendon-Angeles et al. 2000), but low temperature aqueous rates under Hanford groundwater 
conditions (i.e., Ca/Sr of 220/1) have not. 
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The amount of Sr-90 incorporation into solid-phase apatite has been characterized in previous 
studies by a variety of methods.  The most reliable types of studies that prove the phenomena use 
pure apatite in a solution containing a specific Sr concentration, and the apatite solid phase is 
analyzed for percent Sr substitution by:  a) dissolution and aqueous Sr or Sr-90 analysis, or 
b) electron microprobe with EDS or elemental detection of Sr.  Analysis of the remaining Sr and 
Sr-90 aqueous concentration in a apatite/water system is insufficient to determine if Sr/Sr-90 has 
been incorporated into apatite.  However, if the Sr/Sr-90 aqueous concentration, and ion 
exchangeable Sr concentrations are analyzed, then the remaining Sr/Sr-90 must be incorporated 
into the apatite structure. 
 
Therefore, sequential extractions of selected chemical extraction were used to remove ion 
exchangeable Sr-90, organic-bound Sr-90, carbonate-bound Sr-90, and remaining (residual) 
Sr-90.  Both Sr and Sr-90 were analyzed in extractions to determine if the Sr was retained differ-
ently from the Sr-90.  It was expected that Sr was geologically incorporated into many different 
sediment minerals (Belousova et al. 2002), so should be more difficult to remove compared with 
Sr-90, which was recently added to the systems.  The ion-exchangeable extraction consisted of 
the addition of 0.5 M KNO3 to the sediment sample for 16 hours (Amrhein and Suarez 1990).  
The organic-bound extraction conducted after the ion-exchangeable extraction consisted of 
0.5 M NaOH for 16 hours (Sposito et al. 1982).  The carbonate-bound extraction conducted after 
the organic-bound extraction consisted of the addition of 0.05 M Na3EDTA for 6 hours (Sposito 
et al. 1983a, 1983b; Steefel 2004).  The residual extraction conducted after the carbonate-bound 
extraction consisted of the addition of 4 M HNO3 at 80°C for 16 hours (Sposito et al. 1983a, 
1983b).  Apatite dissolution rates are highest at low pH (Chairat et al. 2004), so this extraction is 
expected to remove Sr-90 that is incorporated into the apatite. 

2.5 Sr-90 Initial Mobilization and Sequential Injection Strategy 
 
Because ~90% of the Sr and Sr-90 in the Hanford 100-N Area sediments is held by ion 
exchange, any solution that is injected into the aquifer (or infiltrating into the vadose zone) that 
has a higher ionic strength relative to groundwater (11.5 mM) and/or proportionally higher 
percentage of divalent cations will cause Sr and Sr-90 to desorb from sediments.  At 100-N Area, 
pH (~7.8), Sr Kd value is ~15 L/Kg, or an approximate retardation factor of 125 (i.e., ~99% of 
the Sr and Sr-90 mass is sorbed).  Injection of a low concentration of the Ca-citrate-PO4 (4, 10, 
2.4) solution results in a ~10 times increase in Sr and Sr-90 aqueous concentration.  Injection of 
a much higher concentration Ca-citrate-PO4 (40, 100, 24) solution results is >50 times increase in 
Sr and Sr-90 aqueous concentration.  Injection of a Ca-citrate-PO4 solution at the field scale will 
mobilize some Sr and Sr-90 in the injection zone (~3% of the sorbed Sr-90 mass for a low 
Ca-citrate-PO4 concentration injection), and less Sr-90 for the zone that the spent solution 
migrates through.  The injection/infiltration solution has been modified over time to be Ca-poor 
in order to minimize the initial Sr-90 mobilization and utilize some Ca2+ and Sr2+ held on 
sediments by ion exchange for the initial apatite precipitation (Szecsody et al. 2007, 2008).  The 
final high concentration injection solution used (3.6 mM Ca, 9 mM citrate, 40 mM PO4) contains 
<5% of the Ca2+ needed for apatite precipitation.  Preliminary results of high concentration 
injections have shown ~10 times increase in Sr-90 aqueous concentration (maximum), which is 
considerably less than the >50 times increase in Sr-90 using a stoichiometric ration of Ca/PO4 in 
laboratory experiments (Szecsody et al. 2007).  As described in an earlier section, a total mass of 
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~1.7 mg apatite per gram of sediment is needed (assuming 10% Sr substitution for Ca in apatite) 
to sequester Sr-90 for 300 years (i.e., ~10 half-lives of the Sr-90 decay with a half-life of 
29.1 years).  This mass of apatite is equivalent to injections totaling 90 mM PO4. 

In order to emplace the total amount of phosphate needed to achieve sufficient Sr-90 seques-
tration capacity and minimize Sr-90 mobilization during the injections, a sequential injection/ 
infiltration strategy was developed.  Infiltration of a low concentration of the Ca-citrate-PO4 
(1, 2.5, 10, see Table 3.1) solution will cause a small increase in the Sr and Sr-90 during the 
weeks of emplacement (~5 times increase in aqueous concentration).  Over the time scale of 6 to 
12 months, most of the Sr-90 in the precipitate zone will be incorporated into the apatite 
structure.  Note that this relatively low concentration infiltration has some capacity to incorporate 
Sr-90, but insufficient capacity to sequester Sr-90 that is upgradient of this apatite-laden zone 
that is slowly migrating toward the river over the next 300 years.  After the time interval to 
sequester the local Sr-90 in the injection zone, then one or more higher concentration Ca-citrate-
PO4 (1, 25, 100, for example) can be infiltrated with minimal Sr-90 mobilization.  These 
sequential experiments have been successfully conducted in the laboratory in water-saturated 
systems (Szecsody et al. 2007), and are reported in this study for infiltration systems. 
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3.0 Experimental and Modeling Methods 

3.1 Task 1 – Apatite Formation at Low Water Saturation 

This technology uses a Ca-citrate-PO4 solution that does not precipitate until the citrate is 
biodegraded.  The composition of this solution has changed over time, reflecting:  a) increasing 
utilization of available Ca2+ from groundwater (and on ion-exchange sites) rather than injecting 
all the Ca2+ needed, and b) minimizing Sr and Sr-90 ion-exchange release from sediment upon 
injection.  Initially, the solution composition did not reflect utilization of Ca2+ from groundwater 
or ion-exchange sites, so the infiltrating solution (Table 3.1) utilized a higher concentration of 
calcium chloride [CaCl2*2H2O] and trisodium citrate [HOC(COONa)(CH2COONa)2*2H2O] 
compared to later injections.  When combined, the solution at this low concentration is stable for 
days, depending on whether microbes are present in the makeup water (i.e., citrate biodegrades). 

The citrate biodegradation rate can be assessed by measurements of aqueous citrate, calcium, and 
phosphate concentrations (reactants) or products carbon dioxide (oxic system) or organic acids 
acetate and formate (anaerobic system).  Measurement of aqueous species at low water saturation 
is problematic, so citrate biodegradation rates were assessed by measurements of carbon dioxide 
formation using 14C-labeled citrate.  These gas-phase samplers cause minimal disturbance to 
experiments at differing water saturations.  For these batch experiments, water saturations of 
100%, 90%, 80%, 60%, 40%, and 20% were used.  It should be noted that in preliminary 
infiltration simulations, water saturations of 60% or greater were generally observed in the 
apatite-forming solution infiltration area, so it is expected that higher water saturations are more 
applicable to field-scale infiltration.  These citrate biodegradation rate experiments were assessed 
at 15ºC and 25ºC to be able to predict biodegradation rates that should be observed over the 
small temperature range expected in the field (14ºC to 17ºC, and possibly as high as 21ºC in late 
summer for near-shore sediments).  In these batch experiments, 0.25-mL tubes containing 
1 M NaOH were used as carbon dioxide traps.  These traps were periodically sampled and 
refilled over time (to 1000 hours) to measure the rate of carbon dioxide production from the 
citrate biodegradation.  The carbon dioxide was measured by liquid scintillation counting. 

Citrate biodegradation experiments were additionally conducted with sediments of known 
microbial biomass (Figure 2.2), so that biodegradation rates can be quantified at different 
biomass concentration.  Because previous studies have shown that the biomineralization rate of 
citrate is more uniform that expected based on only the in situ microbial biomass, additional 
experiments were conducted to assess the influence of microbial transport of in situ and injected 
biomass, and assess the relative contribution of in situ and injected microbes.  This involved a set 
of five 30-ft long 1-D columns in which the Ca-citrate-PO4 solution was injected to reach only to 
20 ft in the column, then the column was taken apart to collect samples for phosphate analysis 
and biomass analysis (by acrodyne orange direct counts [AODC], phospholipids fatty acid 
[PLFA], and polymerase chain reaction [PCR]/DNA).  Microbes can be detached from sediment 
and transported in response to shear forces (i.e., the velocity of injection shearing microbes off 
the surface) and in response to the higher ionic strength of the injecting solution.  Both of these 
processes (shear and high ionic-strength solutions) are used to detach microbes for sediment 
samples.  The baseline microbial transport experiment was a Ca-citrate-PO4 (40 mM PO4) 
solution injection (Table 3.1, proportions of field injection #3) over 24 hours, with live in situ 
microbes and unfiltered river water used for the solution (i.e., live injected microbial population).  
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The influence of shear to advect microbes was addressed by the comparison of this baseline 
experiment to a second injection experiment in which the same solution was injected over a 
2-hour period (i.e., 10 times the injection rate).  The influence of ionic strength to advect in situ 
and injected microbes was addressed by comparison of the baseline experiment to a third injec-
tion experiment with a low concentration Ca-citrate-PO4 (4 mM PO4).  The relative influence of 
in situ and injected microbes on biodegrading the citrate and precipitating apatite were addressed 
by comparison of biomass and apatite distribution in the baseline experiment to a fourth 
experiment in which the injected water was 0.2 µm filtered (i.e., no injected microbes; live in 
situ microbes), and comparison to a fifth experiment in which the same solution (with unfiltered 
river water) was injected into sediment that was autoclaved to kill all the in situ microbes. 

Table 3.1.  Composition of Ca-citrate-PO4 solutions utilized for field injections. 

Name  
(conc in mmol/L) Composition(a) pH 

Max. 
Solubility(b) 

Ionic str. 
(mM) Field Use 

Ca-citrate-PO4 
(4, 10, 2.4) 

Solution 1: 
4.0 mM calcium chloride 
10 mM trisodium citrate 
Solution 2: 
2.0 mM disodium phosphate 
0.4 mM sodium phosphate 
1.0 mM ammonium nitrate 

7.5 ± 0.1  
56 mM 
140 mM 
 
480 mM 
200 mM 

99.5 Field 
injection #1 

Ca-citrate-PO4  
(2, 5, 2.4) 

Solution 1: 
2.0 mM calcium chloride 
5.0 mM trisodium citrate 
Solution 2: 
2.4 mM diammonium phosphate 
1.0 mM sodium bromide 

8.0 ± 0.1  
40 mM 
100 mM 
 
480 mM 
200 mM 

60.7 Field 
injection #2 

Ca-citrate-PO4  
(1, 2.5, 10) 

Solution 1: 
1.0 mM calcium chloride 
2.5 mM trisodium citrate 
Solution 2: 
8.1 mM disodium phosphate 
1.4 mM sodium phosphate 
0.5 mM diammonium phosphate 
1.0 mM sodium bromide 

7.8± 0.1  
48 mM 
120 mM 
 
526 mM 
91 mM 
32 mM 
65 mM 

84.5 Low 
concentration 
injections in 
2007 

Ca-citrate-PO4  
(3.6, 9, 40) 

Solution 1: 
3.6 mM calcium chloride 
9.0 mM trisodium citrate 
Solution 2: 
32.4 mM disodium phosphate 
5.6 mM sodium phosphate 
2.0 mM diammonium phosphate 
1.0 mM sodium bromide 

7.8± 0.1  
48 mM 
120 mM 
 
526 mM 
91 mM 
32 mM 
65 mM 

293 High 
concentration 
injections in 
2008 

100-N 
groundwater 

1.3 mM Ca, 0.2 mM K,  
0.54 mM Mg, 1.1 mM Na,  
0.60 mM Cl, 0.69 mM SO4, 
2.72 mM HCO3 

7.7-8.3  11.5  

(a) Concentrations listed are for the final mix of solutions 1 + 2.  
(b) Tested solubility in complete solution. 
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The process of apatite precipitation using Ca-citrate-
PO4 solutions involves contacting the solution with 
sediment so that:  a) microbes in the sediment 
biodegrade the citrate by a fermentation process, and 
b) the slow release of Ca from the citrate complex 
results in slow precipitation of apatite.  Citric acid is 
utilized by many organic systems as part of the TCA 
(Krebs) photosynthetic process (Figure 3.1), where 
the citrate (a C6 organic acid) is converted to C6, 
C5, and C4 organic acids producing CO2 and H+, 
then cycled from oxaloacetic acid (C4) to citric acid 
(Bailey and Ollis 1986).  Citrate can also be further 
degraded to acetic acid (C2), formaldehyde, formic 
acid (C1) and CO2.  For the purpose of this study, 
citrate is used to complex Ca, so only the decrease in 
citrate concentration (by biodegradation) is of 
significance, as the lower molecular weight organic 
acids only form weak complexes with Ca.  Citrate 
ferments to form acetate and formate as has been 
observed in unamended sediments from the Hanford 
Site and in these same sediments amended with a known citrate-fermenting microorganism (see 
Section 4.0).  A lag time of about 3 days prior to fermentation was observed in the unamended 
sediments likely due to low initial populations of microorganisms.  While acetate and formate 
are the primary fermentation products, the amended sediments showed small amounts of lactate 
and propionate produced in addition to the acetate and formate.  In these experiments, citrate 
fermentation followed the reaction stoichiometry shown in Eq. (3.1). 
 
 C6H8O7 + H2O + OH- → 2C2H4O2 + CH2O2 + HCO3

- (3.1) 
 
Biomass in the pre-test unamended sediment sample was 1.51 x 105 cells/g-soil and an average 
of 2.25 x 108 cells/g-soil after the 16-day incubation period.  Using a generic cell formula of 
C5H7O2N, the molecular weight of cells is 113 mg/mmole.  These anaerobic citrate biodegra-
dation experiments show that 73% of the carbon from citrate can be accounted for in formate and 
acetate, and it is likely that the other 25% is carbon dioxide, as shown in Eq. (3.1). 
 
Initial Ca-citrate-PO4 experiments were conducted in batch systems, and various aqueous species 
concentrations were measured (i.e., citrate, degradation products, PO4, Ca, etc.).  This type of 
data is predominantly used to determine the rate of citrate biodegradation, which is approxi-
mately equal to the rate of apatite precipitate formation (although apatite precipitate is not 
measured in this type of experiment).  These experiments typically consisted of 10 to 100 mL of 
water mixed with 1 to 60 g of 100-N sediment, and the reaction pathway followed for 1 to 
2 weeks by periodic sampling of the aqueous solution (Moore et al. 2007). 
 
Solution stability experiments involved mixing high concentrations of solutions (Table 3.1), and 
quantifying the composition of the precipitate.  In most cases, Ca-citrate precipitated out of 
solution (as measured by FTIR), as the solution was slightly over saturated.  Laboratory solutions 
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Figure 3.1.  Biodegradation pathway for 
citrate. 
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made up with deionized water and aseptically filtered with a 0.1-µm filter to remove most 
microbes remained stable the longest.  However, other solution stability experiments were 
conducted with groundwater and river water, as these occur during field-scale injections.  The 
Hanford 100-N groundwater contains ~105 cfu/mL and the river water contains ~107 cfu/mL, so 
Ca-citrate-PO4 solutions in most cases degraded within 24 to 48 hours, with measured loss of 
citrate and PO4 (due to precipitation).  For this reason (i.e., citrate degradation if the solution 
contains microbes), the concentrated chemicals are mixed with river water and injected into the 
well within minutes (i.e., continuously over the 8- to 60-hour injection periods). 
 
Additional Ca-citrate-PO4 batch experiments were conducted to measure the composition of the 
apatite precipitation.  In the batch experiments described above where the solution is fully mixed 
with the sediment, the amount of precipitation is relatively small and difficult to measure both 
the quantity of precipitate and its composition.  For example, a 2.4-mM PO4 solution will result 
in 0.05 mg of apatite per gram of sediment (i.e., 0.005%), which is too small for XRD (0.5% or 
possibly as low as 0.1%).  One approach used was to precipitate apatite from higher concen-
tration solutions.  A solution containing 28 mM PO4 (maximum solubility of the Ca-citrate-PO4 
solution) would result in 0.56 mg apatite per gram of sediment (0.056%), assuming 100% of the 
aqueous PO4 precipitates.  Because only the microbes from the sediment are needed (if Ca from 
ion-exchange sites are not being utilized), an approach used to additionally concentrate the 
amount of apatite produced was to use a small amount of sediment (2 to 5 g) in a woven Teflon 
bag in 5 L of a high concentration apatite solution.  This isolates the sediment from the 
precipitate, which can be dried and characterized.  Due to the extremely low soil to solution ratio 
in these experiments, the citrate biodegradation rate was considerably slower (weeks). 

3.2 Task 2 – 1-D Infiltration of Ca-Citrate-PO4 Solutions 
 
In this task, a series of 1-D unsaturated column experiments were conducted to assess rates at 
which apatite precipitation occurs with depth at varying Ca-citrate-PO4 concentration.  We 
hypothesize that uniform apatite precipitate distribution can be achieved at high solution 
concentration and high infiltration rates, but the kinetics of phosphate adsorption and microbial 
growth at low infiltration rates will limit the depth of apatite precipitate. 
 
In the water-saturated zone during injection, high concentration (100 mM citrate) apatite 
solutions are 3% to 4% more dense than groundwater, so density effects (plume sinking) may be 
significant.  In the unsaturated zone, density effects should be less significant due to the 
mitigating effects of capillarity.  These studies move up in scale to idealized 1-D representation 
of field infiltration (beyond the batch studies in Task 1). 
 
In this task, 1-D infiltration experiments were conducted at differing apatite solution concen-
trations ranging from 1 to 60 mM PO4.  These 1-D unsaturated column studies were conducted in 
conjunction with 1-D simulations conducted in Task 4 to design experiments and assess results.  
Column transport experiments were conducted at a fixed infiltration rate (steady flow), with 
measurement of Ca, PO4, and citrate aqueous concentrations and the moisture content.  The 
influence of heterogeneities were not investigated in 1-D columns, but were investigated in 
2-D infiltration systems (Task 4) where a high-K zone and a low-K zone were included. 
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3.3 Apatite and Ca-PO4 Solid-phase Characterization 
 
Apatite characterization methods used included:  a) XRD, b) electron microprobe analysis with 
EDS detector (purity of apatite formed), c) electron microprobe analysis with elemental detector 
(for Sr substitution in apatite), d) apatite dissolution in 0.5 M or 4 M nitric acid and aqueous PO4 
analysis (i.e., aqueous PO4 extraction), e) surface area measurement by Brunauer-Emmett-Teller 
(BET) isotherm, f) inorganic carbon analysis (to determine if carbonate is present in the apatite), 
g) organic carbon analysis (to determine if microbial biomass is incorporated into the apatite), 
and h) fluorimetry for specific substituted apatites. 
 
Aqueous PO4 extraction experiments consisted of mixing 0.5 to 5.0 g of sediment (with or 
without precipitated apatite) with 5 mL of 0.5 M or 4 M HNO3 and PO4 analysis of samples 
taken at time intervals ranging from minutes to days.  It was determined that the 100-N sediment 
(without added apatite precipitate) contains ~2.3 mg PO4/g of sediment.  Electron microprobe 
analysis does show some P in quartz-associated mineral grains, so these may be primary mineral 
phases.  It was also noted that phosphoric acid was used in the 100-N trenches, so there may be 
some PO4 associated with the waste.  A 2.4-mM PO4 solution would result in 0.05 mg apatite/g 
sediment or 0.028 mg PO4/g of sediment.  Because this represents only 1.2% of the PO4 initially 
in the sediment, it is unlikely that it can be accurately measured.  A 15-mM PO4 solution would 
result in 0.315 mg apatite/g or 0.18 mg PO4 g (7.8% of the PO4 initially in the sediment).  
Finally, a total of 90 mM PO4 solution would result in 1.65 mg apatite/g of sediment or 0.94 mg 
PO4/g sediment (41% of the PO4 initially in the sediment).  This higher concentration can 
possibly be identified by this aqueous PO4 extraction.  Experiments conducted with the pure 
precipitated apatite showed that it dissolved in the 0.5 M HNO3 by 10 minutes, whereas the PO4 
from the sediment took 1 to 4 hours to dissolve.  Therefore, utilizing low acid concentrations and 
short extraction time increases the apatite precipitation identification. 
 
Thin sections of sediment and sediment/apatite mixtures were prepared for the electron micro-
probe by mixing specific concentrations of apatite with sediment, then encasing the dried 
composite in epoxy and making a 10-micron-thick section.  Microprobe analysis could identify 
extremely small concentrations of apatite.  Typically a 2-mm by 2-mm section of the thin section 
was scanned with a 15-µm beam, 15-µm scan step, 120 x 120 grid (14,400 points) with 1000 milli-
seconds scan per point, for a total scan time of 30 hours per sample.  With that relatively long 
scan time at each point, P could be detected at a concentration of 10 ppm within the 15-µm beam 
using elemental detectors.  In addition to scanning for P, Mg and Ca were also measured. 
 
A second method for measuring phosphate was acid extraction (0.5M NO3 for 15 minutes, 
described in Section 4.1.6) then aqueous PO4 measurement (Hach 8178, Figure 3.2).  This 
method was used because of the interference of citrate with the Hach 8114 method.  This Hach 
8178 method (also called Orthophosphate or Amino Acid Method) uses a different set of 
reagents and has to react for 10 minutes (instead of 3 minutes for Hach 8114).  The range of this 
Hach 8178 is slightly smaller (0 to 30 mg/L) than the previous method, but the presence of 
citrate at the concentrations of interest do not interfere with the phosphate analysis. 
 
At the PO4 infiltration concentration of interest (2.4 mM to 40 mM, with citrate concentration of 
2.5 mM), the presence of anything less than 20 mM citrate does not interfere with the analyzed 
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PO4 concentration (Figure 3.2), so the 
method is suitable for the 5-mM citrate 
concentration of injection #2 and 10-mM 
citrate concentration of injection #1.  At 
much greater citrate concentrations, the 
presence of citrate results in less apparent 
measurement of PO4, possibly due to the 
amino acids complexing with citrate.  If 
additional (2 times) amino acid reagents are 
added to a solution of 2.4 mM PO4 and 
80 mM citrate, then the PO4 measurement is 
accurate. 

3.4 Task 3 – Apatite Sr 
Capacity and Uptake Rate 

 
In this Task, the uptake of Sr-90 into apatite 
will be characterized to determine:  a) total 
mass of apatite precipitate needed to 
sequester Sr-90 for ~300 years (sufficient 
time for radioactive decay given the Sr-90 
half-life of 29.1 years), and b) rate of Sr-90 
uptake into the apatite structure.  It is 
hypothesized that only a small amount of 
apatite is needed to sequester Sr-90 for 
300 years, but that the rate at which apatite 
recrystallizes and incorporates Sr/Sr-90 will 
define the amount of apatite mass needed to 
be emplaced by infiltration.  The capacity of 

apatite to uptake Sr/Sr-90 was determined experimentally.  As described in the background 
section, some natural apatites have up to 11% substitution of Sr for Ca.  Given 10% substitution, 
a total of 1.7 mg of apatite per gram of sediment is needed to sequester Sr and Sr-90 for 
300 years.  Given that the initial apatite precipitate is somewhat amorphous, and relatively pure 
Ca-apatite [Ca10(PO4)6(OH)2], the substitution approaching 10% Sr [SrCa9(PO4)6(OH)2] is 
thermodynamically favored given the higher solubility product of strontiapatite of 10-51 being 
7 orders of magnitude less soluble than apatite (10-44).  The maximum amount of Sr substitution 
into Ca-apatite was verified experimentally with a long-term batch study with solid-phase apatite 
(only, no sediment) and a solution containing the proportions of cations found in Hanford 100-N 
groundwater (i.e., Ca/Sr ratio of 220/1) to demonstrate that Sr substitution under these conditions 
occurs. 
 
The rate of Sr substitution into Ca-apatite was experimentally determined through a series of 
long-term batch studies at different temperatures (22ºC, 42ºC, 62ºC, and 82ºC) to be able to 
project the rate of Sr substitution that will occur under field conditions at 15ºC and determine the 
activation energy of the process.  Low activation energies (<10 kJ/mol) would indicate the 
process is rate limited by diffusion, which could be increased by increasing the surface area (i.e., 
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Figure 3.2.  Hach 8178 PO4 analysis (amino acid) of 
ultraviolet absorbance at 530 nm:  a) without citrate 
present and b) with citrate present showing 
significant interference. 



 

3.7 

3.7 

change the precipitation process to precipitate smaller crystals).  Activation energies >15 kJ/mol 
would be indicative of a chemically controlled process.  In these experiments, solid-phase apatite 
and mixtures of sediment and apatite will be used, with solid-phase sampling at period time 
intervals to 1 year with sequential extractions to determine the amount of Sr-90 substitution into 
the apatite. 
 
Technical basis for apatite mass and 300-year longevity to sequester Sr-90: 
 
1. 300 years of capacity is purely a function of the Sr-90 half-life (29.1 years), so 10+ half-lives 

would decay 99.90% of the Sr-90.  Whether Sr-90 is held in the apatite or is inland from the 
Columbia River and does not reach the river, only 10% will remain after 100 years and 
<0.1% after 300 years. 

 
2. Basis for number of pore volumes of water passing through the barrier for 300 years:  

pv/15-m thick barrier x 0.3 m/day (average groundwater flow) x 365.25 day/year x 300 years 
= 2191 pv. 

 
 or roughly 2200 pore volumes of water traveling at 0.3 m/day (1 ft/day) average groundwater 

flow rate will pass through a 15-m (45-ft) thick barrier in 300 years. 
 
3. Sr advection through the barrier in 300 years/2200 pore volumes:  0.2 mg Sr/L (average 

groundwater flow) or 2.0E-04 mg Sr/cm3 x 2200 pore volumes = 0.44 mg Sr/cm3 liquid. 
 
4. Amount of apatite needed to sequester this amount of Sr:  0.44 mg Sr/cm3 x 1/[44 g Sr/ 

1004 g apatite (11% substitution of Sr for Ca)] = 10.01 mg apatite/cm3 liquid. 
 
5. Given the sediment field porosity (0.20 cm3/cm3) and dry bulk density (1.78 g/cm3), the 

amount of apatite per gram of sediment is:  10.01 mg apatite/cm3 liquid x 0.2 cm3 liquid/cm3 
total x cm3 total/1.78 g sediment = 1.12 mg apatite/g sediment. 

 
6. Phosphate solution (mol/L) required to achieve 1.2 mg apatite/g sediment deposition mass:  

10.01 mg apatite/cm3 liquid x 1000 cm3/L x g/1000 mg x mol apatite/1004 g apatite x 6 mol 
PO4/mol apatite = 0.059 mol PO4/L. 

 
7. Volume considerations of apatite in the pore space:  unit cell of apatite:  a = 9.3A x c = 

6.89 A. 
 
 Assume cylinder (a/2)2*3.14*c = 7.488 x 10-21 cm3/atom or 4509.6 cm3/mol of apatite 

1.7 mg apatite/g sed * mol/502 g * 1/1000 * 4509.6 cm3/mol = 0.0153 cm3/g sed.  Give the 
dry bulk density and porosity:  1.78 g/cm3/0.2 = 8.9 g/cm3 pore space.  Pore space occupied 
by apatite:  0.0153 cm3 ap/g sed x 8.9 g sed/cm3 pore space = 0.136 

 …or 1.7 mg apatite/g sediment occupies 14% of the pore space (small, but likely some 
decrease in permeability). 

 
8. The above pore volume calculation (b) is appropriate for groundwater flow (not vadose zone 

flow).  Given the average annual precipitation at Hanford of 16 cm/year, the recharge rate 
(i.e., downward flux rate) is estimated at 0.1% to 2% (less with plant cover, more with coarse 
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surface sediment and no plants) based on multiple different techniques and studies at 
Hanford.  Therefore, downward migration of Sr-90 in the vadose zone is very slow.  
However, the Sr-90 contamination zone that is being remediated is near the Columbia River, 
and this zone may be at low water saturation or be seasonally part of the unconfined aquifer.  
As such, the worst case for vadose zone treatment is that Sr-90 is migrating in groundwater 
(i.e., the vadose zone is water-saturated 100% of the time), so we are designing the same 
amount of precipitation in the vadose zone as in the saturated zone. 

3.5 Major Cation/Anion and Radiochemical Analysis 
 
Liquid scintillation counting was used for Sr-90, Sr-85, Ca-45, Na-22, and C-14 analysis.  
Inductively coupled plasma (ICP) was used for measurement of cations and ion chromatography 
for selected anions (citrate, phosphate, carbonate).  In addition, a colormetric method was used 
for phosphate analysis for selected samples.  For most radionuclides, counting was relatively 
straightforward, with a 0.1-mL to 1.0-mL sample mixed with scintillation fluid, and counting 
dependent on the activity of the sample (typically 10 minutes to 180 minutes per sample).  
Scintillation counting was performed using a Packard 2550 liquid scintillation counter with 
newly upgraded counting software.  Quench for each sample was compared to a quench curve 
for each isotope.  Typical background was 18 to 22 counts per minute/mL, and a typical 
experiment had 10,000 to 20,000 counts per minute/mL of the radionuclide added.  Field 
sediments with field-contaminated Sr-90 contained lower counts. 
 
Counting the activity of Sr-90 was slightly more complicated because Sr-90 (29.1-year half-life) 
decays to Y-90; Y-90 (64.1-hour half-life) decays far more rapidly to Zr-90.  The result is that 
there is far more (4054 times) decay activity measured from the Y-90 decay than Sr-90 decay.  
Quantifying the Sr-90 concentration requires waiting (~30 days or ~10 half-lives of the Y-90 
64.1 hours) after which time half of the activity measured is from Sr-90 and half from Y-90 
decay.  Simulations of Sr-90 and Y-90 radioactive decay with different starting proportions were 
conducted to examine the secular equilibrium wait time. 
 
At secular equilibrium where half of the activity is from Sr-90 and half from Y-90, 99.97% of 
the mass is Sr-90 and 0.0252% is Y-90.  Solutions (with no solids) should be at secular 
equilibrium, so can be counted immediately.  In contrast, an experiment containing a Sr-90 
solution and a solid phase (sediment, apatite) may not be at secular equilibrium initially due to 
preferential sorption of Y over Sr (which should take minutes to hours).  However, after 30 days 
wait, aqueous samples taken from an experiment should also be at secular equilibrium.  
However, a solid-phase extraction (i.e., dissolving apatite with acid to extract the Sr-90) will 
likely not be at secular equilibrium.  For all cases that contained >0.025% Y-90 initially, total 
activity decreases over time (~30 days; Figure 3.3).  For one case containing no Y-90 initially 
(and cases containing <0.025% Y-90), total activity increases over time.  Therefore, counting 
before 30 days, then at 30 days (with counts increasing or decreasing) is indicative of the solid-
phase extraction conducted preferentially removing more or less Y-90 relative to Sr-90.  Secular 
equilibrium is reached within 30 days for most cases (percent Y-90 from 0% to 10%, equilibrium 
is 0.0252%, Figure 3.3 a-d) likely to occur.  A longer (1.5 to 2 months) period of time to reach 
secular equilibrium is needed for extreme cases containing >10% Y-90 (Figure 3.3 e-h). 



 

3.9 

3.9 

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

100 101 102 103

M
as

s 
R

em
ai

ni
ng

time (h)

Sr-90, Y-90 Mass: Initial Sr-90 = 100%, Y-90 = 0%

64 h

total
mass

Y-90
mass

Sr-90
mass

  
10

-3

10
-2

10
-1

10
0

100 101 102 103

A
ct

iv
ity

 R
em

ai
ni

ng

time (h)

Sr-90, Y-90 Activity: Initial Sr-90 = 100%, Y-90 = 0%
total activity

Y-90 activity

Sr-90 activity

time to reach secular equililbrium:
within 10% of final    141 h
within 5% of final      197 h
within 1% of final      303 h

relative mass
at secular eq.:
99.97% Sr-90
0.0252% Y-90

 

10
-4

10
-3

10
-2

10
-1

10
0

100 101 102 103

time (h)

M
as

s 
Re

m
ai

ni
ng

Sr-90, Y-90 Mass: Initial Sr-90 = 90%, Y-90 = 10%

total
mass

Y-90
mass

Sr-90
mass

 
10

-1

10
0

10
1

10
2

10
3

100 101 102 103

Ac
tiv

ity
 R

em
ai

ni
ng

time (h)

Sr-90, Y-90 Activity: Initial Sr-90 = 90%, Y-90 = 10%

total activity

Y-90 activity
Sr-90 activity

time to reach secular equililbrium:
within 10% of final    715h
within 5% of final      780 h
within 1% of final      949 h

1 month

relative mass
at secular eq.:
99.97% Sr-90
0.0252% Y-90

 

10
-4

10
-3

10
-2

10
-1

10
0

100 101 102 103

time (h)

M
as

s 
Re

m
ai

ni
ng

Sr-90, Y-90 Mass: Initial Sr-90 = 50%, Y-90 = 50%
total mass

Y-90
mass

Sr-90 mass

 
10

-1

10
0

10
1

10
2

10
3

10
4

100 101 102 103

Ac
tiv

ity
 R

em
ai

ni
ng

time (h)

Sr-90, Y-90 Activity: Initial Sr-90 = 50%, Y-90 = 50%

total activity

Y-90 activitySr-90 activity

time to reach secular equililbrium:
within 10% of final    918h
within 5% of final      980 h
within 1% of final      1150 h

1 month

 

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

100 101 102 103

time (h)

M
as

s 
Re

m
ai

ni
ng

Sr-90, Y-90 Mass: Initial Sr-90 = 10%, Y-90 = 90%
total mass

Y-90
mass

Sr-90 mass

 
10

-1

10
0

10
1

10
2

10
3

10
4

10
5

100 101 102 103

Ac
tiv

ity
 R

em
ai

ni
ng

time (h)

Sr-90, Y-90 Activity: Initial Sr-90 = 10%, Y-90 = 90%

total activity

Y-90 activitySr-90 activity

time to reach secular equililbrium:
within 10% of final    1120 h
within 5% of final      1186 h
within 1% of final      1346 h

1 month

 
Figure 3.3.  Sr-90 and Y-90 mass and activity for different initial Sr-90 and Y-90 activity:  a) and b) 0% 
Y-90, c) and d) 10% Y-90, e) and f) 50% Y-90, and g) and h) 90% Y-90. 
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Aqueous samples separated from sediment/ 
water experiments in this study generally 
increased in activity over the 30 days, 
indicating Y-90 was preferentially sorbed to 
the sediments.  Radiochemical analysis of 
extraction experiments in this study have 
typically found counts increasing over 30 to 
40 days, which implies the sample was 
extracted deficient in Y-90 (<0.024%).  How-
ever, for the most extreme case of 0% Y-90 
initially, secular equilibrium is reached within 
14 days (Figure 3.3b and Figure 3.4).  Addi-
tional count increases observed for 30 to 
40 days is suggestive of an experimental artifact. 
This issue is currently being investigated. 

3.6 Task 4 – Simulation of Apatite-Forming Solution Infiltration 
 
In this Task, the reactions controlling apatite-forming solution injection, citrate biodegradation, 
apatite precipitation, Sr/Ca/Na/Mg ion exchange, and Sr-90 slow incorporation into apatite 
structure were incorporated into the STOMP numerical model.  Model parameters were 
calibrated using data from batch studies (Task 1 and 3) and 1-D infiltration column studies 
(Task 2).  The model was used to assist in the design of 2-D experiments that determined the 
accuracy of the conceptual approach for emplacement of an apatite barrier by infiltration.  
Finally, the model was used to design the field-scale infiltration strategy.  The reactions account 
for the observed increase in aqueous Sr-90 in groundwater during the first few hours of 
Ca-citrate-PO4 injection (generally due to cation exchange reactions), subsequent citrate 
biodegradation, apatite formation, and Sr removal by precipitation with apatite.  The reactions 
included:  a) Sr, Ca, Mg, Na, K, NH4 ion exchange; b) metal-OH, -CO3, -PO4, and -citrate 
aqueous speciation; c) citrate biodegradation; and d) solids apatite, CaCO3, and SrCO3, which 
was 42 reactions with 51 species.  Selected simulations are included in this report. 
 
A new reactive transport module, ECKECHEM, has recently been written for the STOMP 
simulator (White and Oostrom 2004).  This module solves coupled equilibrium, component, and 
kinetic equations for chemical reactions.  However, this module does not currently account for 
multicomponent ion-exchange processes.  Ion exchange was incorporated into STOMP, as ion-
exchange reactions will have a significant influence on the injection scheme.  Ion-exchange 
reactions are important in this remediation strategy because:  a) apatite precipitation depends on 
the stoichiometry of Ca and PO4 available in the pore fluid, and b) Sr-90 desorption occurs as a 
result of the injection of a higher ionic strength.  The apparent Sr-90 Kd decreases from 35 cm3/g 
in groundwater to 2.5 with a high ionic-strength solution.  To lessen the Sr-90 release into 
solution caused by high ionic-strength addition (i.e., the salt effect), infiltrations can be staged, 
with an initial injection of lower solution concentrations, which would also provide for more 
rapid citrate biodegradation (and ultimately better control of the apatite placement).  With a 
40-mM citrate injection, the Sr Kd = 13 cm3/g, which results in a 2-time increase in Sr-90 
groundwater concentration. 
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Figure 3.4.  Sr-90 and Y-90 total activity with no 
initial Y-90 (linear activity scale). 
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Designing the field-scale injection strategy (Task 4.3) was accomplished with a combination of 
experimental data (batch, 1-D, and 2-D) and simulations.  While experimental data shows the 
combined effects of reactions in a specific flow field, these experimental systems are smaller in 
scale and typically do not incorporate natural heterogeneities found at the field scale.  Simu-
lations can be used to test the influence of a wide range of different infiltration parameters that 
could not all be tested experimentally.  In addition, the influence of heterogeneities (randomly 
generated hydraulic conductivity field, for example) can be simulated to determine how 
significant heterogeneities are on infiltration.  An idealized set of Sr-90 reactions were used in 
preliminary infiltration experiments to demonstrate the influence of:  a) proper reactions, and 
b) physical and geochemical heterogeneities (Section 4.5.6).  These simulations show that the 
level of geochemical reaction complexity and heterogeneity complexity change the timing and 
concentration of Sr-90 leaching from the system. 

A smaller set of reactions was used in a reactive transport code (RAFT) to simulate the influence 
of long-term presence of apatite in sediment on the Sr-90 mobility (i.e., months to hundreds of 
years).  Because the citrate reactions described above are relatively short term (i.e., hours to 
months), they were not included in these simulations.  Simulations with this model approximate 
the long-term migration of Sr (and Sr-90) through the apatite-laden zone (i.e., as a permeable 
reactive barrier), with Sr ion exchange onto sediment, Sr ion exchange onto apatite, and Sr 
incorporation into apatite.  A smaller set of cations was used for these simulations that included 
calcium, strontium, and sodium. 

3.7 Task 5 – 2-D Infiltration of Ca-Citrate-PO4 Solution 
 
In this Task, the infiltration strategy for achieving a relatively uniform apatite precipitate was 
experimentally tested during 2-D infiltration at a 1.5-m scale.  It was hypothesized that the 
residence time is the key factor that determines how uniform the apatite precipitate distribution 
that can be achieved from a Ca-citrate/phosphate infiltration.  Therefore, control of the location 
of the Ca-citrate-PO4 mass through change in the infiltration rate, solution concentration, and 
surface application method can be used to control the depth of apatite precipitate. 
 
Initial 2-D infiltration experiments were conducted in homogenous sediment (Szecsody et al. 
2008).  In general, batch and 1-D infiltration experiments provided a basis for predicting solution 
infiltration and apatite precipitation distribution behavior in homogeneous systems, but do not 
incorporate lateral spreading, which slows the wetting front.  The influence of the solution 
density (at high concentration) is pronounced during injection in a well, but should have little 
effect during infiltration, as the infiltration timing is largely controlled by capillary suction in the 
sediment.  In addition, we expect there to be little effect of the amount of apatite precipitation on 
the flow field.  In theory, the calculated maximum amount of apatite precipitate (1.7 mg/g of 
sediment) to achieve 300 years of capacity would occupy 15% of the pore space.  This reduction 
in hydraulic conductivity where precipitate forms initially would, in theory, alter the flow field 
for subsequent fluid to regions of higher permeability.  The net effect should be a more lateral 
spread of the infiltration profile with the hypothesized reduction in permeability directly beneath 
the infiltration location.  However, we expect that this effect will be insignificant, especially 
compared with the influence of field-scale heterogeneities. 
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Because low-K and high-K heterogeneities were expected to influence the distribution of apatite 
precipitate that will occur, modification of the injection strategy (injection rate, variable solution 
concentration) was addressed with 2-D infiltration experiments into systems containing low-K 
and high-K heterogeneities.  It was additionally hypothesized that Sr-90 would be present at a 
higher concentration in low-K layers in the 100-N Area vadose zone due to somewhat greater 
adsorption, lower advective flow (when the groundwater level is high), and higher residual water 
content.  For the purpose of forming a precipitate barrier for Sr-90 sequestration, both 
unsaturated and water-saturated flow scenarios need to be considered in the Hanford formation.  
If the Hanford formation were to always be a vadose zone, then infiltration of the Ca-citrate-PO4 
solution into the heterogeneous porous media would, in general, result in greater apatite 
precipitate mass in finer grained porous media.  Precipitation events driving Sr-90 held in the soil 
profile deeper would move more readily in this finer grained porous media, so the Sr-90 would 
be sequestered. 
 
Experiments in this task will be conducted in a variety of 2-D system ranges to efficiently 
develop an infiltration strategy.  A number of initial infiltration experiments were conducted in 
three non-instrumented systems:  a) 38.3 cm wide by 55.8 cm high by 1.1 cm thick, b) 69.3 cm 
wide by 55.8 cm high by 1.1 cm thick, and c) 115.2 cm wide by 55.8 cm high by 1.1 cm thick.  
Generally, the solution was applied in a corner of the surface of the 2-D system so that vertical 
and lateral spread of the infiltrating plume.  Because infiltration rates varied from 0.2 mL/hour to 
150 mL/hour, the Ca-citrate-PO4 solution made using river water would not be stable for more 
than a day due to the microbial population in the river water degrading the citrate.  A multi-
channel Kloehn syringe pump was used to mix river water, concentrated Ca-citrate, and concen-
trated Na-PO4 (Table 2.1), then apply this solution at a fixed rate to the 2-D sediment system.  A 
50-µL to 1.25-mL syringe was used in the Kloehn syringe pump so that the hold time of the 
mixed solution was 2 to 12 minutes.  Three larger infiltration systems were used for experiments 
containing heterogeneities:  a) 140 cm wide by 40 cm high by 5.0 cm thick, b) 55.8 cm wide by 
115.2 cm wide by 1.1 cm thick, and c) 122 cm wide by 244 cm high by 1.1 cm thick.  Initial 
conditions for experiments varied from uniform water content (3% to 9% g water/g sediment) to 
initial water saturation drained to a water table near the bottom of the system.  The general 
location of the waterfront was visually tracked from the increase in water content, although this 
was qualitative at best.  At the end of each experiment, the 2-D systems were taken apart and 25 
to 120 sediment samples were taken for measurement of water content, aqueous PO4, and PO4 
precipitate. 
 
A few 2-D infiltration experiments were conducted in a highly instrumented 2-D system in the 
Environmental Molecular Sciences Laboratory (EMSL) Subsurface Transport Laboratory.  The 
2-D system was 60 cm wide by 40 cm high by 5.0 cm thick.  Both homogeneous and hetero-
geneous (low-K inclusion) experiments were conducted, and the water content was scanned 
using a dual-source gamma system.  The water table in these systems was not static, but there 
was groundwater movement.  The Ca, citrate, and phosphate concentrations was measured by 
collecting aqueous samples through small lysimeters during the experiment and by sediment 
samples taken at the end of the experiments. 
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4.0 Results 

The objective of this project is to develop a method to emplace apatite precipitate in the 100-N 
vadose zone (Szecsody et al. 2008; Thompson et al. 2009), which results in sorption and 
ultimately incorporation of Sr-90 into the apatite structure.  Sr-90 sequestration with this 
technology occurs by the following steps:  1) injection of Ca-PO4-citrate solution (with a 
Ca-citrate solution complex, Moore et al. 2004, 2007), 2) in situ biodegradation of citrate 
resulting in apatite [Ca6(PO4)10(OH)2] precipitation (amorphous, then crystalline), 3) adsorption 
of Sr-90 to the apatite surface, 4) apatite recrystallization with Sr-90 substitution for Ca 
(permanent), and 5) radioactive decay of Sr-90 to Y-90 to non-radioactive Zr-90.  Although this 
is a complicated process, field-scale evidence indicates the process is effective in the 100-N 
saturated zone.  The Ca-citrate-PO4 solution has been injected into the 100-N saturated zone at 
low (10 mM PO4) and high (40 mM PO4) concentration through a series of 16 wells (10 screened 
in the Hanford and Ringold formations and 6 screened only in the Ringold Formation).  
Phosphate extractions of sediments taken in March 2008 clearly showed evidence of the 
phosphate injections, with PO4 (in mg PO4/g sediment) averaging 0.102 ± 0.133 mg/g over the 
entire depth (7 to 26 ft), or 0.150 mg/g in the Hanford formation and 0.041 mg/g in the Ringold 
Formation.  Barrier injection operations completed by the spring of 2008 using the low 
concentration formulation (10 mM PO4) were designed to emplace 0.136 mg PO4/g sediment, or 
0.34 mg apatite/g of sediment.  Therefore, PO4 extraction data from post-treatment core samples 
indicates that, at a radial distance of ~15 feet from adjacent injection wells, the Hanford 
formation received an average treatment of 110% and the Ringold Formation received an 
average treatment of 30% of the targeted apatite content.  The fraction Sr-90 that was ion 
exchangeable (of total Sr-90 in the sediment) in the treatment zone (i.e., field treatment with 
10 mM PO4) averaged 61.2 ± 22.4%.  Untreated sediments from the 13-ft depth of N-122 
showed 86.7% ion exchangeable Sr-90 (2005 results), so the current results indicate about 25% 
of the Sr-90 mass (i.e., 86.7% ion exchangeable pretreatment minus 61.2% ion exchangeable 
post low concentration treatment) in the 100-N sediment may have been incorporated into apatite 
and is not migrating in groundwater. 
 
Prior to initiation of this project, precipitation of apatite from Ca-PO4-citrate solution at low 
water saturation had not been tested.  Concerns that include the rate at which citrate might 
biodegrade at low water saturation, the influence of the large decrease in microbial biomass with 
depth would have on predicting the citrate biodegradation rate, the formation of Ca-carbonates 
and not apatite (with the excess CO2 generated from citrate biodegradation) are addressed in 
Task 1 results.  The ability to control infiltration sufficiently to emplace apatite at a desired depth 
is addressed in 1-D infiltration in homogeneous sediment systems (Task 2 results) and in 2-D 
infiltration studies in homogeneous and heterogeneous sediments (Task 5 results).  The long-
term performance of the apatite precipitate depends on the continued incorporation of Sr-90 into 
the apatite structure for 300 years (i.e., ~10 half-lives of Sr-90 decay).  A realistic amount of Sr 
substitution for Ca in the apatite structure (i.e., mass balance) that can be expected in Hanford 
groundwater (with 220 times more Ca to Sr) and the rate at which Sr is incorporated into apatite 
are quantified in Task 3 studies.  Finally, a simulation tool of the biogeochemical processes 
during solution infiltration is developed (Task 4 results) in order to be able to predict processes 
in during field-scale infiltration. 
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4.1 Task 1 – Apatite Formation at Low Water Saturation 

4.1.1 Citrate Biodegradation at Variable Water Saturation 
 
Citric acid is utilized by many organic systems as part 
of the TCA (Krebs) photosynthetic process, where the 
citrate (a C6 organic acid, Figure 3.1) is converted to 
C6, C5, and C4 organic acids producing CO2 and H+, 
then cycled from oxaloacetic acid (C4) to citric acid 
(Bailey and Ollis 1986).  Citrate can also be further 
degraded to acetic acid (C2), formaldehyde, formic 
acid (C1), and CO2.  For the purpose of this study, 
citrate is used to complex Ca, so only the decrease in 
citrate concentration (by biodegradation) is of signifi-
cance, as the lower molecular weight organic acids 
only form weak complexes with Ca. 
 
Because the observed anaerobic citrate degradation 
produces (acetate and formate) could possibly interfere 
or hinder the formation of apatite, the extent of citrate 
mineralization in 100-N sediments was investigated 
over a range of conditions, including initial citrate 
concentrations, percent of sediment water saturation, 
sediment depth, and biomass.  All experiments were 
performed under initially aerobic conditions. 
 
Mineralization of 14C-labeled citrate was examined 
over a range of initial citrate concentrations (5, 10, 25, 
and 125 mM) and percent water saturation of the 
composite 100-N sediment (35% to 100%) at 20°C to 
22ºC (Figure 4.1).  These Ca-citrate-PO4 solutions 
contained the exact proportions of constituents to form 
citrate (i.e., Table 3.1, solutions similar to field 
injection #1). 
 
In general, low concentration solutions (5 mM and 
10 mM citrate) showed a decrease in the citrate 
mineralization rate at lower water content, whereas the 
highest concentration (125 mM citrate) showed no 
difference in the mineralization rate and extent with a 
difference in water content (Figure 4.2a).  Preparation 
of the sediment included slow evaporation of water to 
reach a water content of 25%, then the slight addition 
of water (with the Ca-citrate-PO4 solution) was 
conducted to achieve the desired concentration and 
water content.  The 5, 25, and 125 mM citrate 
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Figure 4.1.  Citrate mineralization (CO2 
shown) at different water saturations 
with:  a) 5 mM, b) 10 mM, c) 25 mM, and 
d) 125 mM citrate in Ca-citrate-PO4 
solutions. 
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experiments were done on the same batch of sediment (initial microbial biomass 2 x 107 cells/g) 
and the experiment at 10 mM citrate was conducted with a higher initial microbial biomass 
(3 x 108 cells/g), which accounts for the differing results.  The mineralization extent was 
generally lower at low water content (<20%, Figure 4.2b), and mineralization did not vary a 
significant amount with a wide range of water content and citrate concentration.  The single most 
significant factor that changed the citrate mineralization rate and extent was the initial microbial 
biomass concentration; 10 times higher biomass resulted in ~4 times more rapid mineralization 
rate and 2 times greater mineralization extent.  Although these batch results are indicative of the 
significance of microbial biomass, additional processes of microbial transport/redistribution and 
infiltration of river water microbes increase the complexity of the citrate biodegradation rate, as 
described in Sections 4.1.2 and 4.2.3. 

Figure 4.2.  Correlation of water saturation and citrate mineralization half-life (a) and extent (b). 

4.1.2 Citrate Biodegradation and Microbial Biomass 
 
The spatial variations in microbial population and citrate mineralization at the 100-N site was 
investigated as a function of depth and location in sediments from monitoring and injection wells 
along the Columbia River shoreline at the 100-N remediation site (Figure 2.2) in a previous 
Fluor-funded 100-N study.  The microbial population in sediment samples from three wells 
decreased with increasing depth (Figure 2.2).  Populations per gram of sediment, reported as cell 
equivalents or colony forming units (cfu), decreased by 5 orders of magnitude with depth in 
these wells and were higher in the Hanford formation than in the deeper Ringold Formation. 
 
Citrate mineralization was measured in suspensions of sediments taken from different depth 
intervals from these wells.  Experiments were conducted with a Ca-citrate-PO4 solution (2 mM, 
5 mM, 2.4 mM) (Figure 4.3).  The citrate mineralization rate showed a modest correlation (R = 
0.52) with the microbial density (cfu/ml) measured in the sediment suspensions used in these 
experiments (Figure 4.4a), with generally slower rates (to 733 hours half-life) at very low 
populations and the highest rates (46 hours half-life) with higher microbial populations.  The 
correlation of the mineralization half-life versus biomass (Figure 4.4a) shows that while biomass 
in sediments changed 5 orders of magnitude, the mineralization half-life only changed about 
1 order of magnitude. 

10
1

10
2

10
3

half life

half life

half life

10 HL

20 30 40 50 60 70 80 90 100

ci
tr

at
e 

m
in

. h
al

f-l
ife

 (h
)

water saturation (%)

2 mM Ca, 5 mM cit., 1.2 mM PO4
10 mM Ca, 25 mM cit., 6 mM PO4
50 mM Ca, 125 mM cit., 30 mM PO4
4 mM Ca, 10 mM cit., 2.4 mM PO4

Water Saturation vs Citrate Min. Rate

0.00

0.20

0.40

0.60

0.80

1.00 extent

extent

extent

10 extent

20 30 40 50 60 70 80 90 100

ci
tr

at
e 

m
in

. e
xt

en
t (

fr
ac

tio
n 

C
O

2) 2 mM Ca, 5 mM cit., 1.2 mM PO4
10 mM Ca, 25 mM cit., 6 mM PO4
50 mM Ca, 125 mM cit., 30 mM PO4
4 mM Ca, 10 mM cit., 2.4 mM PO4

Water Sat. vs Citrate Min. Extent

water saturation (%)  



 

4.4 

The extent of mineralization varied 
from 3% to 80% with an average of 
23% with essentially no correlation 
of microbial biomass to minerali-
zation extent (Figure 4.4b).  The 
likely cause of the relative uniformity 
of the citrate biodegradation rate in 
sediments that varied 5 orders of 
magnitude in biomass is due to the 
activity of the microbes injected 
from the river water, and the 
redistribution of in situ and injected 
microbes during infiltration.  In field 
injection experiments, 5% concen-
trated Ca-citrate-PO4 chemicals (by 
volume) are injected with 95% river 
water (by volume).  River water 

biomass measured in March 2006 was 2.2 x 106 cfu/mL (equivalent to 7.1 x 105 cfu/g), generally 
lower than the 106 to x 108 cfu/g measured in shallow sediment.  As described in Section 4.2.3, 
river water microbes appear biodegrade citrate much more rapidly than in situ microbes, so the 
measurement of the microbial biomass (in situ versus river water) is insufficient to predict citrate 
biodegradation activity. 

Figure 4.4.  Sediment biomass relationship to citrate mineralization rate (a) and mineralization extent (b). 

4.1.3 Citrate Biodegradation with Differing Ca-Citrate-PO4 Concentration 
 
Results of experiments from a separate Fluor-funded 100-N study quantifying the citrate 
degradation/mineralization rates as a function of Ca-citrate-PO4 concentration and temperature 
were modeled in this study to quantify the activation energy and change in biodegradation rate 
with citrate concentration.  Two different modeling approaches were considered to quantify 
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Figure 4.3.  Citrate mineralization and biomass. 
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citrate biodegradation, a pseudo first-order 
model (Figure 4.4) and Monod model.  A 
first-order model is an empirical approach 
that describes citrate removal with a single 
reaction rate coefficient.  A Monod model is 
also an empirical approach that describes 
citrate removal externally to microbial 
organisms with a similar mathematical form 
of enzyme degradation (Michaelis-Menton 
kinetics, Bailey and Ollis 1986).  Monod 
kinetics is utilized when the observed data 
clearly shows a considerable slowing of 
reaction rate at low concentration that cannot 
be accounted for using the simpler first-order 
kinetic model. Citrate biodegradation 
described by Monod kinetics: 
 

 
 
where mu1 is the degradation rate per 
microbe, m the biomass, y the yield, d is the 
concentration of electron donor (citrate), a is 
the concentration of the electron acceptor 
(oxygen in an oxic environment, citrate in a 
reducing environment), and kd and ka are 
half-saturation constants for the electron 
donor and acceptor.  In general, biodegra-
dation occurs at a specific rate, but at lower 
and lower concentrations, less of the enzyme 
systems in the microbe are able to utilize that 
substrate, so the overall rate decreases.  The 
half-saturation constants are the concen-
tration at which the rate is half the maximum 
concentration.  If the half saturation constants are very small, the expression is reduced to a zero 
order model (rate is independent of concentration).  A first order model: 
 

d citrate/dt = -k (citrate) 
 
describes an empirical approach where there is some control of the overall rate by the citrate 
concentration. 
 
Citrate biodegradation experiments show a slower rate at colder temperature and at higher citrate 
concentration (Figure 4.5, Table 4.1).  At 10 mM citrate concentration, citrate was not detectable 
by 200 (21°C) to 300 hours (10°C, Figure 4.5a).  At 50 mM citrate concentration, citrate was 
nondetect by 250 (21°C) to 450 hours (10°C, Figure 4.5b).  At 100 mM citrate concentration, a 
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Figure 4.5.  Citrate biodegradation by Hanford 
100-N sediments verses temperature at:  a) 10 mM 
citrate, b) 50 mM citrate, and c) 100 mM citrate 
concentration. 
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small amount of citrate remained at 300 
(21°C) to 600 hours (10°C, Figure 4.5c).  
Duplicate experiments showed similar 
results.  So over the concentration range 
evaluated, there was no decrease in 
citrate biodegradation rate at lower 
concentration (in fact the rate increased 
slightly), so the Monod kinetic approach 
was not used. 
 

A first-order model (lines, Figure 4.5) showed good fits, 
and indicated that in some cases, citrate biodegradation 
may be somewhat more rapid at lower concentration than 
a first-order approximation.  For example, the 100 mM 
citrate data at 10°C (Figure 4.5) showed a good first-order 
fit to 500 hours, but then citrate degraded more rapidly.  
This effect is observed for all citrate concentrations at 
10°C, but not at 21°C.  A Monod kinetic model would 
describe the data equally as well with small half-saturation 
constants, but would describe the data more poorly with 
higher concentration half-saturation constants, which 
would slow citrate biodegradation at low concentration, 
the opposite effect of that observed.  Therefore, a pseudo 
first-order model was used to quantify the rate data 
(Table 4.1). 

 
Rates determined from these experiments show that the citrate biodegradation rate increases with 
temperature (2.7 times from 10°C to 25°C) and decreases with increasing citrate concentration 
(3.0 times from 10 mM to 100 mM).  The 100-N low-concentration injections at 10 mM citrate 
and 15°C have an estimated half-life of 50 hours, whereas high concentration injections (40 mM 
citrate) have an estimated half-life of 170 hours. 
 
The citrate biodegradation rate was 3.0 (10°C data) to 3.3 times slower (21°C data) as the citrate 
concentration increased from 10 mM to 100 mM.  The citrate biodegradation rate averaged 
3.3 times slower as the temperature decreased from 21°C to 10°C.  The activation energy 
estimated from the reaction rate change with temperature is 35 kJ/mol (10 mM citrate), 16 kJ/mol 
(50 mM citrate), and 32 kJ/mol (100 mM citrate).  These activation energies indicate the rate is 
controlled by the biochemical reaction and not diffusion, which is expected (Figure 4.6). 

4.1.4 Sediment Spatial Variability of Citrate Biodegradation 
 
The spatial variation citrate biodegradation/mineralization at the 100-N site was investigated as a 
function of depth and location in sediments from monitoring and injection wells along the 
Columbia River shoreline at the 100-N remediation site on a separate Fluor-funded project and is 
presented here in order to provide an estimate of the spatial distribution and variability of microbial 
activity for future infiltration of Ca-citrate-PO4 solutions (Figure 4.7, 4.8).  A composite of the 

Table 4.1.  Citrate degradation rates at different 
temperature and concentration, using a pseudo first 
order model. 
Citrate 
(mM) 

Rate  
(1/hour) 10°C 

Rate 
(1/hour) 15°C 

Rate 
(1/hour) 21°C 

10 0.0071 0.013 0.025 
50 0.0074 0.0036 0.013 

100 0.0024 0.0042 0.0075 
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Figure 4.6.  Arrhenius plot of citrate 
biodegradation. 
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Hanford formation for each of 10 Hanford/Ringold wells 
(i.e., 8 to 15 ft depth) indicates relatively little variation 
and no observable trends along the 300-ft long section of 
the 100-N Area. These experiments were then spiked with 
14C-labeled citrate (4 mM), 2 mM Ca, and 2.4 mM PO4 
(i.e., solution used in field injection #2).  A trend would 
be of a section of increased microbial activity (for 
example) could indicate that some sediment may have 
contained another carbon source that caused an increase 
in biomass (e.g., diesel spill), which could degrade citrate 
faster.  The citrate mineralization half-life averaged 
263 ± 125 hours for the 12 boreholes (range 133 to 
472 hours, Figure 4.7).  The citrate mineralization extent 
(at 1920 hours) averaged 0.165 ± 0.030%. 
 
Depth-discrete samples were taken in some of the 
boreholes in the 100-N Area, so citrate mineralization 
studies were conducted in five different boreholes at 
differing depths (Figure 4.8).  Given that the water table is 
generally (i.e., most of the year) at ~20 ft depth, shallower 
samples are typically not water-saturated.  For brief 
periods in the spring, the water table can rise a few feet.  
For these experiments, water-saturated conditions were 
used in all samples.  Microbial biomass decreased with 
depth (Figure 2.2), so these mineralization studies were 
expected to show a decrease in mineralization rate and 
extent with depth. 
 
Results of the citrate mineralization studies in five 
boreholes with depth (Figure 4.8) show an imperfect 
inverse correlation of mineralization rate with depth.  
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Figure 4.7.  Citrate mineralization versus borehole 
(composite). 
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Figure 4.8.  Citrate mineralization 
versus depth in five different boreholes 
in the 100-N Area. 
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Because the true independent variable is microbial biomass, deeper samples in different 
boreholes may have different biomass.  For example, the 20-ft depth for C5042, 18-ft depth for 
C5048, and 20-ft depth for C4473 had relatively slow mineralization rates and extent, but in 
contrast, the 20-ft depth for C4955 had the highest mineralization rate in that borehole. 
 
Plotting the depth versus mineralization half-life and mineralization extent in each borehole 
(Figure 4.9) shows the general trend of decreasing rate (increasing mineralization half-life) with 
depth, but there is no correlation of mineralization extent.  Significantly lower microbial 
populations at greater depths results in only slightly slower citrate degradation rate in these tests.  
The stronger correlation shown in larger scale transport studies (Section 4.2.3) are not apparent 
in these batch studies as microbial transport processes are not included.  The injection of river 
microbes and the transport of some portion of the injected and in situ population with the 
advance of the wetting front results in a redistribution of microbes with depth compared to 
preinfiltration conditions (Figure 2.2). 

 
In summary, citrate is mineralized under low water saturation conditions in 100N vadose zone 
sediments.  The degradation/mineralization rate increases with increasing microbial biomass, 
lower citrate concentration, and increasing temperature.  The mineralization extent (10% to 60%) 
correlates with mineralization rate.  Although the mineralization rate should directly correlate 
with microbial biomass, experiments varying the biomass five orders of magnitude resulted in 
only an order of magnitude change in mineralization rate.  The reason for this apparent lack of 
correlation is the relative contribution of in situ microbes and injected microbes (in the river 
water used in the Ca-citrate-PO4 solution) to biodegrading citrate (described in Section 4.2.3).  
River water microbes, although present at much lower concentration than in situ microbes, 
degraded citrate much more rapidly, so the observed citrate biodegradation rate was controlled 
by both in situ and injected microbes for shallow sediment (high in situ microbial biomass), but 
mainly by injected microbes for deeper (>10 ft depth) sediments (lower in situ microbial 
biomass.  The result is that injection or infiltration of the Ca-citrate-PO4 solution will result in 
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Figure 4.9.  Citrate mineralization and depth in five boreholes showing a) mineralization half-
life and b) trend of mineralization extent 



 

4.9 

much less variation in rate/extent of citrate biodegradation, so there is a greater ability to predict 
the rate and extent than expected from monitoring of just the in situ microbial biomass. 

4.1.5 Phosphate Adsorption to 100-N Sediments 
 
The location of apatite precipitate that results from Ca-citrate-PO4 solution infiltration is 
dependent on citrate degrading, so that Ca and PO4 (at pH 7.3 to 8.3) can precipitate as apatite.  
The citrate biodegradation half-life of 50 hours (5 mM citrate) to 200 hours (50 mM citrate) 
indicates the Ca-citrate-PO4 solution can infiltrate for a few days with little degradation.  
Phosphate adsorption also controls the transport of a component of the Ca-citrate-PO4 solution.  
At equilibrium and at 2 to 40 mM PO4 concentrations used in field injections, adsorption results 
in a retardation factor of 1.6 to 2.4 for phosphate.  Adsorption isotherms were conducted in a 
separate Fluor-funded study with 100-N sediments at 1- and 24-hour contact time to characterize 
whether sorption was occurring or there was 
some precipitation.  If Ca-PO4 precipitation was 
a significant component of the PO4 mass loss 
from solution, the isotherm line would be closer 
to vertical and not exhibit a 1:1 slope at low 
concentration indicative of sorption.  
Adsorption isotherms for 1- (field Rf = 2.7) and 
24-hour contact time (field Rf = 9.8), pH 8, 
50 mM PO4 and rsw (Figure 4.10) implies that 
the PO4 removal from solution is due primarily 
to sorption.  If it was precipitation, there would 
be no regular partitioning with change in 
concentration (pure precipitation would show as 
a vertical line, where there would be a finite 
amount in aqueous solution (no matter how 
much PO4 is added).  Each isotherm was fit to a 
Langmuir equation with identical sorption 
maxima (M= 1500 mg sites/Kg sediment).  The 
linear region of the isotherms at both 1 and 
24 hours (low concentration) and same 
adsorption maxima (high concentration) appear to 
be indicative of adsorption in the short time scale. 
 
Phosphate removal from solution by adsorption is 
difficult to separate from precipitation, as shown in 
batch studies measuring PO4 in solution over 
hundreds of hours (Figure 4.11).  Phosphate 
adsorption appears to reach equilibrium within 
hours (plateau in some data at 1 to 20 h), but the 
effects of adsorption and precipitation produce an 
increasing lag during injection/infiltration due to 
the kinetics of (primarily) precipitation.  The 
injection of Na-PO4 into 100-N sediment columns 
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Figure 4.10.  Adsorption isotherm for Na-PO4 at 
1 and 24 hours. 
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Figure 4.11.  Time scale of PO4 removal 
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Ca/PO4 ratios. 
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(Szecsody et al. 2007) results in a time-dependent PO4 sorption and time-dependent PO4 precipi-
tation.  The apparent sorption results in retardation factors ranging from 1.0 to 2.4 (average PO4 
Rf = 2.0 ± 1.1).  This is an apparent Kd = 0.433 ± 0.248 cm3/g (apparent as it may include 
sorption and precipitation mass removal from solution). 

4.1.6 Apatite Precipitate Measurement by Acid Extraction 
 
One method used to measure the small concentrations of apatite precipitate in sediment was 
aqueous measurement of phosphate after apatitedissolution in acidic solution.  Acid dissolution 
of the sediment/apatite mixture will result in PO4 from both sediment minerals and the added 
apatite.  Because the added apatite are relatively small (sub micron) crystals, a weak acid for a 
limited amount of time was used to dissolve all the added apatite but dissolve less of the sedi-
ment mineral phase PO4.  Initial experiments with 0.5 M and 5.0 M HNO3 (Szecsody et al. 2007) 
showed that even by 15 minutes, aqueous PO4 had reached equilibrium.  For the acid dissolution 
of the pure apatite (no sediment), the amount recovered was equal to the predicted amount for 
both the 0.5 M and 5 M HNO3, so the lower acid concentration was sufficient.  Ultimately both 

the 0.5 M and 0.1 M HNO3 treatments for 
15 minutes could be used to dissolve the 
added apatite (Figure 4.12), where the 
slopes were the same (i.e., because of the 
same amount of addition).  The intercepts 
(i.e., baseline PO4 from sediment minerals 
dissolving) differed with the weaker acid 
dissolving less of the apatite minerals, as 
expected, so produced a lower baseline.  
The background (baseline) phosphate 
extracted from the sediment (with no 
added apatite) was 0.45 mg/g.  The slope 
of 0.86 means the method recovered ~86% 
of the apatite added.  Subsequent results in 
this study subtract out the baseline 
phosphate concentration so that the 
observed phosphate concentration is the 
result of the Ca-citrate-PO4 added.  

 
In addition to the acid extraction to dissolve apatite (and other PO4 precipitates), water and a 
high ionic-strength solution (1 M KNO3) was used to desorb PO4 in order to evaluate the mass of 
PO4 present in solution or adsorbed on the sediment surface or present as precipitate.  The 
amount of PO4 present in solution (water extracted) was essentially equivalent to the PO4 present 
adsorbed on the sediment, indicative of very little adsorbed PO4 (Figure 4.13a).  These values 
were <2% of the total PO4 present on the surface as precipitate (Figure 4.13b).  These results are 
consistent with previous results (Figure 4.11), which indicate phosphate eventually precipitates 
as one or more phases on the sediment surface. 
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Figure 4.12.  Aqueous phosphate measurement after 
acid dissolution of apatite/sediment mixtures with 
a) 0.5 M HCl and b) 0.1 M HCl. 
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Figure 4.13.  Phosphate extracted from Ca-citrate-PO4-treated 100-N sediment using:  a) water and ion 
exchangeable (1 M KNO3) treatments, and b) 0.5 M HNO3 and 4 M HNO3 treatment. 

4.1.7 Apatite Precipitate Measurement by Electron Microprobe Analysis 
 
The use of XRD to identify the small concentrations of apatite in sediment has not been used due 
to the very low concentrations.  XRD is typically limited to 0.5% or above for proper identifi-
cation.  XRD has been used to identify that a pure phase precipitate has the crystal structure of 
apatite (i.e., Figure 2.1).  The scanning electron microprobe (SEM) has successfully been used to 
identify low concentrations of apatite in sediment.  The process involves taking a small sediment 
sample (0.5 g), encasing it in epoxy, then creating a thin section of the sediment sample, which 
shows both surface precipitates and crystal structure of the sediment minerals.  A total of 7 thin 
sections were made with a range of apatite 
concentrations in the sediment (Table 4.2). 
 
The SEM can identify elements at an extremely small 
point (~10 micron beam width, adjustable), so to 
identify small amounts of apatite in sediment grains, 
an automated scanning routine was used.  Using a 
beam width of 15 microns and scan time of 100 milli-
seconds per point, a 60 x 60 grid was scanned on 
each sample (i.e., 3600 points, 900 microns x 
900 microns), which took ~12 hours.  The SEM used 
had multiple high-resolution element detectors, which 
were set on the elements Ca, P, Si, and Fe.  The silica 
is used to correct for the sediment area (to exclude the area on the slide composed of epoxy).  
One example (Figure 4.14) of the electron backscatter (brighter color for more dense material; 
epoxy is black) shows that sediment grains compose about 60% of the surface area of the slide.  
The Ca image (Figure 4.14, warmer color indicates higher concentration) shows many minerals 
that contain calcium, whereas the P image (Figure 4.14c) shows very few mineral phases 
containing P.  Note that some mineral phases to contain P, so the combination of P plus Ca 
(Figure 4.14d, in yellow) is consistent with the presence of precipitated apatite. 

Table 4.2.  Apatite-laden sediments. 

Name Sed.(g) Apatite (mg) 
Y25 2.0 0.0 (none, background) 
Y26 2.0 0.033 mg 
Y27 2.0 0.10 mg (2.4 mM PO4) 
Y28 2.0 0.33 mg 
Y29 2.0 0.63 mg (17 mM PO4)  
Y30 2.0 1.0 mg 
Y31 2.0 3.3 mg (90 mM PO4) 
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Figure 4.14.  Scanning electron microprobe image of a sediment thin section containing 0.033 mg 
apatite/g sediment.  Images are:  a) electron backscatter illustrating sediment grains (grey) in the black 
epoxy background, b) calcium density, c) P density, and d) addition of Ca + P. 

 
Images of the phosphorous density of four separate samples (Figure 4.15) show an increasing 
number of spots of phosphorus, which is likely the added apatite, with some spots being 
phosphate in mineral grains.  Multiple spots were then revisited and scanned for a longer period 
of time to identify whether the spot was a sediment mineral containing P or the added apatite.  
For example, the large white spot in the upper left corner of the Figure 4.15a sediment image is a 
sediment mineral that contains P.  Apatite fluorescence (Figure 4.16) was also considered. 
 
To illustrate the identification process, a single small P spot from one image (Figure 4.17a) was 
focused on at high magnification (Figure 4.17b).  This electron backscatter image shows that this 
crystal is highly likely added apatite, as sediment grains are generally far larger and this small 
crystal is located on the surface of a mineral grain.  An EDS detector scan of this grain 
(Figure 4.17c) with peaks clearly shows that the crystal structure is apatite (pure apatite phase 
EDS scan in Figure 2.1d, for comparison). 
 
While the use of the electron microprobe shows that very small concentrations of apatite can be 
quantitatively identified, the cost of the analysis is significant, as is the time to processes the 
samples.  As such, acid extraction of phosphate was generally used in experiments as a rapid and 
reliable method of identifying small concentrations of apatite is needed for the field-scale 
application. 
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Figure 4.15.  Scanning electron microprobe images of sediment samples with differing amounts of added 
apatite in sediment:  a) 0.033 mg/g, b) 0.10 mg/g, c) 0.33 mg/g, and d) 3.3 mg/g.  Phosphorous elemental 
scan shown (white = P location). 

 
4.1.8 Apatite Precipitate Measurement in 

Sediment by Fluorescence and FTIR 
 
A third method of measuring added apatite in 
sediment investigated was the use of fluorescence 
scans.  While pure hydroxyapatite does not 
fluoresce, apatites with F or carbonate substitution 
do fluoresce.  Apatite precipitated in groundwater 
(Figure 4.16, black line) does fluoresce, and the 
sediment sample (no apatite added, green line) does 
not.  This method is still in development, and how 
low a concentration of substituted apatite cannot be 
measured as yet. 

 
Figure 4.16.  Fluorescence scans of 
precipitated apatite (black, blue, red) and 
sediment with no apatite (green) showing 
low levels of background fluorescence from 
the sediment. 
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Figure 4.17.  Mineral phase identification of a location with high phosphorous concentration (a).  
Electron backscatter of the location is indicative of a surface precipitate (b), with identification of this 
mineral as apatite (c) by comparison to a standard. 

 
A surface area measurement of the Ca-citrate-PO4 precipitated apatite (61.5 m2/g) was somewhat 
greater than the Sigma apatite (52 m2/g).  The inorganic carbon content of the precipitated apatite 
was measured at 0.02%, so in spite of high carbonate concentrations in groundwater, there 
appears to be little carbonate substitution into the apatite under the conditions (i.e., pH ~7.8, field 
injections ranged from 7.5 to 8.0).  In the laboratory precipitate at very high microbial biomass 

concentrations (109 cfu/mL), there was some 
incorporation of organic carbon into the apatite 
(i.e., 0.78% organic carbon).  It is expected 
that field injections will not have as high a 
biomass concentration (certainly for the 
injections so far the citrate concentration was 
far less than used in the laboratory 
experiments). 
 
The stable Sr suspensions aged for 0.86 and 
1.36 months at each temperature have been 
characterized by SEM/EDS.  The SEM image 
of the citrate precipitated apatite used in the 
stable Sr incorporation series and aged for 
1.36 months at 82°C (Figure 4.18) showed 
discrete aggregated crystalline clusters ranging 

 
Figure 4.18.  SEM image of citrate precipitated 
apatite used in Sr incorporation studies at 82°C. 
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from 75 to 600 nm in diameter and significant 
porosity.  The presence of Sr associated with the 
citrate precipitated apatite was examined by EDS in 
samples aged for 0.86 and 1.36 months at 22°C and 
82°C.  EDS spectrum obtained at 62 distinct sites 
on apatite particles in these 4 samples confirmed the 
presence of Sr at all sites.  A typical EDS spectrum 
for apatite aged at 82°C for 0.86 month shows a 
clearly resolved Sr peak (Figure 4.19).  As noted 
above, ion exchangeable Sr had been removed by 
an overnight wash with 0.5 M KNO3, so the Sr 
detected by EDS was either a discrete Sr phase on 
the apatite surface or incorporated into the apatite 
structure.  Although qualitative, the EDS estimation 
of Sr incorporation into the citrate precipitated 
apatite was consistent with ICP-mass spectrometer 
(MS) measurements of Sr incorporation in these 
same samples (see Section 4.3.3).  
 
Fast XRD scans have been carried out on the citrate 
precipitated and Sigma apatites and confirmed the 
presence crystalline apatite as the major phase in 
these starting materials.  Fast XRD scans on 
selected samples of the Sr substituted apatites yield 
the same result (Figure 4.19).  Currently, slower more precise XRD scans are being performed in 
order to detect trace phases within the major phase and any changes in crystallinity due to Sr 
substitution. 
 
Control FTIR spectra have been run on both the 
Sigma and citrate apatite starting materials.  FTIR 
scans of the 82°C citrate precipitated apatite aged 
for 5.99 months demonstrated that no secondary 
phases, e.g., SrPO4 or SrOH precipitate, have 
formed within the apatite structure, as shown in 
Figure 4.20 in which peaks for the Ca-apatite 
(Sigma standard) and Sr-substituted apatite are 
similar, but do not show characteristic peaks of the 
Sr(OH)2 or Sr(PO4).  Although the presence of Sr 
has been confirmed by ICP-MS and EDS which 
strongly suggests that Sr has been incorporated, the 
FTIR analysis has not detected a difference between 
the Sr incorporated apatite samples and the control 
samples.  Additional FTIR analysis of samples aged 
for longer periods with a higher percentage of Sr 
incorporation are attempting to observe this 
difference and thus definitively confirm that the Sr 
is replacing the Ca within the apatite structure. 

 

 
Figure 4.19.  Image of apatite grain (a) 
showing square region for which EDS 
spectrum was obtained (b) for apatite aged at 
82°C for 0.86 month. 

 
Figure 4.20.  FTIR spectra of apatite, 
Sr-substituted apatite, and Sr(OH)2, SrPO4 
standards. 
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4.2 Task 2 – 1-D Infiltration of Ca-Citrate-PO4 to Precipitate Apatite 

4.2.1 Small Scale 1-D Infiltration and Optimizing Apatite Precipitate Depth 
 
Small (50 cm length) 1-D infiltration experiments were conducted to quantify the influence of 
the infiltration rate and solution concentration on the depth of apatite precipitate.  Although 1-D 
infiltration is not representative of lateral spreading and heterogeneity influence on the field 
infiltration rate, these studies were conducted to understand the precipitate distribution under 
conditions constrained to linear advection and longitudinal dispersion. 
 
Steady-state infiltration simulations (Figure 4.21) show the development of specific water 
contents that are somewhat greater at higher infiltration rates.  Because citrate biodegradation is 
considerably slower at low (<50%) water content (Section 4.1.1), higher infiltration rates were 
used.  Experiments were conducted using 1.5-cm internal diameter clear polyvinyl chloride 
(PVC) columns that were packed with a mixture of 100-N sediment (<4 mm) and sand (picture 
in Appendix A, Section A.3).  The sand was added to the <4-mm sediment to replace the gravel 
fraction removed in order to maintain the same phosphate Kd as field sediment (phosphate 
adsorption in Section 4.1.5).  In three experiments, the infiltration rate was 0.4, 1.0, and 
4.0 cm/hour (Figures 4.22 and 4.23).  The initial water saturation was 65.8% and a 10 mM PO4 
solution (Ca-citrate-PO4, Table 3.1) was used.  The rapid infiltration was 12 hours, and the 
slowest infiltration took 100 hours.  Vertical profiles of the PO4 distribution (Figure 4.23) 

showed a rough correlation between a 
faster infiltration rate and accumulation 
of greater phosphate at depth.  The 
slowest infiltration rate resulted in most 
of the precipitate in the shallowest 
15 cm, whereas the most rapid infil-
tration rate had phosphate distributed 
throughout the entire profile.  Based on 
the integrated precipitate mass recovered 
and PO4 injected, all three experiments 
had nearly the same percentage of 
phosphate recovered as precipitate (75% 
to 78%). 
 
Phosphate was eluded out the bottom of 
these columns (Figure 4.22), which 
accounted for the balance of the 
phosphate mass injected.   

 
One additional small-scale 1-D infiltration column experiment was conducted at an infiltration 
rate of 1.0 cm/hour, but using a 20 mM PO4 solution (see Appendix A).  There was little 
difference in the precipitate profile between 10 mM (Figure 4.22b) and 20 mM PO4 infiltrations. 

 
Figure 4.21.  Steady-state infiltration simulations at 
different infiltration rates. 
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Further small 1-D experiments were not conducted, 
as 2-D infiltration studies would more realistically 
simulate the infiltration front (with both vertical and 
lateral spreading) that would occur in the field.  Some 
large (12-ft high) 1-D infiltration experiments were 
conducted (next section) to be at field scale. 

4.2.2 Large-Scale 1-D Infiltration 
 
After the majority of 2-D experiments funded in this 
EM-22 study, a Fluor-funded task was initiated to test 
the infiltration rate developed in the 0.5- to 1.2-m 
studies to a scale nearly that of the field.  For that 
purpose, two 3.6-m (12-ft) high infiltration column 
experiments were conducted, as described in this 
section, and a 2.4-m (8-ft) high by 1.2-m (4-ft) wide 
2-D infiltration experiment was conducted.  Columns 
were 2.6 cm in diameter by 3.6 m (12 ft) high clear 
PVC.  The initial water content was 6.2%, with a 
standing water table for the bottom 2 cm 
(Figure 4.24a). 
 

Figure 4.23.  1-D infiltration of Ca-citrate-PO4 solution (10 mM PO4). 

 
The infiltration strategy developed in 2-D infiltration studies was a rapid infiltration of a more 
concentrated Ca-citrate-PO4 solution minimizes phosphate adsorption and citrate biodegradation, 
thus leading to the transport of greater PO4 to depth.  However, just rapid solution infiltration 
does not provide sufficient time for lateral spreading of the infiltrating plume (in a 2-D or 3-D 
system).  To further drive PO4 mass to depth and provide some time for lateral spreading, the 

0

10

20

30

40

50

0 0.25 0.5 0.75 1

0 0.25 0.5 0.75 1

PO4 (mg/g)

de
pt

h 
(c

m
)

Y89 1D Infiltration 
  at 0.4 cm/h 

injected: 8.0 mM PO4
eluded:   1.96 mM
ppt: 6.04 mM  (75.5%)

0

10

20

30

40

50

0 0.25 0.5 0.75 1
PO4 (mg/g)

de
pt

h 
(c

m
)

Y90 1D Infiltration 
  at 1.0 cm/h 
injected: 10 mM PO4
eluded:   2.39 mM
ppt: 7.61 mM  (76.1%)

0

10

20

30

40

50

0 0.25 0.5 0.75 1
PO4 (mg/g)

de
pt

h 
(c

m
)

Y92 1D Infiltration 
  at 4.0 cm/h 

injected: 10 mM PO4
eluded:   2.23 mM
ppt: 7.77 mM  (77.7%)

 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7 8 9 10 11
pore vol

PO
4 

(m
m

ol
/L

)

PO4

Y89 1D Infiltration at 0.4 cm/h (Q = 0.12 mL/h)
injected: 8.0 mM PO4
eluded:   1.96 mM
ppt: 6.04 mM  (75.5%)

 

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5 6 7 8 9 10 11
pore vol

PO4

Y91    1D Infiltration at 1.0 cm/h (Q = 0.31 mL/h)
injected: 20 mM PO4
eluded:   1.99 mM
ppt: 18.01 mM  (90.0%)

PO
4 

(m
m

ol
/L

)

 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7 8 9 10 11
pore vol

PO4

Y92  1D Infiltration at 4.0 cm/h (Q = 1.2 mL/h)
injected: 10 mM PO4
eluded:   2.23 mM
ppt: 7.77 mM  (77.7%)

PO
4 

(m
m

ol
/L

)
 

Figure 4.22.  PO4 breakthrough for 1-D 
infiltration experiments. 
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infiltration strategy was further modified to infiltrate water (without Ca-citrate-PO4) at a slow 
rate after the Ca-citrate-PO4 infiltration.  In the first 2-D infiltration experiment, the volume of 
water infiltrated after the Ca-citrate-PO4 solution was roughly the same.  While this strategy 
provided PO4 transport to depth (see Section 4.5.1) at a 0.5- to 1.2-m scale, apatite precipitate 
was generally evenly distributed in the 12-ft high column (Figure 4.24b) with a slight additional 
mass at a 6-ft depth.  The picture (Figure 4.24a) shows the infiltration front reaching a 6-ft depth 
by 32 minutes.  Modification of the infiltration strategy to inject four times more water compared 
to the PO4 injected resulted in driving the apatite precipitate to depth (Figure 4.24c).  In this case, 
the majority of the precipitate (>78%) was at the 6- to 12-ft depth, which is desirable because 
Sr-90 is found in the lower half of the vadose zone (Figure 1.3, 8- to 15-ft depth). 

Figure 4.24.  1-D infiltration of Ca-citrate-PO4 (40 mM PO4) at a rapid rate followed by water. 

4.2.3 Microbial Transport/Redistribution and Influence on Apatite Formation 
 
An additional large laboratory-scale study funded by Fluor was the investigation of the role of 
microbial transport during Ca-citrate-PO4 injections and future infiltration studies in the field.  
Batch citrate biodegradation studies showed that when in situ microbial biomass was varied 
5 orders of magnitude, the citrate biodegradation rate only varied an order of magnitude 
(Figures 4.3 and 4.4).  Measurements of the river water biomass indicated low values compared 
with in situ biomass, so the contribution of river water microbes to biodegrade the citrate was 
initially not considered important.  An additional process (microbial detachment and transport in 
sediment) by the shear forces induced during injection and/or the high ionic strength of the 
injecting/infiltrating solution will lead to the redistribution of microbes to during injections, and 
potentially the relatively uniform citrate biodegradation rate.  These processes were considered 
of greater importance for infiltration studies, as the microbial biomass is very high for shallow 
sediment (108 cells/g, Figure 2.2), and decreases 4 orders of magnitude by a 15-ft depth. 
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In this section, experiments were conducted to address: 
• how far do in situ microbes move in response to the water flow rate (i.e., shear) 

• how far do in situ microbes move in response to the ionic strength of the solution 
• what is the relative contribution of in situ and injected microbes for degrading citrate. 

 
Five 9.1-m (30-ft) long by 1.5-cm diameter columns were used for this study in which the 
solution was injected to reach only to 20 ft.  The columns were packed with a composite 100-N 
Hanford formation sediment (<4 mm) mixed with sand.  The average groundwater biomass is 
1.5 x 105 cells/mL (equivalent to 4.8 x 105 cells/g) and pre-experiment sediment biomass was 
7.8 x 108 cells/g (i.e., Kd (microbes) = 5173, Rf(microbes) = 16133).  The average river water 
biomass is 2.2 x 106 cells/mL (equivalent to 7.1 x 105 cells/g; Table 4.3), so river water biomass 
is 1100 times less than in situ microbial biomass.  The base case injection was a 40-mM 
Ca-citrate-PO4 solution injected to a 20-ft distance in 24 hours (interstitial velocity of 
20 cm/hour) using unfiltered river water and live in situ microbes. 

Table 4.3.  Microbial biomass and phosphate mass results in 30-ft 1-D column injection experiments. 
live live injected recovered recovered biomass cells,

v insitu injected PO4 PO4* PO4* conc. total** ratio
# (cm/h) bugs bugs (mg) (mg) frac. of inj. (cells/g) (cells) to preinj.

Y177 base case, 40 mM Ca-cit-PO4 inj, 24 h 20.20 yes yes 1588 1225 0.771 3.40E+09 6.70E+12 4.4
Y178 40 mM Ca-cit-PO4 inj, 2 h (fast injection) 307.2 yes yes 1718 1185 0.690 6.40E+09 1.25E+13 8.9
Y179 10 mM Ca-citr-PO4 inj, 23.6 h 28.17 yes yes 464 354 0.763 3.96E+09 8.32E+12 5.47
Y180 40 mM Ca-cit-PO4 inj, 24.8 h 26.30 yes no 1823 919 0.504 1.00E+10 2.24E+13 14.0
Y181 40 mM Ca-cit-PO4 inj, 26.5 h 26.88 no yes 1998 1200 0.601 6.10E+09 1.34E+13 8.4

river water 7.06E+05
groundwater 4.81E+04
pre-experiment sediment 7.76E+08 1.52E+12
*20 points along column analyzed for PO4 (mg/g), intergrated area under curve
**14 points along column analyzed for biomass, average of 9 counts each by AODC  

 
 
Data collected in these experiments included phosphate and microbial biomass at 20-30 locations 
along the column length after the experiment is completed.  The electrical conductivity of the 
injecting solution was measured by flow-through electrodes located at a 10-ft and 20-ft location 
in the column (data in Appendix A, Section A.3).  Phosphate was measured by acid extraction 
(Section 4.1.6).  Microbial biomass was measured by AODC, which is a DNA stain technique.  
Sediment samples were additionally taken for biomass measurement by PLFA and PCR/DNA. 
 
Phosphate distributions with length (Figure 4.25) provided an indirect indication of microbial 
activity.  The 40-mM Ca-citrate-PO4 injection with live in situ and live injected microbes 
(Table 4.3, experiments Y177, Y178, and Y179) resulted in 70% to 77% of the injected 
phosphate recovered as precipitate.  The precipitate was located in the first 20 ft of the column 
length (Figure 4.25a, c, and e).  Autoclaving the sediment before packing the column (i.e., killing 
the in situ microbial population, experiment Y181) resulted in no measurable change in the 
phosphate distribution with length (Figure 4.25i), although only 60.1% of the phosphate injected 
was recovered as precipitate.  Conversely, filtering the river water (0.1-µm filter) to remove river 
water microbes resulted in substantially less PO4 precipitate (Figure 4.25g) with 50.4% of the 
injected phosphate recovered as precipitate (i.e., precipitation decreased to 68% relative to live 
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Figure 4.25.  Phosphate and microbial biomass distributions in 30-ft 1-D columns. 

0.0

0.5

1.0

1.5

0 5 10 15 20 25 30
length (ft)

PO
4 

(m
g/

g)
Y177. 40 mM Ca-citrate-PO4 Injection, 24 h
           live insitu and injected microbes

1225.2 mg PO4

1 109

3 109

5 109

7 109

9 109

1 1010

0 5 10 15 20 25 30
distance from inlet (ft)

bi
om

as
s 

(c
el

ls
/g

) Y177. 40 mM Ca-citrate-PO4 Injection, 24 h
           live insitu and injected microbes

#                        cells/g  total cfu
river water        7.1E5          
groundwater      4.8E4 (bugKd=5173cm3/g)
sed., pre exp.    7.8E8   1.4E12
sed., post exp.   3.4E9   6.7E12 (4.4x)

 

0.0

0.5

1.0

1.5

0 5 10 15 20 25 30
length (ft)

PO
4 

(m
g/

g)

Y178. 40 mM Ca-citrate-PO4 Injection, 2 h
           live insitu and injected microbes

1185.0 mg PO4

1 109

3 109

5 109

7 109

9 109

1 1010

0 5 10 15 20 25 30
distance from inlet (ft)

bi
om

as
s 

(c
el

ls
/g

) Y178. 40 mM Ca-citrate-PO4 Injection, 2 h
           live insitu and injected microbes

#                        cells/g  total cfu
river water        7.1E5          
groundwater      4.8E4 (bugKd=5173cm3/g)
sed., pre exp.    7.8E8   1.4E12
sed., post exp.   6.4E9   1.4E13 (8.9x)

 

0.0

0.5

1.0

1.5

0 5 10 15 20 25 30
length (ft)

PO
4 

(m
g/

g)

Y179. 10 mM Ca-citrate-PO4 Injection, 24 h
           live insitu and injected microbes

353.5 mg PO4

1 109

3 109

5 109

7 109

9 109

1 1010

0 5 10 15 20 25 30
distance from inlet (ft)

bi
om

as
s 

(c
el

ls
/g

) Y179. 10 mM Ca-citrate-PO4 Injection, 24 h
           live insitu and injected microbes

#                        cells/g  total cfu
river water        7.1E5          
groundwater      4.8E4 (bugKd=5173cm3/g)
sed., pre exp.    7.8E8   1.5E12
sed., post exp.   4.0E9   8.3E12 (4.4x)

 

0.0

0.5

1.0

1.5

0 5 10 15 20 25 30
length (ft)

PO
4 

(m
g/

g)

Y180. 40 mM Ca-citrate-PO4 Injection, 24 h
           live insitu microbes, no injected microbes

919.2 mg PO4

1.0 109

6.0 109

1.1 1010

1.6 1010

2.1 1010

0 5 10 15 20 25 30
distance from inlet (ft)

bi
om

as
s 

(c
el

ls
/g

)

#                        cells/g  total cfu
river water        7.1E5          
groundwater      4.8E4 (bugKd=5173cm3/g)
sed., pre exp.    7.8E8   1.5E12
sed., post exp.   1.0E10 2.2E13 (14x)

Y180 Microbial Biomass
    24 h injection to 20 ft, 40 mM PO4
    No injected microbes

 

0.0

0.5

1.0

1.5

0 5 10 15 20 25 30
length (ft)

PO
4 

(m
g/

g)

Y181. 40 mM Ca-citrate-PO4 Injection, 24 h
           dead insitu microbes, live injected midrobes

1200.0 mg PO4

1 109

3 109

5 109

7 109

9 109

1 1010

0 5 10 15 20 25 30
distance from inlet (ft)

bi
om

as
s 

(c
el

ls
/g

)

#                        cells/g  total cfu
river water        7.1E5          
groundwater      4.8E4 (bugKd=5173cm3/g)
sed., pre exp.    7.8E8   1.5E12
sed., post exp.   6.1E9   1.3E13 (8.4x)

Y181 Microbial Biomass, 24 h inj. to 20 ft
40 mM PO4

No insitu microbes

 



 

4.21 

injected microbes).  Therefore, although the river water microbes are 1100 times less, they are 
contributed to a greater extent to the citrate biodegradation. 
 
The microbial biomass data (by AODC) did show some differences between experiments, but 
these differences were not necessarily correlated to citrate reactivity.  As 1100 times less river 
water microbes could degrade a significant amount of citrate, these measurements of total 
biomass are not necessarily correlated with the apparent subset of the population that biode-
grades citrate.  A separate study separating different types of microbes and which biodegrade 
citrate may (in progress) provide some answers. 
 
The comparison of Ca-citrate-PO4 injec-
tion over 24 hours (20.2 cm/hour) to a 
2-hour injection (307 cm/hour; Table 4.3, 
experiments Y177, Y178) showed no 
difference in the precipitate spatial 
distribution or mass amount.  There was 
~2 times greater total biomass for the fast 
injection relative to the slow injection 
(Table 4.3), although the spatial distri-
bution of microbes was located within 
the first 20 ft of the 30-ft column 
(Figure 4.26a).  Therefore, over the range 
of velocity tested, there was no influence 
on injection velocity and the resulting 
apatite precipitate mass and distribution, 
so field injections/infiltrations at differing 
velocities should not have to account for 
changes in microbial activity due to the 
change in injection velocity. 

A change in the solution concentration 
injected from 40 mM PO4 to 10 mM PO4 
did change the mass of measured precipi-
tate by 4 times (Table 4.3, Figure 4.25a 
and e), as expected.  There was very little difference in the microbial biomass distribution with 
length (Figure 4.26b), which indicated that over the small range of ionic strength tested, there 
was no change in microbial detachment and redistribution. 

Therefore, over a field-relevant range of injection velocity (2 or 24 hours to reach a 20-ft 
distance) and solution concentration (10 mM PO4 and 40 mM PO4), there was no measurable 
change in the apatite distribution.  The most significant finding, however, was that river water 
microbes present at 1100 times lower concentration than in situ microbes had roughly twice the 
impact on the citrate biodegradation rate.  These experiments were conducted with a very high in 
situ microbial biomass (7.8 x 108 cells/g), which is present only in shallow sediment (Figure 2.2).  
These results would be generally applicable for infiltration experiments, which would occur in 
these shallow sediments.  The 100-N injections occur at >15 ft depth, where the in situ microbial 
biomass is present at 102 to 106 cells/g.  At these concentrations relative to the much more active 
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Figure 4.26.  Microbial redistribution in 30-ft columns 
from change in injection velocity (a) and solution ionic 
strength (b). 
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river water biomass, the injected river water microbial population would dominate nearly all the 
citrate biodegradation.  To date, the temporal distribution of the river water biota has not been 
measured.  The population in the open river water decreases as the temperature decreases, but the 
population near the water/sediment interface remains active throughout the year (Amoret Bunn, 
personal communication), so some consideration of the temporal distribution of the river water 
microbes may be necessary for future injections in order to be able to predict the citrate 
biodegradation rate and ultimately the location of the apatite precipitate. 

4.2.4 Air/Surfactant Injection of Ca-Citrate-PO4 
 
The use of a surfactant (sodium laurel sulfate) was investigated as an alternate means (to solution 
infiltration) to emplace the Ca-citrate-PO4 solution into vadose zone sediments.  The generalized 
scenario for surfactant (foam) injection of Ca-citrate-PO4 solution at field scale is to inject the 
foam into groundwater injection wells at low water table (i.e., a small screened section in the 
Hanford formation is unsaturated) so that the foam advects out and up from near the water table.  
The advantage of this injection scenario is any mobilized Sr-90 (from the solution injection) will 
be advected away from the saturated zone, which will minimize risk.  As the surfactant tends to 
travel in high-K formations, this technology could be used to augment solution infiltration, 
which tends to deposit less PO4 in high-K formations. 

 
The surfactant/solution injection into 
these 25-ft long 1-D columns (Fig-
ure 4.27) was composed of a 1% sodium 
laurel sulfate (surfactant) solution that 
was advected with air pressure through a 
stainless steel frit to make a consistent 
bubble size.  For this injection, 1% of 
the air volume was liquid containing 
30 mM PO4 (in Ca-citrate-PO4 solution).  
In the first experiment, the inlet pressure 
was limited to 60 psi, and while the 
foam was initially at <10 psi, as water 
was deposited in the sediment, the 
pressure increased.  Ultimately, the 
pressure limitation slowed the foam 
injection, which was initially at 
250 mL/hour (average 113 mL/hour over 

the 79 hours).  The total duration of the foam injection was 79 hours.  At the end of the experi-
ment, the sediment was carefully removed from the column and analyzed for water content and 
phosphate concentration.  Although the volume of air was relatively high (113 mL/hour), the 
volume of liquid injected with the air was small (1%), so the solution injection rate was 
1.13 mL/hour and, as a consequence, the total mass of PO4 injected was small.  At these slow 
solution injection rates, there is greater PO4 adsorption and greater citrate biodegradation 
(described in Section 4.5), so it was expected that the phosphate would not be transported a great 
distance.  Results (Figure 4.28a) showed that the foam and some water was advected to 5.4 m 
(18 ft), and appeared to be relatively uniform.  The phosphate, however, was only advected a 

 
Figure 4.27.  25-ft long column containing Hanford 
formation sediment used in surfactant injection. 
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meter or less (Figure 4.28b).  The 
mass of PO4 extracted from the 
sediment (229 mg PO4) was 90% of 
the PO4 injected (255 mg PO4), so 
recovery was good. 
 
A second 1-D column experiment was 
conducted using coarser sediment 
(>0.5-mm and <4-mm sieved Hanford 
formation sediment) and a higher 
injection pressure (110 psi).  Results 
were about the same, with the foam 
reaching 6.5 m (21 ft) by 40 hours 
(Figure 4.29a), but PO4 reaching a 
meter or less (Figure 4.29b).  
Phosphate recovery was also about the 
same (93% or 192 mg PO4 recovered).  
These experiments were very useful 
for developing an understanding of the 
foam injection and sediment water 
content changes that occur throughout 
the experiment.  Initially the sediment 
is at very low water content (6%), and 
foam (which is primarily air) easily 
infiltrates the column.  Prior to injection 
of foam into the column, air injection 
into the column at 400 mL/hour (gas) 
resulted in <1 psi pressure drop over the 
25-ft column length, so there is little 
resistance to air movement in this coarse 
sand sediment.  However, infiltration of 
the surfactant (as foam) results in some 
resistance due to the resistance of 
forcing millimeter-sized bubbles 
through small pores.  In addition, over 
time water advected in with the 
surfactant is deposited in sediment pores 
as bubbles break and reform.  As the 
water content increases, the air 
permeability decreases and so the foam 
injection pressure increases.  The 
60-110 psi pressure used in these 25-ft 
long 1-D columns is not very represen-
tative of what is expected occur in the field, where radial flow from an injection well would cause 
less restriction of flow.  In Section 4.5.7, results of two surfactant injections into large 2-D 
laboratory systems are described, and there was significantly less pressure. 
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Figure 4.28.  25-ft long column of surfactant/Ca-citrate-
PO4 injection at 60 psi. 
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Figure 4.29.  25-ft long column of surfactant/Ca-citrate-
PO4 injection at 110 psi. 
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4.3 Task 3 – Sr Incorporation into Apatite:  Mass and Rate 

4.3.1 Sr Ion Exchange on Sediment 

Batch experiments were conducted to measure the Sr-90 sorption rate in untreated and 
Ca-citrate-PO4 solution-treated 100-N sediments and Sr-90 sorption at differing concentration 
(Figure 4.30).  In some experiments, Sr-85 is used (easier to count, but short half-life, so not 
useful for long-term experiments), and in other experiments, Sr-90 was used (30-day wait period 
before it can be accurately counted, see Section 3.5).  The starting sediment in both cases was a 
composite from the 10- to 42-ft depth at well N-121.  The treated sediment contained ~0.5 g of 
apatite after being contacted with a Ca-citrate-PO4 mixture (25, 50, 17.5 µM) for 3 days.  This 
one treated sediment is referred to below as the apatite-laden sediment.  To achieve a soil/water 
ratio near that in saturated porous media in both the untreated and apatite-laden sediments, 70 ml 
of Hanford groundwater containing 0.2 mg Sr/L was added to 116 g sediment.  Each of these 
experiments was initiated by the addition of Sr-90 to achieve 45,000 pCi/L or an equivalent mass 

of Sr-85.  The ionic strength in the treated 
sediment was ~0.1 M, diluted from the 
original Ca, PO4, citrate treatment mixture, 
while that of the untreated sediment was 
that of the groundwater (0.011 M).  At 
specified time intervals, 0.5 mL of water 
was removed, filtered with a 0.45-micron 
PTFE filter (13-mm diameter), and placed 
in a scintillation vial with scintillation 
fluid for counting.  These samples were 
counted after 30 days after Sr-90/Y-90 
secular equilibrium was achieved and the 
Sr-90 activity was half of the total activity. 
 
Sr-90 added to aqueous suspensions of 
untreated and treated 100-N sediments 
was rapidly sorbed (Figure 4.30b).  The 
untreated sediment reached sorption 
equilibrium (squares) within 2 hours, 
giving a Sr Kd value of 24.7 cm3/g.  For 
the apatite-laden sediment that contained 
precipitated apatite, there was initial rapid 
uptake of Sr-90 (<1 hour) that was likely 
sorption.  In this case, the solution Sr-90 
continued to decrease even after 
120 hours, likely due to some uptake by 
the apatite.  Thus, we can conclude that for 
both the untreated and apatite treated 
sediment sorption is quite rapid. 
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Figure 4.30.  Sr-85/90 sorption:  a) in groundwater, 
b) in mono- or divalent-saturated sediment, and c) time 
scale for Sr-90 sorption by untreated and apatite-laden 
100-N composite sediment. 
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The mechanism for Sr retention by sediment is ion exchange, as demonstrated in isotherm (and 
other) experiments.  The 24-hour Sr-90 sorption in groundwater also showed a Sr Kd value of 
24.7 cm3/g in Ca-saturated sediment (black diamonds, Figure 4.30a), Sr-85 sorption over a wide 
range of concentration showed Langmuir behavior, indicating retention by primarily one type of 
site.  If the slope at low Sr concentration was not equal to 1, this can indicate more than one type 
of surface site.  Because the system is Ca-saturated (ionic strength 11 mM), both Ca and Sr 
compete for the same sites.  In a Na-saturated sediment, 24-hour Sr sorption isotherm (open 
circles, Figure 4.30a) showed similar Langmuir behavior, but with ~600 times greater retention of 
Sr due to it more easily displacing Na from ion-exchange sites.  In typical groundwater, the 
molar ratio of Ca/Sr is 220 to 400 times, so this 600 times greater retention simply reflects the 
divalent Sr displacing the monovalent Na on surface sites. 
 
Small 1-D column experiments were conducted to measure the amount of Sr-90 mobilized by 
injection of a Ca-citrate-PO4 solution relative to Hanford groundwater (results from 100-N 
injection project).  Previous batch studies show that Sr (and Sr-90) Kd = 25 cm3/g in Hanford 
groundwater (<4 mm size fraction of 100-N composite sediment).  For a baseline of Sr behavior 
in sediments, two 1-D columns in which Sr-85 was added to the sediment and allowed to 
equilibrate for several days, injection of Hanford groundwater resulted in a Kd of 11.8 and 
9.1 cm3/g (i.e., Rf = 61 and 47.6, respectively, Figure 4.31), or slightly lower than shown in the 
previous batch studies. 
 

Figure 4.31.  Sr-85 desorption in a 1-D column with Hanford groundwater injection. 

 
In these experiments, a total of 140 and 350 pore volumes of Hanford groundwater were flushed 
through the columns.  Over that amount of flushing, 37% and 29% of the Sr-85 was eluded.  
These results are applicable to the field, as the “flushing” with groundwater is simply exchanging 
the Sr-85/Sr on the sediment surface sites with Sr in groundwater.  In general, the system is at 
equilibrium at all times, as there is no change in the mixture of cations (Ca, Na, K, Sr) and 
anions (CO3, Cl, SO4), and we assume the sediment was initially in equilibrium with 
groundwater. 
 
Sr sorption to apatite-laden sediment was less than the untreated sediment, primarily due to the 
higher initial ionic strength of the apatite-laden sediment.  For the apatite-laden sediment, the 
apparent Kd at 120 hours was 7.6 cm3/g, which was smaller than the untreated sediment due to 
the higher solution ionic strength (described in detail in the following section).  This was not 
unexpected because Sr-90 retention in Hanford 100-N sediments was primarily due to ion 
exchange (Serne and LeGore 1996).  In a study of the influence of major ions on Sr retention by 
Hanford sediments, Routson et al. (1981) reported a Sr Kd of 49 cm3/g (0.001 M NaNO3) and Kd 
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of 16 cm3/g (0.1 M NaNO3), so there was a 3-time decrease in the Kd value by increasing the 
ionic strength with Na+ (which was the predominant cation in the treated sediment after dilution 
with Hanford groundwater).  In general, Sr2+ retention by ion exchange is controlled to a large 
extent by divalent cation (primarily Ca2+ and Mg2+) concentration, as shown by a similar change 
in Ca2+ ionic strength (0.001 to 0.1), which resulted in a 38-time decrease in the Sr Kd value from 
25 cm3/g (in groundwater) to 2.0 cm3/g (Ca-citrate-PO4 at 40 mM, 100 mM, and 24 mM).  
Evidence to support our contention that sorption is predominately ion exchange is provided 
solid-phase extraction of these sediments in Section 4.3.3. 

4.3.2 Sr Ion Exchange on Apatite 

The sorption of Sr by citrate-precipitated crystalline apatite was investigated in batch experi-
ments to determine 1) the rate of removal of Sr naturally occurring in 100-N groundwater, and 
2) how this Sr was initially bound to the apatite within the first 4 days of contact.  Both of these 
objectives are important in determining the effectiveness of and modeling of Sr remediation 
strategies.  The 100-N groundwater used contained 0.225 mg/L of Sr (2.3 µM) to which a Sr-85 

tracer was added.  The loss of Sr-85 from solution 
was measured in a series of 10-ml apatite ground-
water suspensions at pH 7 and room temperature.  
The solid to solution ratio (rsw) in these individual 
suspensions varied from 0.27 to 30 g/L 
(100 times).  This covers the range of estimated 
apatite mass required for the Sr barrier described 
in Section 2.3 (Table 2.1).  After addition of the 
groundwater containing Sr and Sr-85, the indi-
vidual suspensions were repetitively sampled for 
100 hours.  
 
In all suspensions, two distinct rate steps were 
obvious for the sorption process.  The initial 
sorption of Sr was quite rapid occurring with 
sorption half-lives ranging from 1.3 to 5.8 minutes 
for the high to low solid/solution ratio, 
respectively (Figures 4.32 and 4.33).  First-order 
fits of the data are shown by solid lines and 
yielded rates of 32.2, 12.2, and 7.2 hours-1 and 
intrinsic incorporation rate of 1.1, 5.9, and 
20.6 (hours g L-1) for the 30, 2.1, and 0.27 g/L 
suspensions, respectively.  Following the initial 
rapid sorption step, sorption continued out to 
100 hours (Figure 4.32b) at which point experi-
ments were terminated.  First-order fits for the 
times >2 hours (solid curves) provided rates of 
0.085, 0.085, and 0.045 hour-1 for the same three 
suspensions.  The initial rapid removal of Sr from 
solution is most likely due to reaction of Sr with 
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Figure 4.32.  Initial rates of Sr sorption by 
apatite. 
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easily accessible exchange sites on the apatite 
surface, with the slower step resulting from intra-
particle diffusion to less accessible sites. 
 
The fraction of Sr removed from solution is clearly 
dependent on the rsw of the suspension with ~33% 
and 95.5% of the Sr sorbed for the 0.27- and 
30.1-g/L apatite suspensions.  The Kds calculated 
from this data after 100 hours of contact show a near 
linear inverse dependence on the solid/solution ratio 
(Figure 4.34), and an average Kd = 1370 ± 
429 cm3/g.  This shows that the adsorption affinity 
of Sr for the apatite surface is 55times stronger than 
the sediment (i.e., Sr Kd(apatite) = 1370 Kd(sed.) = 
25).  It is likely that the trend observed reflects a 
lack of sorption equilibrium for the higher 
apatite concentrations (i.e., diffusion into 
pores is taking longer), or reflects a small 
change in pH. 
 
Using the observed density and pore volume 
of 100-N sediments, the apatite soil to water 
ratios used in these experiments can be 
converted into g apatite/g sediment. That is, 
30.1 and 0.27 g/L are equivalent to 3.1 x 10-3 
and 2.7 x 10-5 g apatite/g sediment, respec-
tively.  This covers the range of apatite mass/g 
sediment targeted for field injections # 1 
through #10 and 300-year capacity barrier for 
Sr removal described in Table 2.1.  Based on 
the assumptions made in Table 2.1, this range of rsw covers the quantity of apatite anticipated in 
field injections #1 through #10, with the maximum rsw equivalent to that required for the 
300-year capacity barrier.  The small variation in Kd with changes in rsw, or g apatite/g sediment, 
suggests that the inevitable spatial variations in the precipitation of apatite in the field will not 
significantly affect the sorption of Sr by apatite.  As a result, the Kd values and the rates of 
sorption derived from these experiments should provide a reasonable basis for field simulations. 
 
A parallel experiment to those shown in Figure 4.34 was conducted using a suspension 
containing 0.37 g apatite/L to determine if Sr-90 removed from solution in these experiments 
was bound to the apatite surface by ion exchange and whether after 100 hours, Sr-90 incorpo-
ration into the apatite structure (recrystallization) could be detected.  After a 100-hour contact 
time, the suspension was centrifuged and following decanting of the supernatant, the wet apatite 
pellet was extracted with 0.5 M KNO3 for 100 hours.  A correction was made for the aqueous 
Sr-90 remaining in the pore water of the wet apatite pellet.  The fraction sorbed was consistent 
with the 0.35 g/L suspension shown in Figure 4.34 and all of the sorbed fraction was recovered 
by the KNO3 extraction, within the 4% error of the extraction and correction for solution Sr-90 in 
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Figure 4.33.  Long-term rates of Sr sorption by 
apatite. 
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Figure 4.34.  Sr sorption Kd by apatite verses mass 
of apatite. 



 

4.28 

the wet apatite.  This indicates first, that Sr is bound to the apatite surface by ion exchange and 
second, that after 100 hours incorporation of Sr into the apatite structure at room temperature 
was not detectable, or if incorporation did occur, it was less than 4%. 

 
The Sr sorption on apatite (24 hours) as a 
function of Sr concentration was also 
investigated.  The pH (pzc) of the apatite 
is ~7.6, so Sr sorption at lower pH (pH 
7.12 was investigated, Figure 4.35) should 
have much lower sorption (i.e., sites 
neutral to slightly positively charged) than 
Sr sorption at higher pH (pH 9.44 shown 
in Figure 4.35).  Sr sorption at different 
concentration was fairly linear, reflecting 
a single type of sorption site, as expected.  
The adsorption maxima, unfortunately, 
was not well characterized, and is 
30 mmol/g or higher.  Comparison of Sr 
sorption on pure apatite at pH 7.1 (Fig-
ure 4.35, triangles) to sediment at pH 7.1 
(Figure 4.30a) indicates the Sr affinity for 
the apatite surface is 100 times greater 
than for the sediment (i.e., M x K = Kd, 
for low concentrations not near the 
maxima).  This is similar to the 55 times 

from different experiments.  The relative adsorption maxima values on apatite (30 mmol/g) and 
sediment (18 µmol/g) show at 1660 times greater number of sites for the apatite.  Relative 
sorption was also calculated for expected field apatite concentrations.  For field injections #3 to 
#18, it is expected that there would be 0.00038 g of apatite per gram of sediment, assuming 
100% of the phosphate injected forms apatite precipitate.  At this low concentration, Sr 
adsorption mass balance is 99.2% sorbed, with 97.23% sorbed on sediment and 2.0% sorbed on 
apatite, excluding Sr incorporated into the apatite crystal structure.  At the final maximum apatite 
concentration of 0.0038 g apatite per gram of sediment (Table 2.1, 300-year design capacity), 
99.34% of the Sr-90 is adsorbed, but with 82.4% sorbed on sediment and 16.9% sorbed on 
apatite. 
 
Sorption of Sr-90 on sediment and apatite performs several functions.  First, sorption simply 
decreases the Sr-90 flux toward the river, whether or not apatite is present.  As described earlier 
(Table 2.1), the influence of adding apatite will not be apparent in the short time frame as the 
fraction of Sr-90 in solution changes very little.  Sorption on the apatite, however, is also 
necessary for incorporation into the apatite structure.  If there were absolutely no Sr-90 sorption 
on apatite, there would likely be no Sr incorporation into the structure.  It was hypothesized that 
the incorporation rate is dependent on the amount of Sr sorption on apatite.  However, simulation 
of these ion exchange and Sr incorporation processes shows that the Sr incorporation rate does 
not change with less Sr sorption to apatite.  The reason appears to be that the ion exchange is 5 to 
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Figure 4.35.  Sr ion exchange on apatite in Na- and 
Ca-saturated systems at differing Sr concentration. 



 

4.29 

6 orders of magnitude more rapid compared to incorporation, therefore, as long as there is some 
Sr sorption on apatite, the incorporation reaction will proceed. 

4.3.3 Sr Incorporation into Apatite 
4.3.3.1 Influence of Ca/Sr Ratio 
 
The sorption and subsequent incorporation of aqueous Sr by apatite is known to depend on 
solution composition and, in particular, on the mole ratio of aqueous Ca to Sr (Caaq/Sraq) 
(Raicevic et al. 1996; Heslop et al. 2005).  For this reason the influence of aqueous Ca and 
solution composition on the uptake of Sr by citrate precipitated apatite has been investigated.  
A series of batch experiments have been conducted using either distilled water or groundwater 
suspensions of apatite, which differed in their Caaq/Sraq mole ratios, ionic strength, and solution 
composition.  Adjustments 
to ionic strength and 
aqueous Ca concentrations 
in both distilled and 
groundwater suspensions 
were made with Na and Ca 
perchlorate (Figure 4.36).  
In the groundwater 
suspensions, the starting 
ionic strength and Caaq/Sraq 
mole ratio were 16.75 and 
1.36 mM, respectively, 
with the largest contri-
bution to ionic strength 
coming from Ca ions.  All 
suspensions contained 
0.378 g/L apatite to which 
stable Sr (as SrCl2) and a 
Sr-90 tracer were added to 
obtain an initial Sraq 
concentration of 0.35 mM.  
Suspensions were adjusted 
to an initial pH of 8.4 and 
were maintained at 82°C 
during the 9.5-month 
sampling period.  Loss of 
Sr from solution was 
determined by Sr-90 
measurements.  Although 
the aqueous Ca(aq)/Sr(aq) 
mole ratios were varied 
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Figure 4.36.  Influence of Ca, groundwater, and ionic strength at 82°C 
on Sr uptake by apatite. 
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from 0 to 220, the mole ratio of Ca in the apatite lattice to the Sr in solution (Ca(s)/Sr(aq)) was 
identical in all suspensions (Ca(s)/Sr(aq) = 10). 
 
The initial rapid Sr uptake by apatite, due to sorption, was followed by the much slower uptake 
out to 7000 hours, due to Sr incorporation by apatite (Figure 4.36).  The extent of Sr uptake was 
greatest for NaClO4 suspensions containing no aqueous Ca (Caaq/Sraq = 0) for which Sr removal 
reached 57% after 1000 hours in both the 5.75 and 35 mM ionic-strength suspensions 
(Figure 4.36a).  Thus, Na ions and the contribution of Na ions to ionic strength had negligible 
affect on Sr uptake.  In groundwater suspensions with Caaq/Sraq = 1.36 and ionic strengths of 
16.75 and 45 mM, the uptake of Sr was identical, but uptake had dropped to 37% after 1000 hours 
(Figure 4.36a).  The difference in ionic strength between these two suspensions, due to NaCl2 
addition, made no difference in uptake, consistent with uptake in the Ca-free suspensions.  The 
decrease in Sr uptake was due to the presence of di-valent Ca ions and their competitive influ-
ence on Sr ion exchange by apatite.  This is further demonstrated in distilled water suspensions 
as the Caaq/Sraq ratio was increased to 2.5 (ionic strength = 5.75 mM) and 20 (ionic strength = 
22 mM) and uptake dropped to 30% and 10%, respectively, after 1000 hours (Figure 4.36b).  As 
the Caaq/Sraq ratio was further increased to 220 (ionic strength = 231), no further decrease in Sr 
uptake was observed relative to that at a ratio of 20. 
 
From Sr uptake after 9.5 months (Table 4.4), we can conclude that:  1) the mono-valent back-
ground electrolyte NaClO4 has no effect on Sr uptake by apatite and thus Na salts are the 
preferred choice for injection chemicals; 2) groundwater concentrations of divalent Ca reduces 
Sr uptake from 62 to 35; 3) at a Caaq/Sraq ratio of 220, typical of field injection solutions, Sr 
uptake by apatite had reached 17%; and 4) Sr uptake from solution by apatite, although slow, has 
not ceased to occur after 9.5 months.  In addition, if all of the Sr removed from solution in these 
experiments were incorporated into the apatite structure by Sr substitution for a structural Ca, the 
percentage of the total Ca sites occupied by Sr would be small (1% to 7%) for conditions 
examined here (Table 4.5).  For the Ca(s)/Sr(aq) mole ratio (=10) used here, there should be ample 
capacity for additional Sr incorporation for contact times in excess of the 9.5 mouths.  

Table 4.4.  Sr uptake by citrate precipitated apatite in Figure 4.36 after 9.5 months versus aqueous Ca to 
Sr mole ratio. 

Caaq/Sraq 
Mole ratio 

0 
(Na) 1.36(GW) 3.87(Ca+GW) 20(Ca) 220(Ca) 

Ionic strength 5.75 16.75 16.75 22 231 
% Sraq uptake 62.4 35.1 31.9 16.3 17.1 
% of Cas sites 
occupied by Sr 7.0 4.4 3.1 1.7 1.0 

Symbols in parentheses indicates major electrolyte cation; GW indicates groundwater. 
Percent Cas sites in apatite occupied by Sr is based on measured Ca:P mole ratio = 
1.27. 
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The rates of Sr/Sr-90 sorption and the 
subsequent incorporation into the citrate 
precipitated apatite structure were 
determined as a function of temperature 
(22°C, 42°C, 62°C, and 82° C) in aqueous 
suspensions of apatite.  These batch 
experiments were performed using apatite 
suspensions made up in 50 ml of two 
different solutions (Table 4.5).  The first 
suspension was made up in distilled water 
and contained 2.62 mM NaClO4 as a 
background electrolyte, no Ca ions, and 
1.04 mM stable Sr added as SrCl2 (Figure 
4.37).  The second suspension was made up in 
100-N groundwater containing 19 mg/L Ca ions 
and 0.11 mg/L (1.2 µM) Sr (Figure 4.38).  Sr-90 
was added to each suspension.  The total Sraq in 
the NaClO4 suspension was a factor of 867 times 
greater than the Sraq present in the groundwater 
suspensions.  This accounts for the difference in 
the Cas/Sraq ratio between the NaClO4 and 
groundwater suspensions.  Sr-90 loss from 
solution was measured periodically over the 
9.6-month course of the experiments.  
 
For both suspensions and at all temperatures 
examined the initial fast sorption/ion-exchange 
phase (0 to 50 hours) was followed by a slower 
gradual uptake (50 to 1300 hours) and has 
continued out to 9.6 months (Figures 4.37 and 
4.38).  The extent of uptake increased ~10% 
with increasing temperature in both solutions 
(Table 4.5).  The percentage of Sr uptake from 
the groundwater suspension (lower Sraq concen-
tration with Ca ions) was 14% to 22% greater 
than from the NaClO4 suspension with no 
apparent temperature dependence (Table 4.6).  
The reason for greater percentage uptake from 
the groundwater suspension, despite the 
presence of Ca ions, was the much higher 
concentration of Sraq (867 times) in the NaClO4 
suspension and thus the much higher occupancy 
of the Ca sites by Sr (Table 4.6).  This esti-
mation of Sr occupancy of apatite Ca sites 
assumes (as above) that all of the Sraq removed 
from solution after 9.6 months was substituted 

Table 4.5.  Conditions of Sr sorption-incorporation 
versus temperature experiments; units in mM. 

 NaClO4 Groundwater 
Ionic strength  5.75 11 
Sraq  1.04 0.0012 
Caaq  0 0.48 
Apatite (g/L) 0.38 0.34 
Caaq : Sraq 0 392 
Cas : Sraq 3.60 2938 
Initial pH 8.0 7.6 
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Figure 4.37.  Sr-90 uptake by hydroxyapatite 
at 22°C to 82°C in deionized water with 
model fit of sorption and incorporation rate. 
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Figure 4.38.  Sr-90 uptake by hydroxyapatite at 
22°C to 82°C in groundwater with model fit of 
sorption and incorporation rate. 
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into the apatite by replacing a structural Ca.  This estimated percent of Ca sites occupied by Sr 
was typically 580 times higher in the NaClO4 suspension than in the groundwater suspension.  
This suggests that Sr incorporation at a low Ca site occupancy (low Sr loading of apatite) may be 
more ‘effective’ than at a much higher occupancy (or Sr loading) because of differences in Ca 
site accessibility to the sorbed Sr.  This would lead to a saturation effect as aqueous and thus 
sorbed Sr increased.  It should be noted that the assumption made in calculating the percent of Ca 
sites occupied by Sr (i.e., that all the sorbed Sr is incorporated into apatite) is consistent with the 
interpretation of data from the solid-phase HNO3 digestion and ICP-MS analysis of apatite 
suspensions after 6 months of contact with Sr (see below). 

Table 4.6.  Sr uptake mass fraction and rate by apatite versus temperature after 9.6 and 8.6 months; GW 
indicates 100-N groundwater.  Percent Cas sites in apatite occupied by Sr is based on measured Ca:P mole 
ratio = 1.27. 

Suspensions  22°C 42°C 62°C 82°C 
% uptake 41.6 47.4 47.3 50.4 Apatite only  

in NaClO4  
(Sr=1 mM, 9.6 mo.) 

% Ca sites occupied by 
Sr 

13.5 15.3 15.3 16.3 

[exp. T56, Figure 4-37] Sr ion exch. rate (1/hour) 1.2E-03 1.2E-03 1.2E-03 1.2E-03 
 Sr uptake rate (1/hour) 8.2E-05 5.2E-05 4.2E-05 1.2E-05 

% uptake 61.4 61.2 69.4 72.3 Apatite only  
in groundwater 
(Sr=2.3 µM, 8.6 mo.) 

% Ca sites occupied by 
Sr 

0.023 0.024 0.026 0.028 

[exp. T73, Figure 4-38] Sr ion exch. rate (1/hour) 0.12 0.12 0.22 0.22 
 Sr uptake rate (1/hour) 6.2E-04 7.2E-04 7.3E-04 7.3E-04 

% uptake 63.5 69.7 66.4 72.6 apatite + sediment  
in groundwater 
(Sr= 2.3 µM, 8.6 mo.) 

% Ca sites occupied by 
Sr 

0.030 0.026 0.028 0.031 

[exp. T69, Figure 4-36] Sr ion exch. rate (1/hour) 0.45 0.45 0.45 0.50 
 Sr uptake rate (1/hour) 6.5E-05 6.5E-05 3.5E-05 2.9E-05 
      

 
A first-order model was used to derive sorption (two steps) and incorporation rate constants from 
uptake data from Figures 4.37 and 4.38.  The fits to the data are shown by solid curves at each 
temperature in those figures along with the derived rate constants.  Incorporation rate constants 
in the groundwater suspensions at the low Sr concentration were 8 times and 60 times greater 
than those in the NaClO4 suspension at 22°C and 82°C, respectively.  This further suggests a 
difference in the effectiveness or energetics of the Sr incorporation reaction as a function of Sr 
loading of available Ca sites. 
 
The calculated activation energy of the rate of Sr-90 incorporation into apatite is 11.3 kJ/mol 
(Figure 4.39), using data of Sr-90 uptake from groundwater (Figure 4.37).  This relatively low 
activation energy suggests the rate-controlling step is diffusion of Sr-90 into the apatite structure 
(i.e., activation energies <10 kJ/mol).  Large activation energies (30 to 50 kJ/mol) suggest 
chemical control.  The rate of diffusion can be altered with a different apatite precipitate particle 
size, where smaller precipitations with greater surface area will have a more rapid uptake.  The 
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amount and location of Sr in the surface apatite has 
been characterized by several different methods, as 
described in the following section.  Additional 
electron microprobe work is in progress in order to 
characterize the mass of Sr with depth within the 
apatite precipitate in order to determine if Sr is 
diffusing throughout the apatite volume, or is 
limited to near surface substitution, as described in 
the following section. 

4.3.3.2 Solid-phase Characterization for Sr 
Incorporation in Apatite 

 
In this series of experiments, Sr incorporation into 
apatite was examined by ICP-MS analysis of the 
HNO3 digested apatite phase after liquid-solid phase separation and removal of exchangeable 
and carbonate Sr phases from the apatite by sequential KNO3 and EDTA extractions.  
Experimental conditions differed from those described in the preceding paragraphs of this 
section in that 1) no NaClO4 was used to maintain the ionic strength, 2) no aqueous Ca was 
added to suspensions, and 3) both the apatite mass and aqueous Sr concentrations were increased 
(Table 4.7).  In addition, two parallel experimental series were conducted, one using stable Sr 
plus a Sr-90 tracer and the second using only stable Sr.  The stable Sr series was conducted to 
facilitate SEM, XRD, and FTIR analyses of non-radioactive apatite.  In each experimental series, 
aqueous suspensions of both a commercial (Sigma) and citrate precipitated apatite (no sediment) 
were made up in distilled water to which SrCl2 was added to obtain the same ratio of solid-phase 
Ca to aqueous Sr ratio (i.e., Cas/Sraq = 3.33 in both series).  All suspensions were adjusted to an 
initial pH of 8 and maintained 
at 22°C and 82°C until indi-
vidual suspensions in each 
series were sacrificed for 
analysis.  The pH of all 
remaining suspensions were 
monitored periodically and 
returned to their original pH of 
8 with NaOH.  The differences 
in experimental conditions 
between the Sr-90 and stable 
Sr series are summarized in 
Table 4.7. 
 
For the Sr-90 series, five suspensions from each of the 22°C and 82°C experiments were 
sacrificed at regular intervals.  Suspensions were characterized by analyzing for aqueous Sr-90 
and performing the sequential 0.5 M KNO3, 0.5 M ethylenediaminetetracetic acid (EDTA), and 
4 M HNO3 extractions on the recovered apatite.  After aging for 4.9 months, the majority of the 
starting Sr remained in the aqueous phase, however, 11% and 14% of the starting Sr had been 
incorporated (HNO3 extraction) into the apatite structure at 22°C and 82°C, respectively 

Table 4.7.  Conditions of Sr sorption-incorporation 
experiments at 22°C and 82°C. 

 Sr-90 Series Stable Sr Series 
Ionic strength (mM) 6.67 14.9 
Apatite mass (g) 0.15 0.2 
SrCl2 (mM) 2.21 5.0 
Volume (ml) 203 120 
Measurements Aqueous Sr-90,  

solid phase 
incorporated Sr90 

Aqueous-ICP, SEM, 
XRD, FTIR, 
incorporated-ICP 
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Figure 4.39.  Change in Sr-90 incorporate 
with temperature and calculated activation 
energy. 
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(Table 4.8).  A small increase in incorpo-
ration occurred at the higher temperature.  
Only a small percentage of the Sr asso-
ciated with the apatite remained in the 
exchangeable phase after 4.9 months.  The 
mole percent of apatite Ca sites occupied 
by incorporated Sr after 4.9 months 
increased slightly with temperature.  
Suspensions sacrificed at 7 and 11 months 
at each temperature are currently being 
characterized. 
 
For the stable Sr series, 15 apatite suspen-
sions have been sacrificed to date, after 

aging between 0.86 and 6.15 months.  Following centrifugation, the aqueous phase was saved for 
future Sr and Ca analysis.  The apatite pellet was washed with 0.5 M KNO3 overnight to remove 
ion exchangeable Sr and then washed several times in deionized water prior to solid-phase 
analysis.  A portion of the apatite was digested in HNO3 and analyzed for Sr and Ca by ICP-MS 
with the remainder of the apatite used for SEM, XRD, and FTIR characterization.  No EDTA 
extraction carried out on these samples because the Sr carbonate phase was typically 1% or less 
of the total Sr in suspensions after 5 months (Table 4.9).  The ICP-MS analysis of the HNO3 
digested citrate precipitated apatite showed that Sr incorporation was 16% and 33% of the total 
Sr in the system after 0.86 months at 22°C and 82°C, respectively (Table 4.9).  This factor of two 

difference persisted during the course of 
these experiments.  Comparison of the 
percent of incorporation that occurred at 
0.86 months with that occurring between 
2.68 and 3.89 months indicates that the rate 
of incorporation was decreasing.  The Sr 
incorporation in these stable Sr suspensions 
at 22°C and 82°C was a factor of 1.9 and 2.7 
greater, respectively (Table 4.9), than that 
found in the Sr-90 series (Table 4.8).  The 
calculation of the percent of total Ca sites 
occupied by the observed incorporation of Sr 
in these HNO3 extraction experiments after 
6 months differed by a factor of two for 
suspensions at 22°C and 82°C (Table 4.9).  
This is not consistent with the calculated 
percent of Ca sites occupied by Sr for uptake 
experiments (Table 4.6) where the difference 
between 22°C and 82°C was typically 10%.  
The reason for these discrepancies is 
currently being investigated.  Incorporation 
in the commercial Sigma apatite was approx-
imately half of that achieved with the citrate-
precipitated apatite.  This was most likely 
due to differences in their morphology, 

Table 4.8.  Percent distribution of Sr in apatite 
suspension for Sr-90 series (a) and mole percent of 
apatite Ca sited occupied by incorporated Sr (b) 
(aged 4.9 months). 

 22°C 82°C 
(a)  % of total Sr in each phase   

Aqueous 86.8 82.9 
Exchangeable (0.5 M KNO3 ) 1.19 0.86 

Carbonate (0.05 M EDTA) 0.85 1.9 
Incorporated (4 M HNO3) 11.1 14.3 

(b)  % of apatite Ca sites occupied 
by Sr 

3.14 3.73 

 

Table 4.9.  Percent of total aqueous Sr 
incorporation into citrate precipitated and Sigma 
apatites for stable Sr series. 

 Aged(m) 
% Aqueous 
Sr Uptake 

% Ca Sites 
Occupied by Sr 

apatite     
22°C 0.86 16.3 4.90 

 1.36 19.3 5.79 
 2.68 21.9 6.59 
 3.89 25.1 7.54 
 4.93 21.1 6.33 
 5.99 20.0 6.00 

82°C 0.86 33.3 10.0 
 1.36 33.3 10.0 
 2.68 37.3 11.2 
 3.89 42.4 12.7 
 6.15 38.3 11.5 

Sigma    
22°C 5.99 10.6 3.18 
82°C 2.68 17.1 5.10 

 5.99 19.0 5.69 
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although their BET surface areas are similar 
(Sigma, 61 m2/g; citrate-precipitated, 
55 m2/g). 
 
The stable Sr suspensions aged for 0.86 and 
1.36 months at each temperature have been 
characterized by SEM/EDS.  The SEM image 
of the citrate precipitated apatite used in the 
stable Sr incorporation series and aged for 
1.36 months at 82°C (Figure 4.40) showed 
discrete aggregated crystalline clusters 
ranging from 75 to 600 nm in diameter and 
significant porosity.  The presence of Sr 
associated with the citrate precipitated apatite 
was examined by EDS in samples aged for 
0.86 and 1.36 months at 22°C and 82°C.  EDS 
spectrum obtained at 62 distinct sites on 
apatite particles in these 4 samples confirmed the 
presence of Sr at all sites.  A typical EDS 
spectrum for apatite aged at 82°C for 0.86 month 
shows a clearly resolved Sr peak (Figure 4.41).  
As noted above, ion exchangeable Sr had been 
removed by an overnight wash with 0.5 M KNO3, 
so the Sr detected by EDS was either a discrete Sr 
phase on the apatite surface or incorporated into 
the apatite structure.  Although qualitative, the 
EDS estimation of Sr incorporation into the 
citrate-precipitated apatite was consistent with 
ICP-MS measurements of Sr incorporation in 
these same samples (Table 4.9). 
 
Fast XRD scans have been carried out on the 
citrate precipitated and Sigma apatites and 
confirmed the presence of crystalline apatite as 
the major phase in these starting materials 
(Figure 4.41).  Fast XRD scans on selected 
samples of the Sr substituted apatites yield the 
same result.  Currently, slower more precise XRD 
scans are being performed in order to detect trace 
phases within the major phase and any changes in 
crystallinity due to Sr substitution.  This 
confirmed Sr incorporation within the apatite 
structure (next section).  Magnification change on the apatite (5,000 times in Figure 4.40, 
20,000 times in Figure 4.41a, and 100,000 times in Figure 4.42) show the rod-like structure of 
agglomerated apatite crystals that are 1 to 5 microns in size (Figure 4.41a), which are composed 
of 20- to 30-nm diameter apatite rods (Figure 4.42). 
 

 
Figure 4.40.  SEM image of citrate precipitated 
apatite used in Sr incorporation studies at 82°C. 

 
 

 
Figure 4.41.  Image of apatite grain (a) for 
which EDS spectrum was obtained (b). 
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Control FTIR spectra have been run on both the 
Sigma and citrate apatite starting materials.  
FTIR scans of the 82°C citrate precipitated 
apatite aged for 6.0 months demonstrated that 
no secondary phases (e.g., SrPO4 or SrOH 
precipitate) have formed within the apatite 
structure, as shown in Figure 4.20 in which 
peaks for the Ca-apatite (Sigma standard) and 
Sr-substituted apatite are similar, but do not 
show characteristic peaks of the Sr(OH)2 or 
Sr(PO4).  Although the presence of Sr has been 
confirmed by ICP-MS and EDS, which strongly 
suggests that Sr has been incorporated, the 
FTIR analysis has not detected a difference 
between the Sr incorporated apatite samples 
and the control samples.  Additional FTIR 
analysis of samples aged for longer periods 
with a higher percentage of Sr incorporation are 
attempting to observe this difference and thus 
definitively confirm that the Sr is replacing the 
Ca within the apatite structure. 

4.3.3.3 Sr-Substituted Apatite:  Depth 
Profile 

 
As shown in the previous section, the slow 
substitution of Sr for Ca in the apatite structure 
can be as high as 13% (mol/mol) after 5 months 
(Table 4.9) and is expected to continue.  Experi-
ments conducted over a range of temperature 
(22°C to 82°C) were used to determine the 
activation energy (11.3 kJ/mol, Figure 4.39), 
which indicates likely rate control by diffusion.  
Higher activation energy (>15 kJ/mol) would 
be indicative of a chemical reaction rate control.  
At field scale, the emplaced apatite is expected 
to continue substitution of Sr for Ca for 
hundreds of years.  It is possible that this high 
Sr substitution at short (<1 year) time scales 
would decrease if the morphology of the apatite 
precipitate varied with depth or diffusion was 
not controlling the substitution rate. 
 
The electron microprobe was used to confirm 
that the Sr substitution in apatite (Figures 4.43-
4.46) was diffusion controlled by measuring the 
Sr substitution with depth in single apatite 

 
Figure 4.42.  SEM image close-up 
(100,000 times) showing 20 to 30 nm apatite 
crystals. 

 
Figure 4.43.  Electron backscatter picture of 
apatite particles (10 µm and 1 µm bars noted for 
scale). 
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crystals.  For this analysis, a Sr-substituted 
apatite from an experiment running for 
1.3 years was used. 
 
The dried apatite particles were encased in 
epoxy, then an edge cut and the electron beam 
was used to cut an edge for 12 hours.  The 
resulting face (Figure 4.43) has a “curtain 
effect” from the plasma beam, but cleanly 
cuts the particles.  These electron backscatter 
images show greater light intensity for higher 
molecular weight, so the black background is 
epoxy and grey particles are apatite 
(confirmed by EDS detection).  Many of the 
particles show considerable color variation 
(i.e., vary from white to black), which appears 
to indicate these particles are actually 
conglomerates of very small apatite precipi-
tate particles (<0.1 µm) making up the 10 to 
50 µm-sized particles.  Fewer of the particles 
have a single color, which indicates these are 
a single apatite crystal.  In Figure 4.43b, the 
two morphologies are more clearly shown 
(3000 times magnification) with an upper 
single crystal and lower conglomerate particle.  It 
should be noted that the single apatite crystal has 
some small apatite particles on its surface.  
Elemental detectors were used to focus on a 1.0 ± 
0.5 µm spot (with depth of scan 1.0 µm) for 
measurement of Ca, Sr, and P (shown in Figure 
4.41b). 
 
Two conglomerate particles were chosen to 
measure the Sr substitution with six points at 
different depth within a single particle.  The EDS 
scans are superimposed for each of the six scans 
of the two particles (Figure 4.44).  A separate 
sample from this batch experiment was treated to 
remove ion exchangeable Sr on the surface, then dissolved in acid and the liquid was measured 
for Ca and Sr by ICP to determine the average percentage Sr substitution.  This averaged 16.1% 
after the 1.3 years.  The Sr substitution for Ca in two different conglomerate particles did not 
have a trend with depth from the edge of the particle (Figure 4.45), indicating substitution was 
occurring throughout the presumed open structure. 
 
Additional EDS scans of single apatite crystals were conducted to measure the variability in 
Sr uptake relative to the conglomerate type of particles.  A low magnification (370 times, 

 

 
Figure 4.44.  EDS scans of six points in two 
different particles. 
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Figure 4.45.  Sr substitution with depth in 
apatite precipitate with conglomerate 
morphology. 
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Figure 4.46a) electron backscatter image 
shows the location of the six EDS scans.  
The percent Sr substitution for Ca in these 
solid apatite particles averaged 9.15 ± 
1.02% (7.96, 7.91, 9.90, 9.81, 9.06, and 
10.28 for points 1 to 6), which was less than 
the average for conglomerate particles 
(Figure 4.45), although within statistical 
variability.  The variablity of the Sr substi-
tution between the six crystalline particles 
was, however, considerably less (standard 
deviation was 11.1% of the mean) and was 
also considerably less than the variability 
for the conglomerate particles (standard 
deviation was 65% of the mean). 
 
Higher magnification of the apatite crystals 
(Figure 4.46b, c) show striking differences 
in electron backscatter (lighter color is 
higher molecular weight) between the 
conglomerate particles and the crystalline 
particles.  The conglomerate particles 
appear to be composed of apatite crystals 
0.1 to 1.0 micron in length, with a minor 
proportion (15%) larger crystals. 

4.4 Task 4 – Simulation of 
Ca-Citrate-PO4 Infiltration 
and Reactions 

4.4.1 Simulation of Ion Exchange 
and Sr Incorporation into 
Apatite 

 
To quantify the influence of a) the presence 
of sediment and b) aging of the Sr-90 on 
sediment, solid-phase extractions were 
conducted on these sediments.  As 
previously described in Section 4.3.3, in 
untreated sediment (i.e., no apatite added), 
at the sediment/water ratio of one batch 
experiment, 5.6% of the Sr-90 was aqueous 
(Figure 4.47a, open triangles). In addition, 
the ion exchangeable fraction was 85%,  

 

 

 
Figure 4.46.  Sr substitution with depth in apatite 
precipitate with conglomerate morphology. 
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giving the total “mobile” (= aqueous + ion 
exchangeable) fraction of 90%, which remained  
constant over time, since there was no apatite 
addition.  In contrast, the addition of the 
Ca-citrate-PO4 solution (4, 10, 2.4 mM) caused 
several changes in Sr-90 proportions over time, 
as shown in Figure 4.47.  Between 100 and 
300 hours, the aqueous + ion exchangeable 
Sr-90 (mobile) fraction decreased from 90% to 
43%, which is consistent with previous experi-
ments reported (Sections 4.3.1, 4.3.2), in which 
a fraction of the Sr-90 (not all) is incorporated 
into apatite as it precipitates in hundreds of 
hours.  The sequential extractions of the solid 
phase (carbonate and residual together = solid-
associated) show that the remaining Sr-90 
fraction (41%) cannot be mobilized with a high 
ionic-strength solution because it is incorpo-
rated into apatite.  By 11,000 hours (15 months) 
99.4% of the Sr-90 was associated with apatite 
in the experiment using field contaminated Sr-90 (containing 80 pCi/g Sr-90, no additional Sr-90 
was added, Figure 4.47).  The experiment in which Sr-90 was added showed essentially no 
difference in behavior throughout most of the experiment (to 4000 hours), but the last data point 
indicated less Sr-90 incorporation in apatite.  Therefore, there appears to be no effect of aging 
(i.e., decades of Sr-90 contact time with sediment) on the use of this process to incorporate Sr-90 
into apatite.  These results are consistent with a previous study (Serne and LeGore 1996), in 
which ion-exchange experiments showed Sr-90 was readily desorbed after decades of contact with 
sediment.  Because these experiments contained the spent Ca-citrate-PO4 solution (i.e., high 
ionic strength relative to groundwater) for the entire experiment, additional long-term 
experiments were conducted to characterize the uptake rate and mass under conditions more 
likely to be encountered in the field, namely a groundwater aqueous phase. 

Additional experiments were conducted as a function of temperature in this project to determine 
the Sr uptake rate from groundwater suspensions of 100-N sediment containing citrate precipi-
tated apatite, as described in Section 4.3.3.  The objective was to compare uptake in these 
suspensions with suspensions containing only apatite.  For that reason, experimental conditions 
were identical to those used in the groundwater suspensions containing only apatite (Table 4.9), 
except here 1 g of sediment was added.  Individual suspensions were adjusted to an initial pH = 
7.6 and maintained at 22°C, 42°C, 62°C, and 82°C for 8.6 months, during which time they were 
periodically samples to determine Sr-90 loss from solution. 
 
At all temperatures, the initial uptake of Sr due to sorption was very rapid as previously observed 
for suspensions containing only 100-N sediment or apatite.  This Sr ion exchange was simulated 
as a two-step sorption process, with a rapid uptake <1 hour (assumed to be ion exchange) and a 
somewhat slower uptake to 100 hours (also ion exchange, but rate limited by diffusion to ion-
exchange sites (Figure 4.48). 
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Figure 4.47.  Sr-90 extractions of treated 
sediments originally containing Sr-90 or with 
Sr-90 added:  a) aqueous + ion exchangeable 
(i.e., mobile) and b) solid phase associated (i.e., 
incorporated).  Data from 100-N injection 
project. 
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After ion-exchange equilibrium 
was reached (100 hours), there 
was a period of much slower 
uptake out to 6200 hours 
(8.6 months, Figure 4.48).  After 
8.6 months, 63.5% of the Sr had 
been removed from solution at 
22°C compared to 72.6% at 82°C 
(Table 4.9).  This extent of uptake 
and the difference in uptake with 
temperature were virtually identi-
cal to that observed in suspensions 
containing only apatite performed 
under identical conditions (com-
pare results in Table 4.9).  It is 
clearly evident that the sediment 
was playing a negligible role in 
the uptake of Sr.  Thus, we can 
conclude that apatite was respon-
sible for the continued uptake after 
the initial rapid sorption of Sr and 
that this continuation in uptake 
was most likely due to Sr 
substitution for structural Ca. 
 
An additional simulation effort 
was conducted using the Sr-90 
uptake data in the system with 
groundwater and sediment at 82°C 
(i.e., Figure 4.48a, experiment 
T69).  The purpose of this simu-
lation was to accurately simulate 
ion exchange and incorporation 
processes from laboratory data, 
and project the time scales of the 
same processes at the field scale 
with a much higher sediment/ 
water ratio.  A series of five 
reactions were used for this 
modeling effort:  a) Ca-Na-Sr ion 

exchange on the sediment surface (2 reactions), b) Ca-Na-Sr ion exchange on the apatite surface 
(2 reactions), and c) Sr incorporation from Sr sorbed to apatite (1 reaction).  The partial differ-
ential equations describing the time rate of change of eight species were initially numerically 
integrated within Mathcad, but later incorporated into a reactive transport code (RAFT) for 
future reactive transport simulations (see Appendix A, Section A.6).  The simulation fit (lines, 
Figure 4.49) has initial conditions of 100% of the Sr in solution and Na-Ca ion-exchange 
equilibrium between aqueous solution, sediment ion-exchange sites, and apatite ion-exchange 
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Figure 4.48.  Sr uptake from groundwater suspension of 
0.34 g/L apatite and 20 g/L sediment at 22°C to 82°C.  Model 
fit of a two-step adsorption reaction and uptake from solution. 



 

4.41 

sites.  The simulation fit to data between 
0.1 and 30 hours, ion-exchange 
reactions shows Sr (aqueous) decreasing 
to 0.45 (red), with an increase in ion 
exchange on the sediment (purple) and 
on apatite (blue).  The Sr ion-exchange 
rate onto sediment was set slightly faster 
than onto apatite, so there is initially 
somewhat more Sr on the sediment (1 to 
3 hours), which decreases by 30 hours 
as equilibrium is reached.  Sr 
incorporation from Sr sorbed on the 
apatite occurs in thousands of hours, 
which is generally simulated.  One 
interesting aspect of the simulation is 
that the incorporation data (red triangles) show an 11% drop in aqueous Sr, the actual 
incorporation is 32% (i.e., 1000 to 7000 hours), as Sr mass is also removed from ion-exchange 
sites on the sediment (5% decrease, purple) and sorbed on apatite (11% decrease, blue). 
 
One fundamental question driving many experiments was whether the incorporation rate differs 
if the amount of Sr sorption on the apatite is different.  At very high sediment/water ratios in the 
field, there is a significant amount of sorption to sediment, so there is proportionally less sorption 
to apatite.  In addition, experiments described in Section 4.3.3 start with a simple system of 
aqueous Sr (no Ca or groundwater) and apatite only, and build in complexity with the addition of 
increasing amounts of Ca (which competes for ion-exchange sites on the apatite surface), and 
sediment (which sorbs both Ca and Sr).  The mass fraction of Sr-90 sorbed in different apatite/ 
sediment/water systems (laboratory and field) can be illustrated to describe Sr-90 sorbed mass 
differences between laboratory and field systems (Table 4.10).  First, comparison of Sr/apatite and 
Sr/sediment laboratory systems (lines 1 to 4, Table 4.10) show the 55 times stronger Sr affinity 
for apatite results in a higher fraction sorbed. 
 

Table 4.10.  Sr-90 fraction sorbed in different sediment/apatite/water systems. 
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Figure 4.49.  Sr uptake from groundwater suspension of 
0.34 g/L apatite and 20 g/L sediment at 82°C.  Model fit 
consists of Ca-Na-Sr ion exchange on sediment, 
Ca-Na-Sr ion exchange on apatite, and Sr incorporation 
within the apatite structure. 

             ion exchange equilibrium
Kd, apa. Kd, sed. apatite sediment volume fraction fraction sorbed fraction sorbed fraction sorbed

system # (cm3/g) (cm3/g) mass (g) mass (g) (mL) aqueous on apatite on sediment total
laboratory systems
Sr/apatite only 1 1350 0.0038 50 0.9069 0.0931 0 0.0931

2 1350 0.0038 1.0 0.1631 0.8369 0 0.8369

Sr/sediment only 3 25 0.0038 50 0.9981 0 0.0019 0.0019
4 25 0.0038 1.0 0.9132 0 0.0868 0.0868

Sr/apatite/sed. 5 1350 25 0.0038 0.0038 50 0.9054 0.0929 0.0017 0.0946
6 1350 25 0.0038 0.0038 1.0 0.1606 0.8241 0.0153 0.8394
7 1350 25 0.0038 1.0 50 0.6240 0.0640 0.3120 0.3760
8 1350 25 0 1.0 50 0.6667 0.0000 0.3333 0.3333

field systems
Sr/sediment only 9 1350 25 0 1.0 0.2 0.0079 0.0000 0.9921 0.9921
Sr/sed./apatite 10 1350 25 0.00038 1.0 0.2 0.0078 0.0200 0.9723 0.9922
Sr/sed./apatite 11 1350 25 0.0038 1.0 0.2 0.0066 0.1691 0.8243 0.9934  
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More specifically, for the system with 1.0 mL of water and 0.0038 g apatite (line 2), 84% of the 
Sr-90 is sorbed on the apatite.  In contrast, for the system with 1.0 mL of water and 0.0038 g of 
sediment (line 4), only 9% of the Sr-90 is sorbed.  When the system contains both sediment and 
apatite (line 6, 0.0038 g apatite, 0.0038 g sediment), sorption on apatite drops slightly (82%), but 
sorption on the sediment drops significantly (1.5%). 
 
While laboratory systems can contain significant quantities of apatite and only a little sediment, 
the field system has a very high sediment/water ratio.  Assuming 20% porosity, 1.0 g of sediment 
is in contact with 0.2 mL of water, so Sr is 99.2% sorbed (line 9), leaving 0.8% in solution.  If 
3.8E-04 g of apatite per gram of sediment is added (i.e., Table 2.1, amount injected in field 
injections #3 to #18), Sr-90 total sorption is essentially the same (line 10, last column), but 2% of 
the sorbed mass is now on apatite.  If the final design mass fraction of apatite is added (3.8E-03 g 
apatite/g sediment, line 11), the total Sr-90 sorption fraction increases very slightly, but now 
17% of the Sr-90 mass is sorbed on apatite. 
 
To test whether Sr-90 incorporation into apatite is dependent on the mass fraction of Sr-90 
sorbed onto the apatite, reaction parameters derived from a laboratory experiment (Figure 4.49), 
which includes Ca-Na-Sr ion exchange on apatite and sediment, and Sr incorporation into 
apatite, was used in a simulation of the same system with the only changing being the increased 
sediment/water ratio of the field (20% porosity assumed).  Comparison of the laboratory simu-
lation (Figure 4.49) to field simulation (Figure 4.50) shows the obvious much greater proportion 

of Sr mass sorbed on the 
sediment in the field 
system (1 to 1000 hours), 
as compared to the 
laboratory system.  The 
proportion of Sr mass 
sorbed on apatite, there-
fore decreased from 45% 
(laboratory system) to 
17% (field simulation, 
Figure 4.50).  However, 
this decrease in Sr mass 
sorbed to apatite did not 
change the Sr incorpo-
ration rate (green line in 
Figures 4.48 and 4.49), 
which has a half-life of 

15 months in both cases.  The reason for this lack of change is the relative time scales of ion-
exchange reactions versus the incorporation reaction being 5 to 6 orders of magnitude different.  
Any small amount of Sr sorbed on apatite is slowly incorporated and additional Sr mass sorbs 
onto the apatite.  Ion-exchange equilibrium is quickly reached, so has no influence on slowing 
down the incorporation reaction.  In contrast, if the ion exchange and incorporation reaction rates 
were only an order of magnitude different, then there the ion-exchange reaction would slow the 
apparent incorporation rate. 

0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10 100 1000 104

fr
ac

tio
n 

Sr
-9

0

time (h)

Sr (aq) Sr (on sed.)

Sr (on apatite)

Sr
incorp.

 
Figure 4.50.  Simulation of Sr-90 mass changes under field conditions of 
20% porosity and 0.0038 g apatite/g sediment.  Simulation includes 
Ca-Na-Sr ion exchange on sediment, Ca-Na-Sr ion exchange on apatite, 
and Sr incorporation into apatite. 
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4.4.2 Geochemical Speciation with Biodegradation and Precipitation 
 
Geochemical equilibrium simulations of Ca-citrate-PO4 solution mixed with groundwater were 
used to identify reactions major species changes that occur during citrate biodegradation.  These 
reactions were used in the equilibrium/kinetic reactive transport simulations in the following 
sections.  Placement of CaCl2 and Na3citrate in deionized water (Appendix A, Section A.6) 
results in 60% Ca-citrate complex and 40% free citrate (pH 7-8), so 2.5 times greater citrate 
relative to injected Ca is needed to maintain the Ca-citrate complex (and prevent apatite 
precipitation).  Placement of 4 mM Ca and 10 mM citrate in Hanford 100-N groundwater 
(Appendix A, Section A.6, simulation 2) at pH 7.9 results in a slight difference in citrate specia-
tion (51% Ca-citrate, 35.4% free citrate, 8.2% Na-citrate, and 5.3% Mg-citrate) relative to the 
solution in deionized water.  Addition of 4 mM Ca, 10 mM citrate, and 2.4 mM PO4 (with 
50 mM Na, field injection formula #1, Table 3.1) in a geochemical equilibrium model results in 
the rapid precipitation of Ca-PO4, so most of the Ca is no longer in solution.  In reality, the 
Ca-citrate-PO4 solution is stable for 24 to 36 hours before precipitation occurs (in the absence of 
citrate biodegradation). 
 
Simulation of half of the 10 mM citrate being degraded to 2.5 mM acetate and 2.5 mM formate 
in Hanford groundwater (Appendix A, Section A.6, simulation 4) results in the Ca-citrate 
complex being maintained; 80% of citrate is the Ca-citrate complex, 8.4% as free citrate, and 
8.2% as Mg-citrate.  Finally, simulation of all of the 10 mM citrate being degraded to 5 mM 
acetate and 5 mM formate in Hanford groundwater (Appendix A, Section A.6, simulation 5) 
obviously has no Ca-citrate complex.  There are minor concentrations of Ca-formate and 
Ca-acetate, which account for <6% of the injected Ca mass.  Therefore, the presence of citrate in 
Hanford groundwater will support the Ca-citrate complex, and biodegradation of citrate will then 
result in available Ca2+, as the citrate degradation products formate and acetate form weak 
Ca-complexes. 

4.4.3 1-D Infiltration Simulation 
 
A reactive transport model (STOMP) capable of 3-D unsaturated and saturated zone transport 
was modified with the series of reactions to account for metal-CO3, -OH, -citrate and PO4 
aqueous speciation, cation exchange (Sr, Ca, Mg, Na, K, NH4), citrate biodegradation, and solids 
precipitation/dissolution (apatite, CaCO3, SrCO3).  This was ~42 reactions with 51 species (listed 
in Appendix A, Section A.7).  Simulation of 1-D injection of ammonium phosphate into a 1-m 
long column (experiment Y17, Figure 4.51; data from Fluor 100-N injection project) with this 
highly complex model fit the experimental data well.  This data set was initially chosen as it 
represents injection of phosphate without Ca-citrate (simpler system to model).  Calcium and 
strontium peaks (~3 times) by solution injection due to ion exchange, while appear large, 
actually account for an insignificant amount of Ca and Sr mass desorbing from the sediment ion-
exchange sites.  Integration of the Sr mass desorbing (Figure 4.51b) relative to the mass on ion-
exchange sites (Figure 4.51d) shows that 3.1% of the Sr was removed by the injection process.  
The dip in Na sorbed to sediment (X-Na) resulted from the NH4 replacing about 30% of the Na 
(NH4 has a stronger affinity for the surface compared with Na). 
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Simulation of the injection of a Ca-citrate-
PO4 solution (1, 2.5, 10 mM) over a 31-day 
period (Figure 4.52, experiment Y88, data 
from Fluor 100-N injection project) also 
shows general agreement between the data 
and simulation of the multiple break-
through species.  In this experiment, the 
Ca-citrate-PO4 solution was injected at a 
rapid rate to achieve a 6.9-hour residence 
time for a total of 24 hours or 3.5 pore 
volumes (similar to a field injection), 
followed by a 30-day slow flow rate 
injection of groundwater with a 453-hour 
residence time.  This solution is similar in 
major component concentrations to field 
injections #3 to #18 (Table 3.1), but differs 
in the fact that this laboratory experiment 
used 20 mM NH4

+, whereas the field 
injection used 17.6 mM Na+ and 1.0 mM 
NH4

+, to limit both N for microbes and also 
limit Ca2+ and Sr2+ ion exchange. 
 
The experimental data shows Ca2+ (third 
panel, Figure 4.52) and Sr2+ (first panel) 
concentration during initial solution break-
through at 5 to 10 hours peaking at 
~6 times the equilibrium groundwater 
concentration.  Phosphate break through 
lags (green line, second panel), but apatite 
precipitation starts to occur in the 10- to 
100-hour time frame, then decreases in 
extent.  The final change that occurs in the 
system is at 800 hours, when the large Na+ 
pulse is eluded out of the system due to the 
slow groundwater injection, and Sr2+ and 
Ca2+ decrease, largely (in this case) due to 
ion exchange onto the sediment (not 
precipitation).   
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Figure 4.51.  1-D reactive transport simulation of a 
1-meter sediment column injection of a PO4 
solution (experiment Y17 from 100-N Injection 
Project). 
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Experiment Y88, simulation 1f
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Figure 4.52.  Simulation of 1-D injection of a 
Ca-citrate-PO4 solution (experiment Y88, similar to 
field injections #3 to #18). 
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Some numerical issues were encountered with STOMP when solving the coupled equilibrium-
component-kinetic equations associated with the Ca-phosphate-citrate reaction network, which 
includes ion-exchange, biodegradation, cell growth, and precipitation-dissolution reactions.  One 
problem appears to be associated with the logK values and the different species used for the 
apatite reactions in different thermodynamic databases.  The kinetic equations solved by STOMP 
for mineral precipitation-dissolution reactions are based on transition-state theory (TST) and can 
be expressed as 
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where Rk is the mineral precipitation or dissolution rate, Am is the mineral specific surface area 
(m3/kg aqueous), k is the intrinsic rate constant (mol/m2 s), Q is the reaction quotient 
(dimensionless), and Keq is the equilibrium constant for the reaction.  The parameter kref is the 
rate constant determined at reference temperature Tref (C), Ea is the activation energy (J/mol), 
and R is the gas constant. 
 
The apatite precipitation-dissolution reaction given in the Geochemist’s Workbench, V5.0 
database, thermo_minteq.dat, is 
 
 Hydroxyapatite = 5Ca++ + 3PO4--- + H2O – H+    logK = -44.33 (4.2) 
 
with logK independent of temperature.  The reaction quotient for Eq. (4.2) is 
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 (4.3) 
 
The apatite precipitation-dissolution reaction given in the CRUNCH database, datacom.dbs, is 
 
 Hydroxyapatite = 5Ca++ + 3HPO4-- + H2O – 4H+    logK = variable (4.4) 
 
with logK dependent on temperature.  The reaction quotient for Eq. (4.4) is 
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 (4.5) 
 
The temperature-dependence of the hydroxyapatite logK shows a decrease with increasing 
temperature. 
 
Table 4.11 shows calculated values of Q/Keq (see Eq. 4.1) based on typical groundwater concen-
trations for the aqueous species in Eq. (4.2) and Eq. (4.4).  As shown in Table 4.11, the Q/Keq 
ratios are dramatically different, depending not only on which Keq value is used, but also on  
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which form of the apatite precipitation reaction is used (Eq. 4.2 or Eq. 4.4).  The reaction rates 
are not determined solely by Q/Keq, since they are modulated by the values of k and Am in 
Eq. (4.1). However, the reaction rates predicted by these different values of Q/Keq for different 
reaction equations and logKeq values will be dramatically different. 
 
The faster rates predicted by Eq. (4.4) are due primarily to the magnitude of the denominator in 
Eq. (4.5), but also to the higher concentrations of HPO4

-- relative to PO4
--- used in Eq. (4.3).  The 

small value of [H+] = 2.8E-08 mol/L, raised to the fourth power, yields 6.14E-31.  When the 
numerator in Eq. (4.5) is divided by this small number, a very large number (2.49E+49) results 
that can cause numerical difficulties. 

Table 4.11.  Calculated values of Q/Keq for apatite precipitation-dissolution reactions (Eq. 4.3 and 
Eq. 4.5) based on typical aqueous solution concentrations and logK values from different thermodynamic 
databases. 

Reaction Quotient 
Eq. (4.3) 

Reaction Quotient 
Eq. (4.5) 

Species 
Conc. 

(mol/L) 
Q/Keq 

logKeq = -44.33 

Q/Keq 
logKeq = -3.0746 

for 25°C 
Q/Keq 

logKeq = -44.33 

Q/Keq 
logKeq = -3.0746 

for 25°C 
Ca++ 4.00E-04 
PO4

--- 2.45E-08 
HPO4

-- 2.02E-03 
H+ 2.80E-08 

 
1.15E+12 

 
6.39E-30 

 
 

2.94E+49 

 
 

1.63E+08 

 
 
Using Eq. (4.5) with logK = -44.33 generally resulted in convergence failure for STOMP.  Using 
Eq. (4.3) with logKeq values for apatite based on the CRUNCH database resulted in more stable 
simulations.  However, even when using the logKeq values for apatite from the CRUNCH 
database, STOMP had some convergence difficulties when higher concentrations of reagents 
were used.  The convergence problems do not appear to be due solely to the TST rate equations, 
but the TST rate equation for apatite seemed to be the most problematic.  Some improvement 
could be obtained by increasing the number of allowed iterations, which is currently hard-wired 
in STOMP.  A limited number of attempts were also made to reformulate the reaction network to 
yield a more stable set of equations, but these met with limited success.  Therefore, some 
additional effort may be required to generate a more stable reaction network for this particular 
problem and/or to modify the ECKEChem solution algorithms to improve their robustness. 
 
Significantly more effort is required to set up simulations for reactive transport modeling using 
the coupled equilibrium-component-kinetic equations in STOMP than in some other more 
simplistic modeling approaches.  This extra effort has to do with determining initial and 
boundary conditions for both aqueous and solid or sorbed species whose concentrations are not 
typically measured but that are in equilibrium with waters of different chemical composition. 



 

4.48 

4.4.4 2-D Infiltration Simulation 
 
For the purpose of this study, 2-D infiltration of Ca-citrate-PO4 and river water into homoge-
neous and simplified heterogeneous Hanford sediments was simulated to quantify reaction rates 
occurring in experiments and develop the ability to simulate the same reactions in larger scale 
field systems. 
 
A 2-D unsaturated sediment system containing a single low-K zone was chosen for simulations 
to match the dimensions of 2-D infiltration experiments conducted in the EMSL laboratories 
(Appendix A, Section A.8; Figures 4.53 to 4.56).  These simulations were conducted to achieve a 
steady-state water-saturation profile before the solution was infiltrated at a specified rate.  At 
infiltration rates of 0.4 and 1.6 cm/hour, the steady-state water-saturation profile (Figure 4.53) 

shows greater water 
saturation in the low-K 
lens (as expected), and 
within the low-K lens, 
the greatest water satu-
ration at the bottom of 
the low-K lens due to 
the need to build up 
the suction (to nearly 
water-saturated condi-
tions) so that water 
would infiltrate the 
underlying high-K 
media.  Corresponding 
apatite profiles (Fig-
ure 4.54) show that 
most of the apatite 
mass is formed near 
the infiltration point.  
This is caused by the 
adsorption of PO4 and 
relatively rapid citrate 
biodegradation rate 
relative to the time 
scale of infiltration 
(which was relatively 
slow).  This conclu-
sion was based on 2-D 
infiltration experiments 
conducted over a wide 
range of infiltration 
rates (see 
Section 4.5.1). 
 

 

 
Figure 4.53.  Simulation of Ca-citrate-PO4 infiltration into a 2-D system 
containing a low-K zone showing steady-state water saturation for infiltration 
at a) 0.4 cm/hour and b) 1.6 cm/hour. 

 

 
Figure 4.54.  Simulation of Ca-citrate-PO4 infiltration into a 2-D system 
containing a low-K zone showing final apatite concentration for infiltration 
at a) 0.4 cm/hour and b) 1.6 cm/hour. 
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2-D unsaturated 
simulations of 
Ca-citrate-PO4 infil-
tration into a system 
containing a single 
high-K lens were also 
conducted at the same 
infiltration rates of 0.4 
and 1.6 cm/hour.  The 
water-saturation pro-
file (steady-state) that 
develops shows very 
low water saturation in 
the high-K zone, and 
water driven by 
gravity and suction 
infiltrating around the 
zone (Figure 4.55).  A 
more rapid solution 
infiltration rate (Fig-
ure 4.55b) resulted in a 
slightly greater water 
saturation above the 
high-K zone. 
 
The apatite distribu-
tion that results from 
Ca-citrate-PO4 solu-
tion slow infiltration 
into this system with a 
high-K zone (Fig-
ure 4.56) is predictable 
from the water content 
distribution.  Most of 
the apatite is near the 
infiltration location due to relatively low water advection rate relative to the PO4 adsorption rate 
and citrate biodegradation rate.  However, low concentration of apatite is found surrounding the 
high-K zone. 
 
Numerous 2-D infiltration experiments were conducted to refine the relationship between apatite 
precipitate location and solution infiltration rate, concentration, and other variables.  A general 
conclusion that can be reached from these simulations is the apatite distribution will, to some 
extent, follow the water-saturation distribution.  Therefore, high-K zones that maintain a low 
water saturation will have a correspondingly low apatite precipitate mass. 
 

 

 
Figure 4.55.  Simulation of Ca-citrate-PO4 infiltration into a 2-D system 
containing a high-K zone showing steady-state water saturation for 
infiltration at a) 0.4 cm/hour and b) 1.6 cm/hour. 

 

 
Figure 4.56.  Simulation of Ca-citrate-PO4 infiltration into a 2-D system 
containing a high-K zone showing final apatite concentration for infiltration 
at a) 0.4 cm/hour and b) 1.6 cm/hour. 
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A series of 2-D field-scale simulations were conducted to assess infiltration rates needed to result 
in apatite precipitate throughout the sediment profile.  These simulations represent a cross 
section of the 100-N Area sediment profile to the Columbia River (constant head boundary at the 
left).  The simulations show a trench (dug through the road fill, which has a relatively low 
infiltration rate, Figures 4.57-4.59).  The reaction set used for these simulations was significantly 
reduced relative to the 51 reactions shown above.  These reactions include first-order citrate 
biodegradation (with a half-life of 50 hours), apatite precipitation (which occurs rapidly after 
Ca-citrate dissociation due to citrate biodegradation), PO4 adsorption (Kd approach), and Ca 
adsorption (Kd approach, not ion-exchange approach).  Due to the simplification of the cation 
exchange not being included, the corresponding movement of Ca (critical for the formation of 
apatite) is somewhat unrealistic, although these simulations do provide a rough estimate of the 
balance of physical and biogeochemical process time scales in order to precipitate apatite in 
desired locations.  Two simulations were conducted at a low infiltration rate (0.1 cm/hour) and at 
a high infiltration rate (1.0 cm/hour).  In each, the Ca-citrate solution infiltrated (Figure 4.57) into 
the sediment profile, with a lag of phosphate (Figure 4.57b) due to phosphate adsorption.  The 
corresponding apatite precipitate formed in locations of calcium and phosphate (Figure 4.57d).  
Free Ca (from Ca-citrate) only forms after citrate is biodegraded.  Even though infiltration of this 
high ionic-strength solution (relative to groundwater) causes desorption of some of the Ca2+ on 
ion-exchange sites (Figures 4.51 and 4.52), significant available Ca2+ remains available (about 
70%-90% is still on ion-exchange sites) for the formation of apatite.  The Ca profile 
(Figure 4.57c) represents only aqueous Ca2+ initially in the system, as the reactions included do 
not include the Ca-Mg-K-Na ion exchange needed to correctly approximate Ca mass in the 
system. 

Figure 4.57.  Field simulation of Ca-citrate-PO4 infiltration at 1.0 cm/hour infiltration rate. 

At an infiltration rate of 0.1 cm/hour, Ca-citrate-PO4 solution continuous infiltration for 16 days 
(Figure 4.59) appears to result in a relatively uniform spatial distribution of apatite with depth 
and laterally.  In this case, ~30% of the solution is leaching out into the river.  In reality,  
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Ca-citrate-PO4 solution infiltration (see Section 4.5) results in considerably greater lag in PO4 
than shown here due to both kinetic sorption of PO4 (minutes to hours) and precipitation of 
Ca-PO4 phases (hours to hundreds of hours).  Infiltration rates this slow typically resulted in 
apatite precipitate forming only near the infiltration source (shown in Figures 4.54 and 4.56). 
 
At a more rapid infiltration rate (1.0 cm/hour), the Ca-citrate-PO4 solution appears to infiltrate so 
rapidly that most of it is washed out into the river (Figure 4.58; ~90% of the solution does not 
form apatite).  This situation has not been observed in experiments.  Rapid solution infiltration as 

 

 

 

 

 
Figure 4.58.  Simulation of Ca-citrate-PO4 
infiltration into a 2-D field system at 1.0 cm/hour 
infiltration rate. 

 

 

 
 

 
 

 
Figure 4.59.  Simulation of Ca-citrate-PO4 
infiltration into a 2-D field system at 0.1 cm/hour 
infiltration rate. 
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possible (i.e., ponded surface conditions) in 12-ft high 1-D columns still resulted in lag of 
phosphate and the ultimate formation of apatite at various depths (Figure 4.24).  In water-
saturated systems, the Ca-citrate-PO4 solution could be even more rapidly injected into sediment.  
Injecting a Ca-citrate-PO4 solution into a 30-ft long 1-D column over 2 or 24 hours both show 
some evidence of lag associated with adsorption of phosphate (Figure 4.25).  Infiltration 
experiments (following section) have generally shown that nearly all solution infiltrated into 
sediment results in the formation of apatite precipitate.  Infiltrating the solution too slow results 
in apatite near the sediment surface, whereas more rapid infiltration results in a more uniform 
apatite distribution with depth, although still in the upper half of the 0.5- to 2.4-m (vertical) 
sediment profile.  Infiltration of water following Ca-citrate-PO4 solution infiltration did result in 
precipitation of apatite to greater depths. 

4.5 Task 5 – 2-D Infiltration of Ca-Citrate-PO4 to Precipitate Apatite 
 
Infiltration experiments were conducted in 2-D systems to quantify the influence of infiltrate 
rate, variation in infiltration rate, solution concentration, sequential solution/water infiltration 
rate, and heterogeneities on the resulting apatite spatial distribution.  The intended purpose of 

this technology is to precipitate 
apatite in the Hanford 100-N 
Area in locations of Sr-90 that 
cannot be accessed by Ca-citrate-
PO4 solution injection.  For the 
300-ft long zone of highest Sr-90 
concentration in the 100-N Area, 
a series of 16 wells are installed 
(location in Figure 4.60), and 
Sr-90 profiles for selected depths 
in these 16 wells have been 
characterized (Figure 4.61).  
These profiles do show that 40% 
to 70% of the Sr-90 is above the 
highly variable water table (~15 ft 
depth).  Some of this variably 
saturated zone can be accessed 
through injections at high river 
level.  However, since Sr-90 

concentrations are the highest directly beneath the road fill (7- to 10-ft depth) in many wells, 
Ca-citrate-PO4 solution placement is more effective through infiltration.  Some locations also 
show low concentrations of Sr-90 in the fill (Table 4.12), although it should be noted that 
generally sediment samples were not taken in the fill.  This could be caused by the water 
saturation during the operational period at 100-N Area, when discharge to the trenches was 
occurring, which was significantly higher than current conditions. 
 
More recent total Sr-90 data shows greater detail of the Sr-90 vertical profiles (Figure 4.61 
bottom graphs).  In four of these boreholes (C6182, C6180, C6179, C6178), two Sr-90 peaks 
with depth are observed which correspond to a peak in the Hanford and Ringold formations.  The 

 
Figure 4.60.  Location of 100-N Area injection wells. 
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two peaks may be caused by the 
combination of the water table 
and differences in groundwater 
flow between the two formations.  
During the winter, the river level 
drops sufficiently desaturating 
the Hanford formation so the 
only groundwater movement is in 
the underlying Ringold Forma-
tion.  This may lead to greater 
lateral movement of Sr-90 in the 
Ringold Formation.  Sr-90 
contamination in the Ringold 
Formation is in the shallow 
(<25 ft) portion, with values 
decreasing considerably (in 
several wells to zero) at greater 
depth. 
 
Laboratory 2-D infiltration 
experiments (in addition to 1-D 
infiltration experiments, Section 4.2) 
were conducted to understand both the 
downward and lateral migration of 
water, solution components, and the 
resulting apatite distribution.  As such, 
infiltration was typically accomplished 
at a side edge of the 2-D system.  2-D 
infiltration systems (Table 4.13) 
ranged in size from 56 cm (high) by 
38 cm (wide) by 1.1 cm wide to 
244 cm (high) by 122 cm (wide) by 
1.1 cm wide, which is about half the 
vertical distance of the 100-N vadose 
zone (15 ft or 4.6 m). 
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Figure 4.61.  Total Sr-90 in sediment (pCi/g) for sediment cores 
taken in 2004 to 2006 (a) and in 2008 (b). 

Table 4.12.  Total Sr-90 in sediments (pCi/g) in different 
formations. 

fill, 7' Hanford Fm  Ringold Fm     maximum
well Sr-90 Sr-90 range Sr-90 range Sr-90 depth

(pCi/g) (pCi/g) (pCi/g) (pCi/g) (ft)
N-123 9.1 35.9 - 78.7 59.3 - 75.9 78.7 14.5
N-139  -- 44.6 - 58.4 41.0 58.4 12
N-140  -- 67.8  -- 67.8 12
C6182 14.4 46.0 - 201.3 67.6 - 81.7 201.3 9
N-142  -- 127.3  -- 127.3 7-14*
C6181  -- 85.2 - 248.6 39.6 - 88.5 248.6 7
N-143  -- 169.0  -- 169.0 14
C6180 29.6 88.6 - 135.4 46.9 - 101.6 135.4 9
N-122 8.7 196 - 280 6.0 - 179 280.0 11
N-144  -- 63.0 - 87.1 42.3 - 65.0 87.1 12
C6179 95.0 79.1 - 246.7 71.2 - 140.4 246.7 9
C6178 31.4 79.6 - 207.8 19.5 - 159.2 207.8 10
N-136  -- 229.0  -- 229.0 12
C6177 1.85 97.7 - 122.1 22.1 - 66.9 122.1 11
N-121  -- 0 - 79.7 0 - 55.9 79.7 13.25
mean: 23.7±26.0 104.9±68.1 55.4±47.7    *composite
# points 11 55 44  



  

4.54 

T
ab

le
 4

.1
3.

  A
pa

tit
e 

m
as

s 
ba

la
nc

e 
in

 1
-D

 a
nd

 2
-D

 e
xp

er
im

en
ta

l s
ys

te
m

s.
 

so
lu

tio
n 

co
nc

en
tra

tio
n

se
qu

en
tia

l
in

fil
tra

te
du

ra
tio

n
vo

lu
m

e
P

O
4

P
O

4*
**

P
O

4
   

   
sy

st
em

 d
im

en
si

on
s

vo
lu

m
e

po
ro

us
 m

ed
ia

**
he

te
ro

ge
ne

iti
es

C
a

ci
tra

te
P

O
4

so
lu

tio
n,

ra
te

in
fil

tra
te

d
in

fil
tra

te
d

m
ea

su
re

d
re

co
ve

re
d

#
ex

pe
rim

en
t t

yp
e

X
, v

er
tic

al
 (c

m
)

Y
 (c

m
)*

Z 
(c

m
)

(c
m

3)
(s

ed
./s

an
d 

m
ix

)
(m

M
)

(m
M

)
(m

M
)

riv
er

 w
at

er
(m

L/
h)

(h
)

(m
L)

(m
g)

(m
g)

(fr
ac

tio
n)

Y
89

1-
D

 in
fil

tra
tio

n
50

.0
1.

55
R

1.
55

R
94

.3
57

.4
%

/4
2.

5%
1.

0
2.

5
10

.0
0.

12
96

11
.5

8.
0

6.
04

0.
75

5^
Y

90
1-

D
 in

fil
tra

tio
n

50
.0

1.
55

R
1.

55
R

94
.3

57
.4

%
/4

2.
5%

1.
0

2.
5

10
.0

0.
31

47
14

.6
10

.0
7.

61
0.

76
1^

Y
91

1-
D

 in
fil

tra
tio

n
50

.0
1.

55
R

1.
55

R
94

.3
57

.4
%

/4
2.

5%
2.

0
5.

0
20

.0
0.

31
47

14
.6

20
.0

18
.0

1
0.

90
0^

Y
92

1-
D

 in
fil

tra
tio

n
50

.0
1.

55
R

1.
55

R
94

.3
57

.4
%

/4
2.

5%
(2

) l
ow

-K
1.

0
2.

5
10

.0
1.

2
12

.5
15

.0
10

.0
7.

77
0.

77
7^

Y
12

4
2-

D
 in

fil
tra

tio
n

13
0.

0
40

.0
5.

0
26

00
0.

0
57

.4
%

/4
2.

5%
w

at
er

 o
nl

y 
40

1.
61

64
.4

 --
 --

 --
Y

12
5

2-
D

 in
fil

tra
tio

n
55

.8
38

.3
1.

1
23

50
.9

57
.4

%
/4

2.
5%

1.
0

2.
5

10
.0

8.
33

17
.1

14
2.

4
13

5.
5

60
.1

0.
44

4
Y

12
6

2-
D

 in
fil

tra
tio

n
55

.8
69

.3
1.

1
42

53
.6

57
.4

%
/4

2.
5%

1.
0

2.
5

10
.0

3.
32

44
.2

14
6.

7
13

9.
6

12
6.

9
0.

90
9

Y
12

7
2-

D
 in

fil
tra

tio
n

55
.8

69
.3

1.
1

42
53

.6
57

.4
%

/4
2.

5%
3.

0
7.

5
30

.0
3.

32
44

.2
14

6.
7

41
8.

7
44

3.
8

1.
06

0
Y

12
8

2-
D

 in
fil

tra
tio

n
55

.8
38

.3
1.

1
23

50
.9

57
.4

%
/4

2.
5%

0.
74

1.
85

7.
4

0.
91

3
11

3
10

3.
2

72
.6

60
.2

0.
82

9
Y

12
9

2-
D

 in
fil

tra
tio

n
55

.8
69

.3
1.

1
42

53
.6

57
.4

%
/4

2.
5%

3.
0

7.
5

30
.0

0.
70

6
28

1
19

8.
4

56
6.

0
57

0.
9

1.
00

9
Y

13
0

2-
D

 in
fil

tra
tio

n
55

.8
69

.3
1.

1
42

53
.6

57
.4

%
/4

2.
5%

6.
0

15
60

.0
0.

70
6

28
1

19
8.

4
11

32
.0

12
02

.5
1.

06
2

Y
13

1
2-

D
 in

fil
tra

tio
n

55
.8

38
.3

1.
1

23
50

.9
58

.8
%

/4
1.

1%
3.

0
7.

5
30

.0
0.

28
43

0
12

0.
4

34
3.

5
89

.9
9

0.
26

2
Y

13
2

2-
D

 in
fil

tra
tio

n
55

.8
69

.3
1.

1
42

53
.6

58
.8

%
/4

1.
1%

3.
0

7.
5

30
.0

14
1.

5
1.

17
16

5.
6

47
2.

3
45

6.
75

0.
96

7
Y

13
3

2-
D

 in
fil

tra
tio

n
55

.8
69

.3
1.

1
42

53
.6

58
.8

%
/4

1.
1%

3.
0

7.
5

30
.0

1 
se

qu
en

ce
14

1.
5

1.
17

16
5.

6
47

2.
3

44
1.

6
0.

93
5

Y
13

4
2-

D
 in

fil
tra

tio
n

55
.8

69
.3

1.
1

42
53

.6
58

.8
%

/4
1.

1%
6.

0
15

60
.0

1 
se

qu
en

ce
5.

0
40

20
0.

0
11

41
.2

84
9.

5
0.

74
4

Y
13

5
2-

D
 in

fil
tra

tio
n

55
.8

69
.3

1.
1

42
53

.6
58

.8
%

/4
1.

1%
6.

0
15

60
.0

1 
se

qu
en

ce
5.

0
40

20
0.

0
11

41
.2

15
3.

3
0.

13
4

Y
13

6
2-

D
 in

fil
tra

tio
n

11
5.

2
55

.8
1.

1
70

71
.0

58
.8

%
/4

1.
1%

(2
) l

ow
-K

, (
1)

 h
ig

h-
K

6.
0

15
60

.0
1 

se
qu

en
ce

14
1.

5
10

.7
16

8.
6

96
2.

0
59

3
0.

61
6

Y
13

7
2-

D
 in

fil
tra

tio
n

55
.8

38
.3

1.
1

23
50

.9
58

.8
%

/4
1.

1%
(1

) l
ow

-K
3.

0
7.

5
30

.0
1 

se
qu

en
ce

14
1.

5
2.

8
10

6.
0

30
2.

4
34

0.
3

1.
12

5
Y

14
9

2-
D

 fo
am

 in
je

ct
io

n
55

.8
11

5.
2

1.
1

70
71

.0
66

.0
%

/3
4.

0%
(2

) l
ow

-K
3.

0
7.

5
30

.0
0.

60
22

13
.2

37
.7

31
.3

0.
83

1
Y

15
8

2-
D

 fo
am

 in
je

ct
io

n
13

0.
0

40
.0

5.
0

26
00

0.
0

66
.0

%
/3

4.
0%

(2
) l

ow
-K

, (
1)

 h
ig

h-
K

4.
0

10
40

.0
1.

88
25

47
.0

17
8.

8
16

0.
6

0.
89

8
Y

16
2

1-
D

 fo
am

 in
je

ct
io

n
76

2.
0

1.
55

R
1.

55
R

14
37

.8
66

.0
%

/3
4.

0%
3.

0
7.

5
30

.0
1.

13
79

89
.3

25
4.

7
22

9.
4

0.
90

1
Y

16
3

1-
D

 fo
am

 in
je

ct
io

n
76

2.
0

1.
55

R
1.

55
R

14
37

.8
66

.0
%

/3
4.

0%
4.

0
10

40
.0

1.
13

48
54

.2
20

6.
3

19
1.

6
0.

92
9

Y
16

4
1-

D
 in

fil
tra

tio
n

36
6.

0
2.

6R
2.

6R
19

43
.2

58
.8

%
/4

1.
1%

4.
0

10
40

.0
39

1
0.

62
24

2.
4

92
2.

2
93

4.
7

1.
01

4
Y

64
a

1-
D

 in
fil

tra
tio

n
36

6.
0

2.
6R

2.
6R

19
43

.2
58

.8
%

/4
1.

1%
4.

0
10

40
.0

39
1

0.
32

12
5.

1
47

6.
0

45
2.

1
0.

95
0

Y
16

8
1-

D
 s

at
ur

at
ed

 in
je

ct
io

n
10

0.
0

2.
5R

2.
5R

49
0.

9
40

.0
%

/6
0.

0%
4.

6
11

.6
51

.5
14

.0
11

.2
6

15
7.

6
77

2.
1

77
0.

5
0.

99
8^

Y
17

2
2-

D
 in

fil
tra

tio
n

55
.8

38
.3

1.
1

23
50

.9
58

.8
%

/4
1.

1%
4.

0
10

40
.0

1 
se

qu
en

ce
14

1.
5

0.
92

13
0.

2
49

5.
2

50
5.

8
1.

02
1

Y
17

3
2-

D
 in

fil
tra

tio
n

55
.8

69
.3

1.
1

42
53

.6
58

.8
%

/4
1.

1%
4.

0
10

40
.0

2 
se

qu
en

ce
s

14
1.

5
1.

88
26

6.
0

10
11

.9
93

9.
1

0.
92

8
Y

17
4

2-
D

 in
fil

tra
tio

n
55

.8
69

.3
1.

1
42

53
.6

58
.8

%
/4

1.
1%

4.
0

10
40

.0
3 

se
qu

en
ce

s
14

1.
5

2.
63

37
2.

1
14

15
.6

12
50

0.
88

3
Y

17
5

2-
D

 in
fil

tra
tio

n
55

.8
11

5.
2

1.
1

70
71

.0
58

.8
%

/4
1.

1%
4.

0
10

40
.0

4 
se

qu
en

ce
s

14
1.

5
3.

55
50

2.
3

19
00

.7
15

42
.5

0.
81

2
Y

17
6

2-
D

 in
fil

tra
tio

n
55

.8
11

5.
2

1.
1

70
71

.0
58

.8
%

/4
1.

1%
(1

) l
ow

-K
4.

0
10

40
.0

4 
se

qu
en

ce
s

14
1.

5
3.

55
50

2.
3

19
10

.8
15

23
.4

0.
79

7
Y

17
7

1-
D

 s
at

ur
at

ed
 in

je
ct

io
n

91
4.

4
1.

57
R

1.
57

R
17

70
.2

58
.8

%
/4

1.
1%

4.
0

10
40

.0
17

.6
8

23
.6

5
41

8.
0

15
88

.4
12

25
.1

0.
77

1
Y

17
8

1-
D

 s
at

ur
at

ed
 in

je
ct

io
n

91
4.

4
1.

57
R

1.
57

R
17

70
.2

58
.8

%
/4

1.
1%

4.
0

10
40

.0
17

6.
7

2.
23

3
39

4.
7

15
01

.4
11

85
.4

0.
79

0
Y

17
9

1-
D

 s
at

ur
at

ed
 in

je
ct

io
n

91
4.

4
1.

57
R

1.
57

R
17

70
.2

58
.8

%
/4

1.
1%

1.
0

2.
5

10
.0

20
.6

4
23

.5
8

48
8.

7
46

4.
3

35
4

0.
76

2
Y

18
0

1-
D

 s
at

ur
at

ed
 in

je
ct

io
n

91
4.

4
1.

57
R

1.
57

R
17

70
.2

58
.8

%
/4

1.
1%

no
 in

je
ct

ed
 m

ic
ro

be
s

4.
0

10
40

.0
20

.7
2

24
.8

51
3.

6
19

51
.8

91
9.

2
0.

47
1

Y
18

1
1-

D
 s

at
ur

at
ed

 in
je

ct
io

n
91

4.
4

1.
57

R
1.

57
R

17
70

.2
58

.8
%

/4
1.

1%
no

 in
 s

itu
 m

ic
ro

be
s

4.
0

10
40

.0
14

.2
2

24
.0

34
1.

3
12

98
.7

12
00

.1
0.

92
4

Y
19

0
2-

D
 in

fil
tra

tio
n

24
3.

8
12

1.
9

1.
1

32
69

1.
1

58
.8

%
/4

1.
1%

(2
3)

 lo
w

-K
, (

5)
 h

ig
h-

K
6.

0
15

60
.0

12
60

1.
25

15
75

.0
89

87
.0

0
0.

00
0

*R
 =

 ro
un

d 
co

lu
m

n
**

10
0N

 c
om

po
si

te
 s

ed
im

en
t s

ie
ve

d 
< 

4 
m

m
 a

nd
 p

er
ce

nt
ag

e 
> 

4 
m

m
 re

pl
ac

ed
 w

ith
 2

0/
30

 a
cc

us
an

d
**

* 
ba

se
d 

on
 a

ci
d 

ex
tra

ct
io

n 
an

d 
P

O
4 

an
al

ys
is

 o
f s

ed
im

en
t s

am
pl

es
 in

 s
ys

te
m

 a
fte

r e
xp

er
im

en
t

^ 
P

O
4 

re
co

ve
re

d 
in

cl
ud

es
 s

ed
im

en
t a

nd
 e

ffl
ue

nt
 s

am
pl

es
 

 



 

4.55 

4.5.1 Infiltration Rate and Apatite Precipitate Location 
 
The spatial distribution of apatite that results from Ca-citrate-PO4 solution infiltration, biodegra-
dation (from in situ and injected microbial populations), is influenced by the vertical and lateral 
movement of water in the unsaturated sediments as well as reactions (phosphate adsorption, 
citrate biodegradation, ion exchange of Ca-Mg-K-Na, and apatite precipitation).  At very slow 
infiltration rates, capillary forces dominate water movement at low water content (Figure 4.62a), 
which results in a relatively uniform (but low) moisture profile with depth and laterally 
(Figure 4.62b), which is under transient conditions (not a steady-state profile).  This is, however, 
not a viable method to “hold” the Ca-citrate-PO4 solution in the unsaturated sediments because 
of the rates of phosphate adsorption (hours) and citrate biodegradation (tens to hundreds of 
hours) were much faster than the infiltration rate (430 hours to reach 50 cm depth).  Essentially 
all of the phosphate infiltrated formed apatite precipitate within a few centimeters of the point of 
infiltration (Figure 4.62c). 
 

Figure 4.62.  Slow (0.28 mL/hour) infiltration of a Ca-citrate-PO4 solution showing final results at 
430 hours:  a) picture, b) water content, and c) apatite distribution. 

 
In contrast, rapid infiltration of a solution can be controlled by gravity and capillary forces 
(vertically), which results in the rapid transport (and drainage) of the solution in a short period of 
time with little lateral spreading (Figure 4.63a, b).  The resulting apatite distribution (Figure 4.63c) 
is relatively uniform with depth directly beneath the infiltration point, but does not exhibit much 
lateral distribution.  Of the 472 mg of PO4 infiltrated (Table 4.13), 97% could be accounted for in 
the precipitate (Figure 4.63c). 
 
Varying the infiltration rate (0.28, 0.71, 3.3, 5.0, 8.3, and 142 mL/hour; Figure 4.64, all data in 
Table 4.13, Appendix A.8) showed that intermediate infiltration rates had greater apatite lateral 
distribution (i.e., with sufficient time for the solution to move laterally by capillary forces), but 
did not precipitate to as great a depth as the most rapid infiltration rates.  In fact, a generalized 
shape of the apatite precipitate (i.e., depth of precipitate/width of precipitate) was a function of 
the infiltration rate (Figure 4.65a), which just reflects the shape distribution of the water profile 
at the different infiltration rates (i.e., more lateral movement at low infiltration rates).  Greater  
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Figure 4.63.  Rapid (141 mL/hour) infiltration of a Ca-citrate-PO4 solution showing final results at 
24 hours:  a) picture, b) water content, and c) apatite distribution. 

 
subsurface area contained apatite precipitate (Figure 4.65b) for intermediate infiltration rates.  
Therefore, in order to form apatite precipitate at depth (from a surface infiltration), a variable 
infiltration rate is needed with initial rapid infiltration (to move the solution to depth with 
minimal precipitation) then a slower infiltration rate of water without the Ca-citrate-PO4 solution 

to result in lateral move-
ment of the solution at 
depth (described in the 
following section).  The 
fraction PO4 recovered 
(Figure 4.65c) was 
somewhat greater at lower 
infiltration rates, and 
probably reflects the 
number of sampling points 
and recovery error.  The 
very slowest infiltration 
rate (0.28 mL/hour, 
Figure 4.62) showed poor 
apparent recovery due to 
the inability to accurately 
sample the apatite mass 
concentrated in a small 
area. 

4.5.2 Influence of Microbes on Apatite Precipitate Location 
 
Previous water-saturated 1-D experiments (Section 4.2.3) showed that both in situ and injected 
(in the river water) microbial populations contribute to citrate biodegradation.  Microbes are 
generally attached to sediment, but both advection (shear forces due to water injection) and the  

 

 
Figure 4.64.  Influence of increasing infiltration rate on vertical and 
lateral apatite distribution. 
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Figure 4.65.  Influence of increasing infiltration rate on the apatite shape (a), area coverage (b), and PO4 
recovered as apatite precipitate (c). 

 
ionic strength of the injecting solution can cause microbial detachment and movement.  Two 
parallel infiltration experiments were conducted using a 60-mM Ca-citrate-PO4 solution infil-
trating at a moderate rate (5 mL/hour 
for 40 hours).  To evaluate the impor-
tance of biodegradation of citrate, a 
bactericide was added to the infil-
trating solution.  The final water 
content profiles were similar (Appen-
dix A, Section A.8, experiments 
Y134, Y135) with higher water 
content at the bottom of the sediment 
profile.  The apatite precipitate 
distribution was significantly less for 
the system with the bactericide 
(Figure 4.66b).  In fact, only 13.4% of 
the injected PO4 was recovered as 
precipitate for the system with the 
bactericide (Table 4.13) compared 
with 74.4% for the system with no 
bactericide. 
 

 
Figure 4.66.  Infiltration of a 60-mM Ca-citrate-PO4 
solution at 5.0 mL/hour:  a) no bactericide and b) with 
bactericide. 
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Measurement of the microbial population after Ca-citrate-
PO4 infiltration does show an increase in microbial popu-
lation at shallower depth (Figure 4.67).  Initially the systems 
had a uniform microbial population with depth (since the 
sediment was mixed before packing).  In the system with a 
very low infiltration rate (Y131, 0.28-mL/hour infiltration 
rate), the microbial population decreases an order of 
magnitude form 4.0E+09 cells/g at the sediment surface to 
6.0E+08 cells/g at a 40-cm depth.  The infiltrating Ca-citrate-
PO4 solution did reach approximately to a 40-cm depth 
(Figure 4.62, moisture profile), and previous water-saturated 
injection experiments (Figure 4.52) show very little retarda-
tion of the citrate, but phosphate is retarded (Rf =1.6 to 2.4, 
time-dependent).  The resulting apatite precipitate, however, 
was significantly retarded (Figure 4.62c), which only reached 
a few centimeters of depth.  Therefore, citrate may be 
biodegraded over a wider range of depth than the phosphate 
is available to form apatite with the Ca2+ released from the 
Ca-citrate complex. 

 
At a faster infiltration rate (Figure 4.67, Y130, 0.71 mL/hour), the microbial population shows a 
2-order of magnitude decrease from the surface to a 50-cm depth.  In this case, the apatite 
precipitate was spread out from the surface to a 30-cm depth (Appendix A, Section A.8).  In both 
cases, measurement of the microbial population did provide a rough indication that there was 
some microbial activity, but was not useful in predicting the location of the apatite precipitate.  
This AODC measurement of the overall microbial population may not reflect the subset of 
microbes that are degrading citrate.  A similar conclusion was reached in Section 4.2.3, where a 
much smaller overall microbial population in the river water appeared to be degrading citrate at a 
much faster rate (i.e., so bulk microbial population was not useful in predicting the resulting 
citrate biodegradation rate and the subsequent mass/location of apatite precipitate). 

4.5.3 Ca-Citrate-PO4 Solution Concentration and Apatite Precipitate Location 
 
Infiltration of a higher Ca-citrate-PO4 concentration solution influences PO4 adsorption (see 
Section 4.1.5) and results in a lower citrate biodegradation rate (see Section 4.1.3) and increase 
microbial detachment and mobility (see Section 4.2.3).  All of these processes generally result in 
the Ca-citrate-PO4 solution infiltration to a greater depth before apatite precipitates.  2-D infil-
tration experiments varying the solution concentration (keeping the infiltration rate constant) did 
show an increase in the apatite precipitate depth with increasing concentration (Figure 4.68).  In 
addition, there was greater lateral spread of the precipitate, likely by the same processes; 
decreased PO4 adsorption and slower citrate biodegradation rate allowed more time for the 
solution to move vertically and laterally before citrate was degraded and apatite precipitated. 

4.5.4 Sequential Ca-Citrate-PO4 Solution and Water Infiltration 
 
Infiltration of water (no Ca-citrate-PO4) after Ca-citrate-PO4 solution can drive PO4 to a greater 
depth (Figure 4.69).  Because phosphate sorption is time-dependent (minutes to hours,  
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Figure 4.67.  Microbial depth 
profile after Ca-citrate-PO4 
infiltration. 
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Figure 4.68.  Ca-citrate-PO4 solution infiltration at 10 mM (a), 30 mM (b), and 60 mM (c) PO4 
concentration. 

 
Section 4.1.5), the more rapidly the solution or water 
advects through the sediment, less PO4 adsorption 
occurs.  Ultimately, the infiltration strategy is:  
a) rapid Ca-citrate-PO4 infiltration, b) rapid water 
infiltration, and c) slow water infiltration.  The slow 
infiltration allows for lateral migration (shown in 
Figure 4.62).  This strategy is shown in Section 4.5.6.  
The relative volume of water infiltrating after the 
Ca-citrate-PO4 solution in the 2-D system (Fig-
ure 4.69) is 1:1, although a larger scale 1-D column 
(12 ft high, described in Section 4.2.2) and 2-D 
systems (Section 4.5.7), a ratio of 2:1 to 4:1 was used 
in order to advect the PO4 to depth. 

4.5.5 Sequential Infiltration Cycling to 
Build Up Precipitate Mass 

 
The ultimate mass of apatite needed in the vadose zone is controlled by:  a) equilibrium 
calculation to adsorb and incorporate all Sr and Sr-90 for 300 years (~10 half-lives of Sr-90 
decay), and b) kinetic calculation of Sr incorporation rate compared to the Sr transport rate 
through the sediment (described in detail in Section 2.3).  Although natural water infiltration and 
downward infiltration at Hanford is extremely slow (infiltration rate of 0.1 to 1 cm/year, given 
average annual precipitation of 16 cm/year) at the 100-N Area, the partially saturated zone (i.e., 
surface to 15 ft depth) can be partially water saturated in the spring due to high river levels, and  

 

 
Figure 4.69.  Solution infiltration (a), and 
sequential solution, then water infiltration 
(b), all at 141 mL/hour. 
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can even become fully water saturated during floods.  Therefore, a conservative estimate of the 
mass of apatite needed in the vadose zone is 3.4 mg/g (Table 2.1), which is equal to the mass 
needed in the water-saturated zone. 
 
Infiltration of a 60-mM PO4 solution (Table 4.13) at a large scale (8-ft high 2-D system; 
described in Section 4.5.7) has resulted in large areas of 0.5 to 0.75 mg/g PO4 (5 to 7.5 mg/g 
apatite) and small zones of 1.0 mg/g PO4 (10 mg/g apatite).  Although low-K zones received 
high treatment (due to higher residual water content retaining solution mass in the zone long 
enough for precipitate to form), high-K zones received minimal treatment (0 to 0.2 mg/g PO4).  
Therefore, repeated solution infiltration events will likely be needed to build up precipitate mass.  
The most efficient means to infiltrate the solution to result in significant mass being held up in 
the vadose zone (i.e., depend on transient conditions to precipitate apatite) is to allow sufficient 
time between infiltration events to allow water to drain.  Repeated infiltration cycling was tested 
in small (60 cm deep) 2-D systems that were allowed to drain for a week before an additional 
solution was infiltrated.  Homogeneous and heterogeneous sediment systems were used. 
 
It was hypothesized that sequential infiltrations will result in a buildup of apatite precipitate at 
depth, as shallower PO4 adsorption sites are both occupied and occluded with precipitate.  For 
one to four sequential infiltrations, there was a small buildup in the observed water content at 
depth (Figure 4.70).  The 56 cm deep (vertical) by 35 cm to 52 cm wide (only 35 cm shown) by 
1.1 cm thick flow systems used allowed for drainage at the bottom of the box. 

 
The resulting apatite distribution for sequential infiltrations (Figure 4.71) did show an increase in 
precipitate mass at depth for each subsequent infiltration.  In addition, there was additional 
apatite precipitate laterally from the infiltration point.  This did not appear to result from an 
increased width of moisture (Figure 4.70). 
 
For a system containing a single low-K heterogeneity, it is expected that the low-K zone will 
retain a higher residual water content over time, which will likely result in a greater apatite  

 
Figure 4.70.  Water content for sequential infiltration with 1 week between doses. 
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precipitate concentration.  
For these systems, a high, 
then low infiltration rate 
of 40 mM Ca-citrate-PO4 
solution, then river water 
was used, as described in 
the following section.  
Comparing a single dose 
to four doses (each with a 
1-week lag between 
doses), the water content 
profile looks similar, with 
residual water at depth 
(Figure 4.72) that is 
similar to homogeneous 
systems (Figure 4.70), 
but with residual water 
maintained within the 
low-K zone.  There was 
no smoothing used to plot points; the color contouring is a simple linear contour between points.  
As such, there are artifacts of the contouring such as apparent “wedges” of color that do not exist 
in reality. 
 
Because of the high residual water content retained in the low-K zone in combination with the 
high rate of Ca-citrate-PO4 solution infiltration followed by slow rate of water infiltration, the 
resulting apatite distribution for one dose is generally within the low-K zone and slightly 
above/around the low-K zone (Figure 4.73a).  With four doses, close to four times as much 
apatite has precipitated (Table 4.13, experiment Y137 and Y176) that is located within the low-K 
zone and above/below the low-K zone (Figure 4.73b).  The intended purpose of this infiltration 

 
Figure 4.71.  Apatite precipitate for sequential infiltration with 1 week between doses. 

 
Figure 4.72.  Water content for sequential infiltration with 1 week 
between doses (low-K zone). 
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strategy was to emplace 
apatite in the lower half 
of the vadose zone and 
within low-K zones (as 
low-K zones likely have 
higher Sr-90 concen-
trations).  The strategy 
appears to have succeeded 
in these relatively small 
2-D systems for low-K 
zones (primarily due to 
the higher water retention 
in low-K zones).  In 
Section 4.5.7, a large (8 ft 
high by 4 ft wide) system 
containing 23 low-K and 
5 high-K zones was used.  
As shown in that section, 
the infiltration strategy is 
relatively successful for medium and low-K zones, but high-K zones exhibiting very low residual 
water content resulted in low apatite precipitate. 

4.5.6 Infiltration Strategy for Targeting Low-K and High-K Zones 
 
A 2-D visualization experiment was conducted to demonstrate the process of varying the 
infiltration rate of a solution to achieve solution coverage in desired areas (Figure 4.74).  
Constant infiltration rate into a heterogeneous system containing a low-permeability lens is 
shown in the left panels.  Infiltration at a constant rate results in some lateral spreading and 
incomplete coverage in the low-permeability layer (Figure 4.74c).  Infiltration below the low-
permeability zone is also incomplete.  In contrast, by varying the infiltration rate (Figure 4.74, 
right panels), the low-permeability unit was fully saturated with the infiltrating solution and 
nearly all the area under the low-permeability unit was also saturated.  To achieve this spatial 
solution coverage, the rate of infiltration of the solution was slowed during the time period when 
the solution was infiltrating within the low-permeability unit (Figure 4.74b and d) as capillary 
forces controlled lateral solution movement.  Once the solution had nearly saturated the low-
permeability lens with some solution, the infiltration rate was increased to exceed the infiltration 
rate of the low-permeability unit, thereby forcing lateral transport of water at high saturation 
across the top of the low-permeability unit and down the sides (Figure 4.74f).  This resulted in 
multiple locations that were infiltrating into the sediment under the low-permeability lens 
(Figure 4.74h). 
 
Additional 2-D experiments were conducted in the EMSL subsurface transport laboratory in 
systems with a single low-K zone (Figure 4.75a).  The water content at selected times during the 
experiment was measured with a gamma system (Figure 4.75b, shown scanning a 1-D system).  
Steady-state water, then solution infiltration was conducted and water contents compared to pre-
experiment simulations (Figure 4.76), which showed good agreement.  Post-experiment 

 
Figure 4.73.  Apatite for sequential infiltration with 1 week between 
doses (low-K zone). 
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simulations were also conducted with a reactive transport code in order to determine infiltration 
rates that should be used to result in apatite precipitate in desired locations (Section 4.4.4). 
 

Figure 4.74.  2-D unsaturated infiltration into a low-K zone at constant infiltration rate (left panels) and at 
varying infiltration rate (right panels). 

 
The Sr-90 distribution with depth in the 100-N Area peaks in unsaturated sediments directly 
beneath the road fill (Figure 4.61, Table 4.12), so in terms of the entire vadose zone, is located in 
the lower half of the vadose zone.  Field implementation of the infiltration strategy developed in 
this project may result in either surface infiltration of the solution in the road fill or in a trench  
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dug part way through the road fill.  The objective of the experiments in this section is to develop 
an infiltration strategy to result in apatite precipitate in the lower half of the vadose zone as well 
as within low-K zones.  In the field, low-K zones likely contain higher Sr-90 concentrations due 
to lower advective movement of water and somewhat higher adsorption of Sr-90. 
 

 
Figure 4.75.  Dye injection into 2-D system with low-K zone and underlying water table 
(a).  Water in the saturated zone is moving right to left.  Gamma system for water content 
(b). 

 
Figure 4.76.  Apatite for sequential infiltration with 1 week between doses (low-K zone). 
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A 2-D experiment was conducted in which 40 mM Ca-citrate-PO4 solution was infiltrated at a 
rapid rate (141 mL/min) into a system containing a single low-K zone (Figure 4.77a) for 1 hour, 
then river water (contains microbes) was infiltrated at a slow rate (1.0 mL/min) for 42 hours to 
flush the PO4 to depth and also allow for lateral movement within the low-K zone (strategy 
shown in Figure 4.74).  The resulting water content at the end of the experiment showed residual 
water in the bottom of the system (56 cm depth, Figure 4.77b) as well as with the low-K zone.  
The apatite distribution showed a high concentration within nearly all the low-K zone 
(Figure 4.77c), and a moderate apatite concentration in the center half of the box (i.e., from 15 to 
50 cm depth) with significant lateral spreading (i.e., to 30 cm in width).  The high apatite 
concentration in the low-K zone is mainly caused by the high residual water content retaining 
chemical mass in that zone long enough for precipitate to form. 

 
The low apatite concentration near the surface (to 15 cm depth) is due to the flushing of water 
after the Ca-citrate-PO4 solution (also shown in Figure 4.69).  The large lateral distribution of 
apatite is caused by the time for slow water infiltration, allowing the solution to travel laterally.  
This lateral spreading of water above the low-K zone is increased by near water-saturated 
conditions in the low-K zone (i.e., additional water could not enter the low-K zone, so moved 
laterally by capillary forces).  Additional infiltration sequences into a system with a low-K zone 
does result in additional apatite formation within the low-K zone, as well as above and below the 
low-K zone (Figure 4.73). 
 
In a system with idealized low-K and high-K zones (Figure 4.78), the same observation is reached 
in the low-K zones, with higher water retention leads to higher apatite precipitate concentration.  
It should be noted that only a few sampling points were taken in this relatively large system (1.2 m 
high by 0.56 m wide).  The high-K zone (larger zone, located at 70 to 80 cm depth) had a slightly 

 
Figure 4.77.  Sequential Ca-citrate-PO4 infiltration followed by slow river water infiltration. 
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lower water content at the end of the experiment due to more 
rapid drainage out of this zone.  The result was lower apatite 
concentration within the high-K zone, although there are only a 
few data points (3) within the high-K zone.  In the following 
section, a large-scale (8 ft high by 4 ft wide) 2-D system was 
used with a number of low-K and high zones and much greater 
sampling density to quantify the apatite distribution. 

4.5.7 Large-Scale Infiltration in Heterogeneous 
Sediment 

 
The final 2-D infiltration experiment was conducted in a system 
that was roughly half that of field scale (8 ft high; 15 ft 
maximum vadose zone in the 100-N Area).  This system 
contained random low-K and high-K zones that were thin layers 
(Figure 4.79), which tend to occur from the fluvial deposited 
sediments.  The objectives of this experiment were:  a) test the 
infiltration strategy determined in smaller scale experiments to  

 
Figure 4.78.  Large 2-D system (1.2 m or 4 ft high) with two low-K (40 cm depth) and one 
high-K zones (70 cm depth):  a) infiltration at 11 hours, b) water content at 25 hours, and 
c) apatite at 25 hours. 

 
Figure 4.79.  Large 2-D system 
containing 23 low-K zones 
(white) and 5 high-K zones. 
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deliver apatite mass into the middle to lower half of the system, and b) determine the extent of 
downward decrease in apatite concentration in high-K zones and low-K zones. 
 
A 60-mM (PO4) Ca-citrate-PO4 solution was infiltrated at a 1260-mL/hour rate for 75 minutes 
(1575 mL), then river water was infiltrated at the same rate for 2 hours (2373 mL), then the 
system equilibrated as the water drained for 4 days (Figure 4.80).  The solution migrated 
vertically with little lateral spread (at this rapid an infiltration rate, which was gravity dominated) 
in the medium-K sediment. 

 
The solution and water migrated laterally twice the distance in low-K zones due to capillary 
forces.  The sediment profile was observed to qualitatively drain by 23 hours by the condensation 
on the plastic sides (white color where the wet sediment was) in the upper three-fourths of the 
system, with high water content in the lower quarter of the system. 
 
In the high-K layers, fingering was clearly observed (Figure 4.81, white layer upper one-third), 
so the solution was infiltrating through high-K zones in discontinuous pathways with little initial 
water content, leaving low residual water content.  This would likely result in lower apatite 
concentration in high-K zones. 
 
Although the infiltration strategy of Ca-citrate-PO4 solution followed by water infiltration is 
effective for flushing the reactant mass downward in homogeneous or simple heterogeneous 
systems (i.e., Figures 4.71, 4.73, 4.77), there is a loss in efficiency for this strategy for highly 
heterogeneous systems such as this one.  Early times (0 to 75 minutes, Figure 4.80) moved the 
Ca-citrate-PO4 solution to a 6-ft depth, and laterally in the medium grained sediment to a 2-ft 
width and in low-K zones to a 3.5-ft width.  The subsequent water infiltration would push much 
of the Ca-citrate-PO4 solution downward in the medium grained sediment, but Ca-citrate-PO4 
solution wicked into low-K zones laterally would actually be pushed out further, as shown by 
23 hours (Figure 4.80).  It should also be noted that lateral movement of water in even very thin 
low-K zones (Figure 4.81, 0.5-mm thick in picture center) results in additional water saturation 
in the medium-grained sediment near the low-K zone. 
 

 
Figure 4.80.  Sequential 60 mM Ca-citrate-PO4 then water infiltration in large 2-D system. 
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After the experiment, 140 sediment samples were 
collected for measurement of water content and 
apatite concentration.  Results are presented in a 2-D 
color contour plot, as well as points separated into 
low-K, medium-K, and high-K zone plots.  For these 
“balloon” plots, both the increasing size and warmer 
color reflect higher values of either water content or 
apatite precipitate.  The final water content (Fig-
ure 4.82 and 4.84a) contour plot shows obvious signs 
of the low-K and high-K layer structure, with layers of 
low and moderate water content.  The lower 20 cm of 
the flow system has a higher residual water content 
from drainage.  The separate “balloon” plots (Fig-
ure 4.82b-d) more clearly illustrate the water content 
in the differing porous media.  The medium-grained 
sediment (med-K, Figure 4.82c) shows a relatively 
low water content (average 0.06 g/g), so efficiently 
drained over the 4 days.  The high-K porous media 
never had a high water content, so the final water 
content was low (average 0.02 g/g).  Nearly all the 
residual water was retained in the low-K media 
(average 0.26 g/g), and was relatively uniform 
throughout the profile vertically and laterally from 
under the infiltration location (left top of the system). 
 

 
Figure 4.81.  Close-up of the large 2-D 
system showing migration in low-K and 
high-K zones. 

 
Figure 4.82.  Final water content for large 2-D infiltration system with low-K and high-K zones. 
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The final apatite precipitate distribution did correspond to the higher residual water content in the 
low-K media (Figure 4.83b), but also contained significant precipitate within the medium-
grained sediment (Figure 4.83c).  Vertically, apatite mass in the low-K porous media was low in 
the upper quarter of the system and was relatively uniform throughout the vertical profile.  As 
hypothesized, zones at large distances laterally in low-K zones retained a high apatite content.  In 
the medium-grained sediment, apatite was concentrated in the upper half of the flow system, 
although low to moderate apatite concentration was distributed in the lower half of the flow 
system.  Subsequent infiltration events would likely result in more apatite in the lower half of the 
flow system, as previously shown (Figures 4.71 and 4.73).  As predicted, apatite was nearly 
absent from high-K layers due to very low water content maintained in these zones throughout 
the experiment and observed fingering (Figure 4.81).  Overall, this large-scale experiment 
demonstrated that Ca-citrate-PO4 infiltration followed by water infiltration can be used to 
distribute apatite precipitate in most formations in highly heterogeneous sediment (medium-
grained and small-grained layers/discontinuous zones) with the exception of high-K zones.  An 
alternate strategy to emplace apatite mass in high-K zones is described in the following section. 
 
The final water content with depth directly beneath the infiltration source (left top of system) 
clearly shows a relatively uniform water content for the medium-grained sediment throughout 
the 8-ft profile, with higher water content for the bottom 20 cm (Figure 4.84a).  The apatite 
distribution was relatively uniform in the upper half of the system for the medium grained 
sediment (~0.6 mg/g PO4) and about half that concentration in the lower half of the system 
(~0.3 mg/g PO4, Figure 4.84b).  The low-K porous media reflected more variability throughout 
the profile, but was generally lower in the upper half of the system (0 to 0.6 mg/g PO4) and 
higher in the lower half of the system (0.2 to 0.8 mg/g PO4). 

4.5.8 Air/Surfactant Injection of Ca-Citrate-PO4 
 
Water infiltration was successfully used to deliver the Ca-citrate-PO4 solution in homogeneous 
and heterogeneous sediment that contained low-K zones.  Apatite precipitate location could be 

 
Figure 4.83.  Apatite precipitate for large 2-D infiltration system with low-K and high-K zones. 
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controlled by the residence 
time of the solution in a 
specific zone maintained for 
sufficient time (tens of hours) 
to precipitate apatite.  This can 
be accomplished by manipu-
lation of physical parameters 
(infiltration rate, sequence of 
solution and water, multiple 
infiltration events) and 
chemical parameters (solution 
concentration, solution 
chemistry).  As shown in the 
previous section, high-K 
zones were not successfully 
treated generally due to low 
water content through out the 
experiment.  In this section, 
experiments are described in 

which foam (surfactant, air with 1% water; Zhong et al. 2009a, 2009b) injection is used to 
deliver the Ca-citrate-PO4 solution to the porous media.  As this solution is being primarily 
advected through air-filled pores, there is more rapid foam transport in high-K zones (initially).  
Over time, as the foam breaks down, the liquid is deposited in the porous media, increasing the 
water content (and foam injection pressure).  In homogeneous sediment, this “rind” of higher 
water content deposits at the limit of foam breakdown, and slowly increases in size over time.  In 
heterogeneous systems (low-K and high-K zones), a more dynamic water deposition pattern 
occurs, with high-K zones maintaining low water content (i.e., foam advection in these zones 
maintaining the high air content) and higher residual water content in low-K zones, which have 
lower air permeability, especially with some water content. 
 
Two 2-D foam injection experiments were conducted, and one is presented in this section (the 
second is in Appendix A, Section A.9).  Additional work is needed to optimize conditions for 
delivery of liquid reactants (shown here) or solid-phase reactants.  These experiments only 
demonstrate that liquid reactants can be delivered to heterogeneous porous media with a 
relatively uniform apatite distribution in high-K and medium-K porous media (less PO4 
deposition in low-K media), so is an attractive strategy to augment solution infiltration of 
Ca-cirate-PO4 to result in treatment in low-K, medium-K, and high-K zones.  One possible field-
scale application strategy would be to inject foam into 100-N Area wells at low water content, 
which could result in lateral advection of the Ca-citrate-PO4 laden foam in high-K zones and a 
slow vertical rise of the foam in vadose zone sediments. 
 
The physical setup of the foam injection experiment (Figure 4.85) was central injection, and air 
withdrawal at the left and right sides of the 2-D experimental system, reflecting the generalized 
field injection scenario described above.  This system was 140 cm long, 40 cm high, and 5 cm 
thick.  A single high-K zone was placed in the left half of the flow system, and two low-K zones 
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Figure 4.84.  Final water content and PO4 vertically beneath the 
infiltration stream for large 2-D infiltration system. 
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placed in the right half of the 
flow system.  In this experi-
ment, the foam was injected at 
a rate of 60 mL/min and 
contained 1% surfactant and 
1% water with 30 mM 
Ca-cirate-PO4. 
 
Foam could clearly be seen 
moving in the porous media 
(close-up video), and over time 
a water content “halo” could be 
observed to increase in size (Figure 4.86) over the 48-hour experiment.  There did appear to be 
higher residual water content on the high-K size (left) of the system. 
 
Over the course of the foam injection experiment (24 hours), aqueous samples were collected at 
both the high-K end (left side) and low-K end (right side) using in line collection bottles on the 
vacuum system.  The vacuum was 
balanced to 30 mL/min at both 
ends.  A total of 2.7 L of 30 mM 
Ca-citrate-PO4 solution was 
injected into the system and a total 
of 1.17 L of liquid was collected 
from the high-K (left) side and 
0.22 L of liquid from the low-K 
(right) side. 
 
The final water content of the 
system (Figure 4.87a) did reflect 
observations, which high water 
content was above the high-K zone 
(left side), and also high water 
content in the low-K zones.  It 
should be noted that this air advec-
tion technology appeared to not 
emplace water in low-K zones by 
advection, but rather the foam (with 
1% water) advection in the medium-
grained porous media between the 
low-K zones resulted in lateral 
deposition of water in the low-K 
zones. 
 
The apatite precipitate distribution 
did not, as predicted, reflect the 
water content profile.  Precipitate 

 
Figure 4.85.  2-D system used for foam injection of Ca-citrate-PO4. 

 
Figure 4.86.  Development of the residual water content halo 
over time for foam injection in a 2-D system. 
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was relatively uniformly deposited at a very high concentration at the injection point (6 mg/g 
PO4), and at a moderate concentration in the zone adjacent to the high-K zone, and within the 
high-K zone (Figure 4.87b).  There was low to no apatite precipitate in the low-K zones, 
although there was apatite in the medium-grained sediment around low-K zones.  This deposition 
pattern reflects air advection and the water deposition migration “halo” (Figure 4.86).  The 
reason for the very high apatite concentration at the injection location is the relatively long time 
scale for foam injection actually moves only a small amount of Ca-citrate-PO4 mass into the 
porous media, so biodegradation was apparently taking place near the injection location (similar 
conclusion for very low infiltration rates in Section 4.5.1).  The measured microbial biomass at 
the injection location was 1.1E+09 cells/g, versus 3.2E+08 cells/g on the high-K (left) edge of 
the system and 4.7E+07 cells/g on the low-K (right) edge of the system.  In general, foam 
injection showed promising results and warranted additional investigation.  Additional processes 
need to be understood such as the influence of the 1% Na associated with the surfactant on Sr 
mobility during the foam injection, and additional testing of the buildup of pressure during 
injection.  Although pressure buildup did not occur in this relatively short (i.e., 70 cm flow path 
length from the center to each end) system, pressure buildup was significant in two 25-ft long 
1-D columns in which foam was injected (Section 4.2.4). 
 

 
 

 

 
Figure 4.87.  Final water content (a) and apatite (b) for foam injection in a 2-D system. 
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5.0 Summary 

The objective of this project is to develop a method to emplace apatite precipitate in the 100-N 
Area vadose zone, which results in sorption and ultimately incorporation of Sr-90 into the apatite 
structure.  Sr-90 sequestration with this technology occurs by the following steps:  1) injection of 
Ca-PO4-citrate solution (with a Ca-citrate solution complex, Moore et al. 2004), 2) in situ 
biodegradation of citrate resulting in apatite [Ca10(PO4)6(OH)2] precipitation (amorphous, then 
crystalline), 3) adsorption of Sr-90 to the apatite surface, 4) apatite recrystallization with Sr-90 
substitution for Ca (permanent), and 5) radioactive decay of Sr-90 to Y-90 to stable Zr-90.  
Although this is a complicated process, field-scale evidence indicates the process is effective in the 
Hanford 100-N saturated zone (Williams et al. 2008).  Prior to initiation of this project, 
precipitation of apatite from Ca-citrate-PO4 solution at low water saturation had not been tested.  
Concerns included:  a) the rate at which citrate might biodegrade at low water saturation, b) the 
influence of the large decrease in microbial biomass with depth, c) the formation of 
Ca-carbonates and not apatite (with the excess CO2 generated from citrate biodegradation), 
d) the ability to control infiltration sufficiently in homogeneous sediment to emplace apatite at a 
desired depth, e) the influence of vertical and lateral infiltration and heterogeneities on apatite 
precipitate location, and f) long-term performance of the apatite precipitate at low water 
saturation. 

5.1 Citrate Biodegradation at Low Water Saturation 
 
Within a few days of Ca-citrate-PO4 solution contact with sediment, biodegradation of the citrate 
occurs in both oxic and anoxic environments in water-saturated sediments and apatite quickly 
precipitates (Szecsody et al. 2007).  In the absence of citrate biodegradation (i.e., by using a 
bactericide in the sediment), apatite essentially does not precipitate (Figure 4.67).  Citrate 
mineralization experiments in this study were conducted at water saturations from 35% to 100% 
over a range of citrate concentrations from 5 mM to 125 mM.  There was a decrease in the citrate 
mineralization rate at very low water saturation (up to an order of magnitude, Figure 5.1), but the 
citrate mineralization rate 
from 50% to 100% water 
saturation was constant.  In 
addition, the citrate 
mineralization extent was 
relatively invariant with 
water saturation. 
 
Microbial biomass in 
unsaturated sediments 
does decrease orders of 
magnitude with depth in 
Hanford 100-N sediments.  
Within or slightly below the 
road fill, biomass is as high 

10
1

10
2

10
3

half life

half life

half life

10 HL

20 30 40 50 60 70 80 90 100

ci
tr

at
e 

m
in

. h
al

f-l
ife

 (h
)

water saturation (%)

2 mM Ca, 5 mM cit., 1.2 mM PO4
10 mM Ca, 25 mM cit., 6 mM PO4
50 mM Ca, 125 mM cit., 30 mM PO4
4 mM Ca, 10 mM cit., 2.4 mM PO4

Water Saturation vs Citrate Min. Rate

0.00

0.20

0.40

0.60

0.80

1.00 extent

extent

extent

10 extent

20 30 40 50 60 70 80 90 100

ci
tr

at
e 

m
in

. e
xt

en
t (

fr
ac

tio
n 

C
O

2) 2 mM Ca, 5 mM cit., 1.2 mM PO4
10 mM Ca, 25 mM cit., 6 mM PO4
50 mM Ca, 125 mM cit., 30 mM PO4
4 mM Ca, 10 mM cit., 2.4 mM PO4

Water Sat. vs Citrate Min. Extent

water saturation (%)  
Figure 5.1.  Correlation of water saturation and citrate mineralization 
half-life (a) and extent (b).  



 

5.2 

as 4 x 108 cells/g, and by the 15 ft depth (approximate lower limit for proposed infiltration 
studies), biomass has decreased to 6 x 105 cells/g (Figure 2.2).  Biomass decreases further with 
depth in water-saturated sediments to 102 cells/g by a 40-ft depth.  Citrate mineralization studies 
in sediments with different initial biomass did show a general correlation of higher initial 
biomass with a more rapid mineralization rate, but while biomass in sediments changed 5 orders 
of magnitude, the mineralization half-life only changed about 1 order of magnitude (Figure 4.4).  
This conclusion appears inconsistent with results of others (Francis et al. 1996), but further 
investigation into the role of in situ and infiltrating microbial populations (from the river water 
used) revealed the reason for the apparent difference. 
 
Measurements of the river water biomass (2.2 x 106 cells/mL equivalent to 7.1 x 105 cells/g) 
indicated low values compared with in situ biomass (105 to 5 x 108 cells/g), so the contribution of 
river water microbes to biodegrade the citrate was initially not considered important.  However, 
both in situ and injected microbial populations are redistributed in sediments during solution 
infiltration, so the measured citrate biodegradation rate may be somewhat averaged as the 
solution infiltrates vertically.  Experiments measuring the influence of water velocity on 
microbial movement (i.e., shear forces detaching some portion of the population) and the ionic 
strength of the infiltrating solution (Figure 4.25) indicated both processes are redistributing 
microbes in subsurface sediments.  The most significant finding was the comparison of apatite 
formation experiments in systems with either a killed in situ or injected microbial population.  
Results indicated that river water microbes present at 1100 times lower concentration than in situ 
microbes (7.8 x 108 cells/g) had roughly twice the impact on the citrate biodegradation rate.  The 
implications are significant for both infiltration and injection of Ca-citrate-PO4 into 100-N 
sediments.  Proposed infiltration of the solution in 100-N sediments would likely be influenced 
by both in situ and injected microbial populations.  The 100-N injections occur at >15 ft depth, 
where the in situ microbial biomass is present at 102 to 106 cells/g.  At these concentrations 
relative to the much more active river water biomass, the injected river water microbial 
population would dominate nearly all the citrate biodegradation. 

5.2 Apatite Precipitate Formation and Characterization 
 
Different experimental techniques were used to identify the small amount of apatite precipitate 
that results from Ca-citrate-PO4 infiltration into sediments.  The final 300-year design capacity 
should have 3.4 mg apatite/g of sediment.  Techniques used and being developed on this project 
include:  a) XRD, b) SEM with EDS and elemental detectors (Figure 5.2), c) acid dissolution of 
the sediment and phosphate measurement (i.e., aqueous PO4 extraction, Szecsody et al. 2008), 
and d) fluorescence of substituted apatites.  Results of these techniques are described below.  
Additional characterization techniques were used on the apatite precipitate to determine specific 
properties that included:  a) BET surface area (62.5 m2/g), b) FTIR scan to determine apatite 
crystallinity and change in crystallinity upon Sr substitution, and c) organic and inorganic carbon 
analysis.  The inorganic carbon content (0.02%) was low, indicating little carbonate 
coprecipitation with the apatite.  
 
While the use of the electron microprobe shows that very small concentrations of apatite can be 
quantitatively identified, the cost of the process is significant, as is the time to process the 
samples.  An example (Figure 5.2) shows 0.016 mg apatite/g of sediment with an EDS detector 
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clearly identifying apatite 
precipitate outside mineral 
grains.  One method involves 
the aqueous measurement of 
phosphate, after the apatite 
was dissolved in acidic solu-
tion, which does not have the 
low detection limits of the 
electron microprobe 
(Figure 4.12).  Infiltration of 
2.4 mM PO4 solution results 
in a calculated 0.1 mg apatite/g 
of sediment are likely not 
detectable, but 10 mM PO4 
(calculated 0.4 mg apatite/g 
sediment) are likely detect-
able.  A third method of 
measuring added apatite in 
sediment investigated was the 
use of fluorescence scans.  
While pure hydroxyapatite 
does not fluoresce, apatites 
with F or carbonate substi-
tution do fluoresce.  Apatite 
precipitated in groundwater 
(Figure 4.17, black line) does 
fluoresce, and the sediment sample 
(no apatite added, green line) does 
not.  This method is still in develop-
ment, and a detection limit has not 
yet been determined. 
 
Electron microbe analysis of apatite 
formed in sediment in contact with 
the Ca-citrate-PO4 solution reveled 
that two distinct morphologies 
result (Figure 5.3a).  Most apatite precipitates are actually conglomerates of very small rod-
shaped apatite precipitate particles (20 to 30 nm, Figure 5.3b) making up the 10 to 50 µm-sized 
particles.  Fewer of the particles appear with a single color, which indicates microcrystalline 
structure. 

5.3 Sr-90 Incorporation Mass and Rate Into Apatite 
 
The ultimate mass of apatite needed in the vadose zone is controlled by:  a) equilibrium 
calculation to adsorb and incorporate all Sr and Sr-90 for 300 years (~10 half-lives of Sr-90 
decay with a half-life of 29.1 years), and b) kinetic calculation of Sr incorporation rate compared 

  
 

 
Figure 5.2.  Scanning electron microbe images of a single apatite 
crystal. 

 
Figure 5.3.  Electron backscatter image of apatite conglomerate 
and microcrystalline particles (a) and close-up of 20- to 30-nm 
apatite rods. 
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to the Sr transport rate through the sediment (described in detail in Section 2.3).  Although 
natural water infiltration and downward infiltration at Hanford is extremely slow (infiltration rate 
of 0.1 to 1 cm/year, given average annual precipitation of 16 cm/year), at the 100-N Area, the 
partially saturated zone (i.e., surface to 15 ft depth) can be partially water saturated in the spring 
due to high river levels, and can even become fully water saturated during floods.  Therefore, a 
conservative estimate of the mass of apatite needed in the vadose zone is 3.4 mg/g (Table 2.1), 
which is equal to the mass needed in the water-saturated zone.  From a mass balance perspective, 
a specific amount of apatite is needed to remove all Sr and Sr-90 from groundwater over the next 
300 years (i.e., 10 half-lives of Sr-90 decay, half-life 29.1 years).  This calculation is dependent 
on the crystal substitution of Sr for Ca in apatite.  If 10% substitution is assumed, then 1.7 mg of 
apatite (per gram of sediment) is sufficient to sequester Sr and Sr-90 from the estimated 
3300 pore volumes of water that will flow through a water-saturated apatite-laden zone.  Various 
experiments in this study have measured Sr substitution (for Ca in apatite) values of 16.3% after 
1.3 years at 22°C. 
 
The second factor that controls the amount of apatite needed to sequester Sr-90 is the rate of 
Sr-90 incorporation into apatite.  This permeable reactive barrier concept of apatite solids in the 
aquifer works if the flux rate of Sr and Sr-90 is slower than the removal rate of Sr and Sr-90 by 
apatite.  If the groundwater flow rate is too high, even highly sorbed Sr and Sr-90 could advect 
through the apatite-laden zone more quickly than it is removed.  The way to circumvent this 
issue is to have additional apatite in the subsurface system to remove Sr-90 at the increased flux 
rate.  Based on the experience in the 100-D Area where partially reduced sediment is slowly 
removing chromate (and nitrate), seasonal fluctuations in the river level lead to specific times of 
year when flow in the aquifer exceeded the chromate removal rate of the reduced sediment.  
Therefore, numerous experiments have been conducted in this study to clearly define the rate at 
which Sr and Sr-90 is incorporated into the crystal structure of apatite. 
 
Infiltration of a 60-mM PO4 solution (Table 4.13) at a large scale (8-ft high 2-D system; 
described in Section 4.5.6) has resulted in large areas of 0.5 to 0.75 mg/g PO4 (5 to 7.5 mg/g 
apatite) and small zones of 1.0 mg/g PO4 (10 mg/g apatite).  Although low-K zones received 
high treatment (due to higher residual water content retaining solution mass in the zone long 
enough for precipitate to form), high-K zones received minimal treatment (0 to 0.2 mg/g PO4).  
Therefore, repeated solution infiltration events will likely be needed to build up precipitate mass.  
The most efficient means to infiltrate the solution to result in significant mass being held up in 
the vadose zone (i.e., depend on transient conditions to precipitate apatite) is to allow sufficient 
time between infiltration events to allow water to drain (Figures 4.71 through 4.75). 
 
Control FTIR spectra have been run on both the Sigma and citrate apatite starting materials.  
FTIR scans of the 82°C citrate precipitated apatite aged for 6 months demonstrated that no 
secondary phases (e.g., SrPO4 or Sr(OH)2 precipitate) have formed within the apatite structure, 
as shown in Figure 5.4, in which peaks for the Ca-apatite (Sigma standard) and Sr-substituted 
apatite are similar, but do not show characteristic peaks of the Sr(OH)2 or Sr(PO4).  The presence 
of Sr in the apatite structure (adsorbed Sr removed) has been confirmed by ICP-MS and EDS. 
 
Electron microbe analysis of Sr substitution into apatite precipitated from a Ca-citrate-PO4 
solution after 1.3 years of Sr-apatite contact revealed an average of 12.6 ± 7.5 mol/mol (moles Sr 
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per mole of Ca in the apatite structure) for the conglom-
erate particles (Figure 5.5).  There was no Sr decrease 
with depth in the particle (Figure 5.5), which would 
occur of Sr were adsorbing then substituting on the 
outer edge of the particle then there was slow diffusion 
into the particle.  Additional EDS scans of Sr substi-
tution for the microcrystalline apatite particles 
(Figure 5.3) revealed 9.2 ± 1.1 mol/mol, so somewhat 
less substitution in these crystalline versus the looser 
structure of the conglomerate particles (and consid-
erably less variability). 
 
Laboratory experiments describing the Sr incorporation 
rate into apatite over months to over a year were used to 
calculate the Sr uptake rate into apatite.  This was 
accomplished using a reaction simulation of the 
Ca-Na-Sr ion exchange onto the sediment surface, 
Ca-Na-Sr ion exchange onto apatite, and Sr incorpo-
ration from sorbed Sr on apatite (Figure 5.6a).  
Because field systems of packed porous media had 
higher sediment/water ratios, additional simulations 
were conducted to determine if the higher fraction of 
Sr on the sediment surface (and not on the apatite 
surface) would decrease the Sr incorporation rate 
into apatite.  The proportion of Sr mass sorbed on 
apatite, therefore decreased from 45% (laboratory 
system) to 17% (field simulation, Figure 5.6b).  
However, this decrease in Sr mass sorbed to apatite 
did not change the Sr incorporation rate (green line 
in Figure 5.6a and b), which has a half-life of 
15 months in both cases.  The reason for this lack of 
change is the relative time scales of ion-exchange reactions versus the incorporation reaction 
being 5 to 6 orders of magnitude different.  Any small amount of Sr sorbed on apatite is slowly 
incorporated and additional Sr mass sorbs onto the apatite.  Ion-exchange equilibrium is quickly 
reached, so has no influence on slowing down the incorporation reaction.  In contrast, if the ion 
exchange and incorporation reaction rates were only an order of magnitude different, then there 
the ion-exchange reaction would slow the apparent incorporation rate. 
 
To be able to assess whether Sr-90 incorporation rates into apatite can be an effective field-scale 
reactive barrier in the Hanford 100-N Area, the natural Sr groundwater flux rate toward the river 
needs to be compared to calculated Sr uptake rates based on experimental results.  For these 
calculations, the total Sr in each was considered.  Sr incorporation rates were calculated for both 
initial uptake during apatite precipitation (more rapid uptake rate), and for solid-phase incorpo-
ration (Szecsody et al. 2007).  Two different amounts of apatite were considered in the sediment 
that included the 0.38 mg apatite/g sediment produced from field injections #3 to #18, and the 
3.4 mg apatite/g sediment final design (Table 2.1), which is based on 10% Sr substitution for Ca 

 
Figure 5.4.  FTIR scans of apatite, 
Sr-substituted apatite, and other Sr 
phases (standards). 
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Figure 5.5.  Sr substitution with depth in 
apatite precipitate with conglomerate 
morphology. 
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in apatite.  The Sr uptake (incorporation) 
rate was calculated in mmol Sr per day per 
cm2 cross sectional area of sediment within 
a 30-ft wide barrier.  These calculated 
uptake rates were initially fairly rapid 
during the initial apatite precipitation phase, 
then decreased about 2 orders of magnitude 
during solid-phase incorporation.  For the 
field scenario of low concentration injec-
tions (i.e., 10 mM PO4 injected in wells, or 
0.34 mg apatite/g sediment), the Sr uptake 
rate was 8.8 x 10-6 mmol Sr/day/cm2, or 
6.5 times the average Sr groundwater flux 
rate in groundwater (1.36 x 10-6 mmol 
Sr/day/cm2).  Therefore, on a rate basis, all 
of the Sr (and Sr-90) would be consumed by 
the apatite in the barrier.  It should be noted 
that zones of higher groundwater flux (10 to 
100 times) would exceed the barrier uptake 
rate for this low apatite loading (0.38 mg 
apatite/g sediment).  This low apatite 

loading would also not be able to incorporate Sr and Sr-90 for 300 years, so additional apatite is 
needed to increase the loading to 3.4 mg apatite/g sediment.  At this high loading, the Sr uptake 
rate during initial precipitation is 3600 times more rapid than the average Sr groundwater flux 
rate, and the Sr uptake rate during solid-phase incorporation is 57 times more rapid than the 
average Sr groundwater flux rate, so the barrier will effectively remove all Sr except in extreme 
high groundwater flow conditions. 

5.4 Solution Infiltration and Apatite Spatial Distribution 
 
Recent Sr-90 depth profile data from the Hanford 100-N Area (Table 4.12) show that 40% to 
70% of the Sr-90 is in the above the highly variable water table (~15 ft depth, Williams et al. 
2008).  Some of this variably saturated zone can be accessed through injections at high river 
level.  However, since Sr-90 concentrations are the highest directly beneath the road fill (7 to 
10 ft depth) in many wells, Ca-citrate-PO4 solution placement is more effective through 
infiltration.  Some locations also show low concentrations of Sr-90 in the fill (Table 4.12), 
although it should be noted that generally sediment samples were not taken in the fill.  This could 
be caused by the water saturation during the operational period at 100-N Area, when discharge to 
the trenches was occurring, which was significantly higher than current conditions. 
 
Based on the Sr-90 depth distribution, infiltration experiments in this study were focused on 
delivery of apatite into the lower half of the unsaturated sediment (i.e., transport the solution 
through most of the road fill to the underlying Hanford formation at 7 to 15 ft depth).  In 
addition, it is hypothesized that there is a greater mass of Sr-90 in low-K zones due to lower 
advective flow in the field and slightly greater adsorption in the finer grained sediments.  
Heterogeneous systems were, therefore, mainly focused on apatite precipitate in low-K zones, 
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Figure 5.6.  Sr uptake from groundwater suspension 
of 0.34 g/L apatite and 20 g/L sediment (a, data and 
simulation), and field conditions with 20% porosity 
and 3.8 mg apatite/g sediment (b). 
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although final 2-D systems contained multiple low-K and high-K zones.  2-D infiltration systems 
were generally used in order to characterize the apatite distribution both with depth and laterally 
from the infiltration point.  2-D systems ranged in size from 56 cm (high) to 244 cm high (8 ft).  
Some 1-D column studies were also conducted that ranged in height to 3.6 m (12 ft).  The spatial 
distribution of apatite that results form Ca-citrate-PO4 solution infiltration, biodegradation (from 
in situ and injected microbial populations), is influenced by the vertical and lateral movement of 
water in the unsaturated sediments as well as reactions (phosphate adsorption, citrate biodegra-
dation, ion exchange of Ca-Mg-K-Na, and apatite precipitation).  An infiltration strategy was 
developed by manipulation of physical infiltration parameters (infiltration rate, variable rate of 
infiltration, sequential solution/water infiltration, multiple infiltration events) and chemical 
parameters (solution concentration, solution chemistry)(Szecsody et al. 2008; Thompson et al. 
2009).  Infiltration experiments were conducted in homogeneous sediment, then simple 
heterogeneous systems (single low-K zones), then complex heterogeneous systems (multiple 
low-K and high-K zones).  The general findings were: 

• infiltration rate:  more rapid Ca-citrate-PO4 solution infiltration resulted in greater depth of 
apatite precipitate, but less lateral spreading 

• decrease in infiltration rate:  rapid then slow solution infiltration resulted in greater lateral 
spreading of the apatite precipitate at depth 

• sequential solution then water infiltration:  water infiltration after solution infiltration 
effectively moved the apatite mass to depth in homogeneous sediment systems 

• solution concentration:  infiltration of higher Ca-citrate-PO4 solution concentrations 
resulted in a greater depth of apatite precipitate due to less PO4 adsorption and slower 
citrate biodegradation 

• infiltration cycles:  repeated infiltration of the Ca-citrate-PO4 solution with time between 
cycles to allow for water drainage resulted in an increased depth and greater lateral spread 
of apatite precipitate mass (homogeneous and simple heterogeneous systems) 

• systems with simple low-K zones had a higher apatite precipitate concentration in the 
low-K zone due to higher residual water content 

• infiltration rate manipulation can be used to infiltration solution into specific subsurface 
areas (i.e., above or beneath low-K zones) 

• solution then water infiltration into a complex heterogeneous system with low-K and 
high-K discontinuous layers (large scale, 8 ft high) showed high apatite precipitate in low-K 
zones and medium-grained sediment, but very low treatment in high-K zones due to low 
initial and residual water content 

• an alternate method to emplace apatite mass in unsaturated sediments (air/surfactant 
injection) appears to target high-K zones and resulted in moderate apatite precipitate 
adjacent and within high-K zones. 

At very slow infiltration rates, capillary forces dominate water movement at low water content, 
which results in a relatively uniform (but low) moisture profile with depth and laterally 
(Figure 5.7a), which is under transient conditions (not a steady-state profile).  This is, however, 
not a viable method to “hold” the Ca-citrate-PO4 solution in the unsaturated sediments because 
of the rates of phosphate adsorption (hours) and citrate biodegradation (tens to hundreds of 
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hours) were much faster than the 
infiltration rate (430 hours to reach 
50 cm depth).  Essentially all of the 
phosphate formed apatite precipitate 
within a few centimeters of the point 
of infiltration (Figure 5.7a).  In 
contrast, rapid infiltration of a 
solution can be controlled by gravity 
and capillary forces (vertically), 
which results in the rapid transport 
(and drainage) of the solution in a 
short period of time with little lateral 
spreading.  The resulting apatite 
distribution (Figure 5.7c) is relatively 
uniform with depth directly beneath 
the infiltration point, but does not 
exhibit much lateral distribution. 

 
Infiltration of a higher concentration 
Ca-citrate-PO4 solution influences 
PO4 adsorption (see Section 4.1.5), 
results in a lower citrate biodegra-
dation rate (see Section 4.1.3), and 
increases microbial detachment and 
mobility (see Section 4.2.3).  All of 
these processes generally result in the 
Ca-citrate-PO4 solution infiltration to 
a greater depth before apatite precipi-
tates.  2-D infiltration experiments 
varying the solution concentration 
(keeping the infiltration rate constant) 

demonstrated an increase in the apatite precipitate depth with increasing concentration 
(Figure 5.8).  In addition, there was greater lateral spread of the precipitate, likely by the same 
processes; decreased PO4 adsorption and slower citrate biodegradation rate allowed more time 
for the solution to move vertically and laterally before citrate was degraded and apatite 
precipitated. 
 
Repeated infiltration cycles of the solution followed by a week of no infiltration to allow for 
reactions to form apatite (and the solution to drain) resulted in an increase in precipitate mass at 
depth for each subsequent infiltration (Figure 5.9).  In addition, there was additional apatite 
precipitate laterally from the infiltration point.  This did not appear to result from an increased 
width of moisture (Figure 4.70). 
 
Solution infiltration into systems with simple heterogeneities (i.e., single low-K lens) was most 
effectively treated by the infiltration strategy of rapid solution infiltration (to transport the 
solution to depth with minimal PO4 sorption and citrate biodegradation) followed by slow water 

 
Figure 5.7.  Influence of increasing infiltration rate on 
vertical and lateral apatite distribution. 

 
Figure 5.8.  Apatite precipitate with infiltration at 10 mM 
(a), 30 mM (b), and 60 mM (c) PO4 concentration. 
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infiltration (to move additional reactants to depth and allow time for lateral spread of the solution 
at depth).  A single infiltration event using this infiltration scenario resulted in the highest 
concentration of apatite within the low-K zone (due to retention of high water content), and 
moderate apatite precipitate concentration in most of the sediment profile except the top quarter 
(Figure 5.10a).  Repeated infiltration cycles did build up precipitate mass within the low-K zone, 
as well as above and below the low-K zone (Figure 5.10b). 
 
Infiltration into a large 2-D system (8 ft high by 4 ft wide) that was half that of field scale 
containing many discontinuous low-K and high-K zones (Figure 5.11) was focused on the effec-
tiveness of treatment with depth in the different layers.  At the initial rapid infiltration rate of the 
solution for 1.2 hours, then water for 2.0 hours, the solution migrated vertically within hours 
(Figure 5.11a), and drained 
by 23 hours (Figure 5.11b).  
Significant lateral move-
ment is observed in low-K 
zones (white) and fingering 
in high-K zones 
(Figure 5.11c). 
 
The final water content with 
depth directly beneath the 
infiltration source (left top 
of system) clearly shows a 
relatively uniform low 
water content for the 
medium-grained sediment 
throughout the 8-ft profile 
(caused by drainage), with 
higher water content for the 
bottom 20 cm (Figure 5.12a; 

 
Figure 5.9.  Apatite precipitate for sequential infiltration with 1 week between doses. 

 
Figure 5.10.  Apatite for sequential infiltration with 1 week between 
doses (low-K zone). 
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full 2-D water content pro-
file in Figure 4.81).  For the 
area the solution infiltrated 
into, the apatite distribution 
was relatively uniform in 
the upper half of the system 
for the medium grained 
sediment (~0.6 mg/g PO4) 
and about half that concen-
tration in the lower half of 
the system (~0.3 mg/g PO4, 
Figure 5.12b; full 2-D 
apatite concentration in 
Figure 4.82).  Although the 
solution drained to low 
water content by 23 hours, 
there was sufficient time the 
solution stayed in the 

medium-grained sediment to form apatite precipitate.  The low-K porous media reflected more 
variability throughout the profile, but was generally lower in the upper half of the system (0 to 
0.6 mg/g PO4) and higher in the lower half of the system (0.2 to 0.8 mg/g PO4).  The high-K 
layers received ineffective treatment, due to very low water content at all times. 
 
An alternate method to deliver Ca-citrate-PO4 solution to unsaturated sediments consisted of air 
injection with a surfactant (foam) and 1% water content (containing the Ca-citrate-PO4 solution).  
As this solution is being primarily advected through air-filled pores, there is more rapid foam 
transport in high-K zones (initially).  Over time, as the foam breaks down, the liquid is deposited 
in the porous media, increasing the water content (and foam injection pressure).  In homoge-
neous sediment, this “rind” of higher water content deposits at the limit of foam breakdown, and 
slowly increases in size over time.  In heterogeneous systems (low-K and high-K zones), a more 

dynamic water deposition pattern occurs, 
with high-K zones maintaining low water 
content (i.e., foam advection in these zones 
maintaining the high air content) and 
higher residual water content in low-K 
zones, which have lower air permeability, 
especially with some water content. 
 
In contrast to Ca-citrate-PO4 solution infil-
tration, the apatite precipitate distribution 
for these foam-injected solution did not, 
reflect the water content profile.  Precipi-
tate was relatively uniformly deposited at a 
very high concentration at the injection 
point (6 mg/g PO4), and at a moderate 
concentration in the zone adjacent to the 

 
Figure 5.11.  Solution infiltration in large 2-D system (8 ft high x 4 ft 
wide) at a) 1 hour, b) 23 hours, and c) close-up at 3 hours. 
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Figure 5.12.  Final water content and PO4 vertically 
beneath the infiltration stream for large 2-D infiltration 
system. 
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high-K zone and within the high-K zone (Figure 4.86).  There was low to no apatite precipitate 
in the low-K zones, although there was apatite in the medium-grained sediment around low-K 
zones.  This deposition pattern reflects air advection and the water deposition migration “halo” 
(Figure 4.85).  The reason for the very high apatite concentration at the injection location is the 
relatively long time scale for foam injection actually moves only a small amount of Ca-citrate-
PO4 mass into the porous media, so biodegradation was apparently taking place near the 
injection location.  In general, foam injection showed promising results and warrants further 
investigation.  Additional processes need to be understood such as the influence of the 1% Na 
associated with the surfactant on Sr mobility during the foam injection, and additional testing of 
the buildup of pressure during injection. 
 
In summary, the Ca-citrate-PO4 solution can be infiltrated into unsaturated sediments to result in 
apatite precipitate to provide effective treatment of Sr-90 contamination.  After 1.3 years of 
contact, 9 to 16% Sr-90 had substituted for Ca in apatite.  Sr-90 substitution in apatite did not 
decrease with depth due to the 20-30 nm apatite crystals conglomerated forming a porous 10 to 
50 micron conglomerate precipitate.  Microbial redistribution during solution infiltration and a 
high rate of citrate biodegradation for river water microbes (water used for solution infiltration) 
results in a relatively even spatial distribution of the citrate biodegradation rate and ultimately 
apatite precipitate.  Manipulation of the Ca-citrate-PO4 solution infiltration strategy can be used 
to result in apatite precipitate in the lower half of the vadose zone (where most of the Sr-90 is 
located) and within low-K layers (which are hypothesized to have higher Sr-90 concentrations).  
The most effective infiltration strategy to precipitate apatite at depth was to infiltrate a high 
concentration solution (6 mM Ca, 15 mM citrate, 60 mM PO4) at a rapid rate (near ponded 
conditions), followed by rapid, then slow water infiltration (Szecsody et al. 2008).  Repeated 
infiltration events, with sufficient time between events to allow water drainage in the sediment 
profile can be used to buildup the mass of apatite precipitate at greater depth.  Low-K hetero-
geneities were effectively treated, as the higher residual water content maintained in these zones 
resulted in higher apatite precipitate concentration.  High-K zones did not receive sufficient 
treatment by infiltration, although an alternative strategy of air/surfactant (foam) was demon-
strated effective for targeting high-K zones.  The flow rate manipulation used in this study to 
treat specific depths and heterogeneities are not as easy to implement at field scale due to the 
lack of characterization of heterogeneities and ability to monitor the wetting front during 
infiltration.  However, the use of real-time surface and cross-borehole geophysics can be used to 
track the infiltrating Ca-citrate-PO4 front so adjustments can be made in the infiltration rate to 
precipitate apatite in desired zones.  In addition, the reactive transport code used in this study 
with field-scale physical parameters for sediments can be used to evaluate infiltration rates along 
with preliminary water infiltration tests at field scale. 
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A.1 Task 1 – Apatite Formation:  Citrate Mineralization 
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A.2 Task 1 – Apatite/PO4 Measurement in Sediment 
 
Method 1.  Acid extraction and aqueous measurement of PO4. 
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Y106.  Test method – addition of apatite and PO4 measurement. 
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Y150.  Apatite extraction of laboratory-treated sediments. 
 
0.5M HNO3 extraction times 15 minutes 
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Method 2.  Fluorescence of F-substituted apatite in sediment. 
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Method 3.  FTIR 
 
Line 1 = apatite; line 2 = 10% Sr-apatite; line 3 = Sr(OH)2; line 4 Sr-PO4 
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PO4 Sorption to Sediment. 
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A.3 Task 2 – PO4 Infiltration into 1-D Sediment Columns 
 
Y89.  Ca-citrate-PO4 (10 mM) infiltration into 1-D column, 0.002 mL/minute, 50 cm length. 
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Y90.  Ca-citrate-PO4 (10 mM) infiltration into 1-D column, 0.005 mL/minute, 50 cm length. 
 

0

10

20

30

40

50

0 0.25 0.5 0.75 1
PO4 (mg/g)

de
pt

h 
(c

m
)

Y90 1D Infiltration 
  at 1.0 cm/h 
injected: 10 mM PO4
eluded:   2.39 mM
ppt: 7.61 mM  (76.1%)

 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7 8 9 10 11
pore vol

PO4

Y90 1D Infiltration at 1.0 cm/h (Q = 0.31 mL/h)
injected: 10 mM PO4
eluded:   2.39 mM
ppt: 7.61 mM  (76.1%)

PO
4 

(m
m

ol
/L

)

 
 
 
 



 

A.13 

Y91.  Ca-citrate-PO4 (20 mM) infiltration into 1-D column, 0.005 mL/minute, 50 cm length. 
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Y92. Ca-citrate-PO4 (10 mM) infiltration into 1-D column, 0.02 mL/minute, 50 cm length. 
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Y89-92. 
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Y89-92. 
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Y164.  Ca-citrate-PO4 (40 mM) infiltration into 1-D column, 12-ft high, 6.5 mL/minute 
(37 minutes), then river water infiltration at 4.2 mL/minute (31 minutes). 
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Y164A.  Ca-citrate-PO4 (40 mM) infiltration into 1-D column, 12-ft high, 6.5 mL/minute 
(19 minutes), then 4.2 mL/minute (47 minutes). 
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Y177.  Ca-citrate-PO4 (40 mM) infiltration into 1-D column, 30 ft long, 0.29 mL/hour x 24 hours. 
Live in situ and live injected microbial populations. 
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Y178.  Ca-citrate-PO4 (40 mM) infiltration into 1-D column, 30 ft long, 2.9 mL/hour x 24 hours. 
Live in situ and live injected microbial populations. 
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Y179.  Ca-citrate-PO4 (10 mM) infiltration into 1-D column, 30 ft long, 0.34 mL/hour x 24 hours. 
Live in situ and live injected microbial populations. 
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Y180.  Ca-citrate-PO4 (40 mM) infiltration into 1-D column, 30 ft long, 0.29 mL/hour x 24 hours. 
Live in situ microbial population, no injected microbes (filtered river water). 
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Y181.  Ca-citrate-PO4 (40 mM) infiltration into 1-D column, 30 ft long, 0.29 mL/hour x 24 hours. 
Live injected microbial population, killed in situ microbial population. 
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Y162.  Foam (surfactant) injection at 2.5 mL/hour (N2) with 1% 30 mM Ca-citrate-PO4 into 
20-ft long 1-D column, 60 psi maximum.  Sediment <4 mm 100-N composite. 
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Y163.  Foam (surfactant) injection at 3.9 mL/hour (N2) with 1% 40 mM Ca-citrate-PO4 into 
25-ft long 1-D column, 110 psi maximum.  Sediment <10 mm and >0.5 mm 100-N. 
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Y162,Y163 support experiments. 
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EMSL 1-D system. 
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EMSL 1-D system. 
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A.4 Task 3 – Sr-90 Ion Exchange on Sediment and Apatite 
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A.5 Task 3 – Sr-90 Ion Exchange and Incorporation in Apatite 
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A.6 Task 4 – Simulation of Sr Incorporation into Apatite 
 
Calculation of Sr mass fraction on ion exchange sites of apatite and sediment at different 
sediment/apatite/water ratios. 

 
 
Equilibrium cation exchange calculation using Gaines-Thomas activity convention with a single 
site (no K and no Mg). 
 

from experimental/field data:
aq conc aq conc aq conc

Species (mg/L) (mol/L) (mmol/L)
Na 22 9.57E-04 0.957
K 0.82 2.10E-05 0.021

Ca 22 5.50E-04 0.550
Mg 4.3 1.77E-04 0.177
Sr 0.1 1.14E-06 0.001

(100N gw from T43,Y83-88)  

CEC (meq/100 g) 4.00
Species Charge Aqueous conc [mmol/kg]

Na 1 1.00E+00
K 1 0.00E+00

Ca 2 5.50E-01
Mg 2 0.00E+00
Sr 2 1.14E-03

Selectivity coefs.
K Na\K 0.20

K Na\Ca 0.40
K Na\Mg 0.50
K Na\Sr 0.40  

 
 

sed. apatite
mass mass adsorbed adsorbed

Activity Adsorbed conc. apatite sed mass mass
Final β qm (mmol/100 g) Effective Kd (g) (g) (mmol) (mmol)

4.13E-01 1.651431704 Na 1.6514 0.0175 1 0.016514 0.01549
0.00E+00 0 K #DIV/0! 0.0175 1 0 0
5.86E-01 2.343710422 Ca 4.2613 0.0175 1 0.023437 0.021984
0.00E+00 0 Mg #DIV/0! 0.0175 1 0 0
1.21E-03 0.004857873 Sr 4.2613 0.0175 1 4.86E-05 4.56E-05

1.000 4.000  = sum
 

             ion exchange equilibrium
Kd, apa. Kd, sed. apatite sediment volume fraction fraction sorbed fraction sorbed fraction sorbed

system # (cm3/g) (cm3/g) mass (g) mass (g) (mL) aqueous on apatite on sediment total
laboratory systems
Sr/apatite only 1 1350 0.0038 50 0.9069 0.0931 0 0.0931

2 1350 0.0038 1.0 0.1631 0.8369 0 0.8369

Sr/sediment only 3 25 0.0038 50 0.9981 0 0.0019 0.0019
4 25 0.0038 1.0 0.9132 0 0.0868 0.0868

Sr/apatite/sed. 5 1350 25 0.0038 0.0038 50 0.9054 0.0929 0.0017 0.0946
6 1350 25 0.0038 0.0038 1.0 0.1606 0.8241 0.0153 0.8394
7 1350 25 0.0038 1.0 50 0.6240 0.0640 0.3120 0.3760
8 1350 25 0 1.0 50 0.6667 0.0000 0.3333 0.3333

field systems
Sr/sediment only 9 1350 25 0 1.0 0.2 0.0079 0.0000 0.9921 0.9921
Sr/sed./apatite 10 1350 25 0.00038 1.0 0.2 0.0078 0.0200 0.9723 0.9922
Sr/sed./apatite 11 1350 25 0.0038 1.0 0.2 0.0066 0.1691 0.8243 0.9934
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Equilibrium cation exchange calculation using Gaines-Thomas activity convention with a single 
site (no K and no Mg). 
 

CEC (meq/100 g) 4
Species Charge Aqueous conc [mmol/kg]

Na 1 100.00
K 1 10.00

Ca 2 100.00
Mg 2 10.00
Sr 2 10.00

Selectivity coefs.
K Na\K 0.2

K Na\Ca 0.4
K Na\Mg 0.5
K Na\Sr 0.4  

 
Activity Adsorbed conc.
Final β qm (mol/100 g) Effective Kd

6.46E-01 2.585606654 Na 0.0259
3.23E-01 1.292803327 K 0.1293
2.61E-02 0.104458778 Ca 0.0010
1.67E-03 0.006685362 Mg 0.0007
2.61E-03 0.010445878 Sr 0.0010  
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Geochemical Equilibrium Reaction Simulation (Geochemist Work Bench). 
Ca-citrate equilibrium versus pH (deionized water, not groundwater). 
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Geochemical Equilibrium Reaction Simulation (Geochemist Work Bench). 
Simulation 2:  10 mM Na-citrate in oxic groundwater to determine citrate complexes. 
 
Aqueous species molality mg/kg sol'n act. coef. log act. 
----------------------------------------------------------------------------------------- 
   Na+ 0.02983 683.2 0.8261 -1.6084 
   Cl- 0.008568 302.7 0.8261 -2.1501 
   Ca-Citrate- 0.005089 1162. 0.8261 -2.3764 
   Citrate--- 0.003532 665.5 0.1791 -3.1988 
   HCO3- 0.002622 159.4 0.8261 -2.6644 
   HPO4-- 0.001888 180.6 0.4657 -3.0559 
   Na-Citrate-- 0.0008160 172.4 0.4657 -3.4202 
   SO4-- 0.0006385 61.11 0.4657 -3.5268 
   H4SiO4 0.0005401 51.72 1.0108 -3.2628 
   Mg-Citrate- 0.0005252 111.7 0.8261 -3.3627 
   NaHPO4- 0.0002779 32.94 0.8261 -3.6391 
   K+ 0.0002044 7.963 0.8261 -3.7725 
   Ca++ 0.0001822 7.275 0.4657 -4.0714 
   H2PO4- 0.0001714 16.56 0.8261 -3.8489 
   NaCl (aq) 9.135e-005 5.319 1.0108 -4.0346 
   H2CO3* (aq) 5.162e-005 3.190 1.0108 -4.2825 
   NaSO4- 4.840e-005 5.741 0.8261 -4.3982 
   H-Citrate-- 3.306e-005 6.261 0.4657 -4.8127 
   CaHPO4 (aq) 3.105e-005 4.210 1.0108 -4.5032 
   NaHCO3 (aq) 2.888e-005 2.417 1.0108 -4.5347 
   F- 2.732e-005 0.5171 0.8261 -4.6465 
   Mg++ 2.004e-005 0.4855 0.4657 -5.0300 
   CO3-- 1.959e-005 1.171 0.4657 -5.0400 
   CaPO4- 9.059e-006 1.219 0.8261 -5.1259 
   NaH2PO4 (aq) 6.084e-006 0.7273 1.0108 -5.2111 
   H3SiO4- 5.998e-006 0.5684 0.8261 -5.3050 
   NaCO3- 5.826e-006 0.4818 0.8261 -5.3176 
   CaSO4 (aq) 5.444e-006 0.7384 1.0108 -5.2594 
   MgHPO4 (aq) 4.716e-006 0.5653 1.0108 -5.3217 
   Na2HPO4 (aq) 4.196e-006 0.5935 1.0108 -5.3725 
   K-Citrate-- 2.783e-006 0.6327 0.4657 -5.8875 
   CaHCO3+ 2.604e-006 0.2623 0.8261 -5.6673 
   Sr-Citrate- 2.296e-006 0.6329 0.8261 -5.7221 
   CaCl+ 1.776e-006 0.1337 0.8261 -5.8335 
   KHPO4- 1.230e-006 0.1655 0.8261 -5.9932 
   CaH-Citrate (aq) 9.620e-007 0.2206 1.0108 -6.0122 
   OH- 8.295e-007 0.01406 0.8261 -6.1641 
 
(minor species <10-7 mol/L not shown) 
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Simulation 3:  4 mM Ca, 10 mM citrate, and 2.4 mM PO4 in oxic groundwater to determine 
citrate complexes (field injection mix #1). 
 
Aqueous species molality mg/kg sol'n act. coef. log act. 
 ----------------------------------------------------------------------------------------- 
   Na+ 0.02956 677.6 0.8202 -1.615 
   Citrate--- 0.006643 1252. 0.1680 -2.9523 
   HCO3- 0.002625 159.7 0.8202 -2.6670 
   Na-Citrate-- 0.001458 308.3 0.4526 -3.1806 
   Ca-Citrate- 0.001294 295.7 0.8202 -2.9741 
   Cl- 0.0006559 23.19 0.8202 -3.2692 
   SO4-- 0.0006447 61.75 0.4526 -3.5349 
   H4SiO4 0.0005401 51.75 1.0120 -3.2624 
   Mg-Citrate- 0.0005387 114.6 0.8202 -3.3547 
   K+ 0.0002040 7.954 0.8202 -3.7764 
   H-Citrate-- 6.000e-005 11.37 0.4526 -4.5661 
   H2CO3* (aq) 5.125e-005 3.170 1.0120 -4.2851 
   NaSO4- 4.708e-005 5.588 0.8202 -4.4132 
   NaHCO3 (aq) 2.822e-005 2.364 1.0120 -4.5442 
   F- 2.736e-005 0.5183 0.8202 -4.6489 
   Ca++ 2.682e-005 1.072 0.4526 -4.9157 
   CO3-- 2.003e-005 1.198 0.4526 -5.0426 
   Mg++ 1.190e-005 0.2886 0.4526 -5.2686 
   NaCl (aq) 6.826e-006 0.3978 1.0120 -5.1606 
   H3SiO4- 6.047e-006 0.5734 0.8202 -5.3045 
   NaCO3- 5.741e-006 0.4751 0.8202 -5.3271 
   K-Citrate-- 5.006e-006 1.139 0.4526 -5.6448 
   Sr-Citrate- 2.415e-006 0.6663 0.8202 -5.7031 
   OH- 8.356e-007 0.01417 0.8202 -6.1641 
   CaSO4 (aq) 7.638e-007 0.1037 1.0120 -6.1118 
   NaF (aq) 5.185e-007 0.02170 1.0120 -6.2801 
   KSO4- 3.828e-007 0.05158 0.8202 -6.5031 
   CaHCO3+ 3.732e-007 0.03762 0.8202 -6.5141 
   Ba-Citrate- 3.663e-007 0.1192 0.8202 -6.5223 
   MgSO4 (aq) 2.716e-007 0.03260 1.0120 -6.5608 
   CaH-Citrate (aq) 2.426e-007 0.05568 1.0120 -6.6099 
   MgHCO3+ 1.602e-007 0.01363 0.8202 -6.8815 
   Sr++ 1.457e-007 0.01273 0.4526 -7.1809 
   H4SiO4SO4-- 1.002e-007 0.01921 0.4526 -7.3432 
   Fe-Citrate (aq) 5.358e-008 0.01308 1.0120 -7.2658 
   Fe(OH)2+ 4.960e-008 0.004444 0.8202 -7.3906 
   MgH-Citrate (aq) 4.679e-008 0.01000 1.0120 -7.3247 
   KCl (aq) 4.583e-008 0.003407 1.0120 -7.3336 
   MgCO3 (aq) 4.266e-008 0.003587 1.0120 -7.3648 
 
(minor species concentration not shown) 
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Simulation 4.  This represents injection of 5 mM citrate and 2.5 mM acetate and 2.5 mM formate 
(i.e., half of the 10 mM citrate is degraded).  The concentrations of acetate and formate are 
unrealistically high as there are further degradation products. 
 
Aqueous species molality mg/kg sol'n act. coef. log act. 
 ---------------------------------------------------------------------------------------------------- 
   Na+ 0.03049 698.8 0.8421 -1.5905 
   Cl- 0.008553 302.3 0.8421 -2.1425 
   Ca-Citrate- 0.004025 919.6 0.8421 -2.4699 
   HCO3- 0.002605 158.5 0.8421 -2.6588 
   Formate- 0.002465 110.6 0.8421 -2.6828 
   Acetate- 0.002441 143.7 0.8421 -2.6870 
   HPO4-- 0.001694 162.1 0.5030 -3.0695 
   Ca++ 0.0009658 38.59 0.5030 -3.3136 
   SO4-- 0.0006071 58.14 0.5030 -3.5152 
   H4SiO4 0.0005403 51.77 1.0081 -3.2639 
   Citrate--- 0.0004182 78.84 0.2130 -4.0502 
   Mg-Citrate- 0.0004084 86.89 0.8421 -3.4636 
   Al(OH)4- 0.0003897 36.92 0.8421 -3.4839 
   NaHPO4- 0.0002753 32.65 0.8421 -3.6348 
   K+ 0.0002066 8.054 0.8421 -3.7595 
   CaHPO4 (aq) 0.0001728 23.44 1.0081 -3.7589 
   H2PO4- 0.0001630 15.76 0.8421 -3.8625 
   Na-Citrate-- 0.0001109 23.44 0.5030 -4.2537 
   Mg++ 0.0001045 2.532 0.5030 -4.2795 
   NaCl (aq) 9.713e-005 5.659 1.0081 -4.0091 
   H2CO3* (aq) 5.243e-005 3.242 1.0081 -4.2769 
   NaSO4- 5.080e-005 6.030 0.8421 -4.3687 
   CaPO4- 4.932e-005 6.641 0.8421 -4.3816 
   Na-Acetate (aq) 3.759e-005 3.074 1.0081 -4.4214 
   Fe(OH)2+ 3.350e-005 3.002 0.8421 -4.5495 
   CaSO4 (aq) 3.210e-005 4.357 1.0081 -4.4900 
   Ca-Formate+ 3.135e-005 2.660 0.8421 -4.5783 
   NaHCO3 (aq) 3.057e-005 2.560 1.0081 -4.5112 
   F- 2.706e-005 0.5126 0.8421 -4.6422 
   MgHPO4 (aq) 2.580e-005 3.094 1.0081 -4.5848 
   CO3-- 1.837e-005 1.099 0.5030 -5.0343 
   Ca-Acetate+ 1.746e-005 1.725 0.8421 -4.8326 
   CaHCO3+ 1.482e-005 1.494 0.8421 -4.9038 
   Al-(Citrate)2--- 1.393e-005 5.629 0.2130 -5.5275 
   CaCl+ 1.015e-005 0.7645 0.8421 -5.0681 
   NaH2PO4 (aq) 6.161e-006 0.7370 1.0081 -5.2068 
   NaCO3- 6.033e-006 0.4993 0.8421 -5.2941 
   H3SiO4- 5.870e-006 0.5566 0.8421 -5.3060 
   Mn+++ 5.461e-006 0.2991 0.2130 -5.9343 
   Na2HPO4 (aq) 4.428e-006 0.6267 1.0081 -5.3503 
   H-Citrate-- 4.310e-006 0.8168 0.5030 -5.6640 
   Mg-Formate+ 3.486e-006 0.2410 0.8421 -5.5323 
   Al(OH)3 (aq) 3.314e-006 0.2577 1.0081 -5.4762 
   Fe-Citrate (aq) 2.978e-006 0.7273 1.0081 -5.5226 
   MgSO4 (aq) 2.783e-006 0.3339 1.0081 -5.5520 
   Mg-Acetate+ 2.334e-006 0.1940 0.8421 -5.7065 
   MgCl+ 1.740e-006 0.1037 0.8421 -5.8340 
   Fe(OH)4- 1.676e-006 0.2070 0.8421 -5.8503 
   CaH2PO4+ 1.632e-006 0.2230 0.8421 -5.8619 
   MgHCO3+ 1.550e-006 0.1319 0.8421 -5.8842 
   Sr-Citrate- 1.402e-006 0.3868 0.8421 -5.9279 
   CaCO3 (aq) 1.239e-006 0.1236 1.0081 -5.9035 
   Fe(OH)3 (aq) 1.214e-006 0.1293 1.0081 -5.9123 
   KHPO4- 1.205e-006 0.1622 0.8421 -5.9938 
   H-Acetate (aq) 1.162e-006 0.06958 1.0081 -5.9313 
   Sr++ 9.790e-007 0.08552 0.5030 -6.3077 



 

A.48 

Simulation 5.  This represents all the citrate being degraded to 5 mM acetate and 5 mM formate.  
Again, this is rather unrealistic, but an endpoint. 
 
Aqueous species molality mg/kg sol'n act. coef. log act. 
 ---------------------------------------------------------------------------------------------------------- 
   Na+ 0.03064 702.9 0.8355 -1.5917 
   Cl- 0.008518 301.3 0.8355 -2.1477 
   Acetate- 0.004768 280.9 0.8355 -2.3997 
   Formate- 0.004730 212.4 0.8355 -2.4032 
   Ca++ 0.004046 161.8 0.4874 -2.7051 
   HCO3- 0.002555 155.5 0.8355 -2.6707 
   HPO4-- 0.001304 124.9 0.4874 -3.1967 
   H4SiO4 0.0005402 51.80 1.0092 -3.2635 
   SO4-- 0.0005304 50.84 0.4874 -3.5875 
   CaHPO4 (aq) 0.0005228 70.96 1.0092 -3.2777 
   Mg++ 0.0004113 9.976 0.4874 -3.6980 
   Al(OH)4- 0.0002754 26.11 0.8355 -3.6381 
   Ca-Formate+ 0.0002442 20.73 0.8355 -3.6903 
   K+ 0.0002072 8.083 0.8355 -3.7617 
   NaHPO4- 0.0002065 24.50 0.8355 -3.7632 
   CaPO4- 0.0001505 20.28 0.8355 -3.9004 
   Ca-Acetate+ 0.0001384 13.69 0.8355 -3.9368 
   H2PO4- 0.0001225 11.86 0.8355 -3.9897 
   Mn+++ 0.0001183 6.485 0.1985 -4.6293 
   CaSO4 (aq) 0.0001102 14.97 1.0092 -3.9539 
   NaCl (aq) 9.563e-005 5.576 1.0092 -4.0155 
   MgHPO4 (aq) 7.336e-005 8.804 1.0092 -4.1306 
   Na-Acetate (aq) 7.258e-005 5.940 1.0092 -4.1352 
   CaHCO3+ 5.898e-005 5.949 0.8355 -4.3073 
   H2CO3* (aq) 5.096e-005 3.153 1.0092 -4.2888 
   NaSO4- 4.323e-005 5.135 0.8355 -4.4422 
   CaCl+ 4.104e-005 3.093 0.8355 -4.4648 
   NaHCO3 (aq) 2.963e-005 2.483 1.0092 -4.5243 
   F- 2.632e-005 0.4989 0.8355 -4.6577 
   Mg-Formate+ 2.552e-005 1.765 0.8355 -4.6712 
   CO3-- 1.844e-005 1.104 0.4874 -5.0463 
   Mg-Acetate+ 1.739e-005 1.446 0.8355 -4.8377 
   Fe(OH)2+ 1.319e-005 1.182 0.8355 -4.9579 
   MgSO4 (aq) 8.978e-006 1.078 1.0092 -5.0429 
   MgCl+ 6.613e-006 0.3943 0.8355 -5.2576 
   H3SiO4- 5.922e-006 0.5619 0.8355 -5.3056 
   NaCO3- 5.900e-006 0.4885 0.8355 -5.3072 
   MgHCO3+ 5.799e-006 0.4937 0.8355 -5.3147 
   CaH2PO4+ 4.981e-006 0.6811 0.8355 -5.3808 
   CaCO3 (aq) 4.887e-006 0.4880 1.0092 -5.3070 
   NaH2PO4 (aq) 4.580e-006 0.5482 1.0092 -5.3352 
   Na2HPO4 (aq) 3.282e-006 0.4648 1.0092 -5.4799 
   Al(OH)3 (aq) 2.321e-006 0.1806 1.0092 -5.6303 
   H-Acetate (aq) 2.250e-006 0.1348 1.0092 -5.6439 
   Sr++ 2.141e-006 0.1872 0.4874 -5.9815 
   MgCO3 (aq) 1.578e-006 0.1327 1.0092 -5.7980 
   KHPO4- 9.012e-007 0.1215 0.8355 -6.1232 
   OH- 8.201e-007 0.01391 0.8355 -6.1642 
 
( minor species not shown) 
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Field Sr-90 ion exchange/incorporation, 1 g sediment, 0.0034 g apatite (10 mM PO4), 0.2 mL. 
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Lab Sr-90 ion exchange/incorporation, 1 g sediment, 0.0038 g apatite, 50 mL. 
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Solid Species (6) 
 
C5H7O2N  (microbes) 
Sr(h)CO3(s) 
Sr(c)CO3(s) CaCO3(s) 
Apatite 
HPO4--(ads) 
 
Exchanged Species (6) 
 
Gaines-Thomas activity 
convention 
NaX,Na+ 
KX,K+ 
Sr(c)X2,Sr(c)++ 
Sr(h)X2,Sr(h)++ 
MgX2,Mg++ 
CaX2,Ca++ 
 

A.7 Task 4 – 1-D/2-D Simulation of Ca-Citrate-PO4 Infiltration 
 
STOMP Reactive Transport Simulations (batch,1-D, 2-D) of Ca-citrate-PO4 injection, cation 
adsorption by ion exchange to sediment and apatite, citrate biodegradation, apatite precipitation, 
and Sr incorporation into apatite. 
 
Aqueous Species (51) 
CO3-- 
Ca++ 
Ca-citrate 
CaCO3(aq) 
CaCl+ 
CaH2PO4+ 
CaHCO3+ 
CaHPO4(aq) 
CaNO3+ 
CaOH+ 
CaPO4- 
Cl- 
H+ 
H2CO3(aq) 
H2PO4- 
HCO3- 
HPO4-- 
K+ 
KCl(aq) 
KHPO4- 
Mg++ 
MgCO3(aq) 
MgHCO3+ 
MgHPO4(aq) 
MgNO3+ 
MgOH+ 
MgPO4- 
NH4+ 
NO3- 
Na+, 
NaCO3- 
NaCl(aq) 
NaHCO3(aq) 
NaHPO4- 
NaNO3(aq) 
O2(aq) 
OH- 
Sr(c)++ 
Sr(c)CO3(aq) 
Sr(c)Cl+ 
Sr(c)HCO3+ 
Sr(c)HPO4(aq) 
Sr(c)NO3+ 
Sr(c)OH+ 
Sr(h)++ 
Sr(h)CO3(aq) 
Sr(h)Cl+ 
Sr(h)HCO3+ 
Sr(h)HPO4(aq) 
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Sr(h)NO3+ 
Sr(h)OH+ 
 
STOMP Equilibrium Reactions (42) 
 
Ca-citrate- = citrate--- + Ca++            -4.9198 
Na-citrate-- = citrate--- + Na+    -1.3842 
Mg-citrate- = citrate--- + Mg++    -4.8403 
H-citrate-- = citrate--- + H+    -6.3755 
K-citrate-- = citrate--- + K+    -1.0663 
Sr-citrate- = citrate--- + Sr++    -4.4300 
CaH-citrate(aq) = citrate--- + Ca++ + H+ -9.2598 
CaCl+ = Ca++ + Cl-      -0.3757 
NaCl(aq) = Na+ + Cl-     0.2503 
H2CO3(aq) = 2H+ + CO3--     -16.8513 
HCO3- = H+ + CO3--      -10.4212 
HPO4-- = H+ + PO4---     -12.4675 
NH3(aq) = NH4+ - H+      9.5703 
NH4SO4- = NH4+ + SO4--     -1.03 
NaSO4- = Na+ + SO4--     -0.7342 
CaSO4(aq) = Ca++ + SO4--     -2.3157 
NaNO3(aq) = Na+ + NO3-     0.55 
NaHPO4- = Na+ + H+ + PO4---    -13.445 
H2PO4- = 2H+ + PO4---     -19.6858 
CaHPO4(aq) = Ca++ + H+ + PO4---   -15.0541 
NaHCO3(aq) = Na+ + H+ + CO3--    -10.2045 
NaCO3- = Na+ + CO3--     -1.3957 
CaHCO3+ = Ca++ + H+ + CO3--    -11.4425 
CaCO3(aq) = Ca++ + CO3--     -2.4118 
OH- = - H+        14.00 
MgHCO3+ = Mg++ + H+ + CO3--    -11.4605 
MgSO4(aq) = Mg++ + SO4--     -2.2244 
MgCl+ = Mg++ + Cl-      -0.5757 
KCl(aq) = K+ + Cl-     0.2757 
NaX + K+ = KX + Na+      1.322 
2NaX + Mg++ = MgX2 + 2Na+     2.829 
2NaX + Ca++ = CaX2 + 2Na+     3.147 
2NaX + Sr++ = SrX2 + 2Na+     3.218 
NaX + NH4+ = NH4X + Na+      1.322 
Br- = Br-        0.0 
HPO4-- = HPO4--(ads)           999 
NH4+ = NH4+(ads)               999 
Sr-apatite = apatite + 0.01Sr++ - 0.01Ca++   999  
apatite = 5.00Ca++ + 3HPO4-- + H2O - 4H+   999  
0.642C5H7O2N(s) = citrate--- + 0.0725H2O + 0.642NH4+ + 
1.287O2(aq) + 2.358H+ - 2.788H2CO3(aq) 999 
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STOMP Kinetic Reactions 
 
CaCO3(aq) = Ca++ + CO3--  
apatite = 5.00Ca++ + 3HPO4-- + H2O - 4H+ 
SrCO3(aq) = Sr++ + CO3--  
Citrate biodegradation using Monod kinetics 
   0.642C5H7O2N(s) = citrate--- + 0.0725H2O + 0.642NH4+ + 1.287O2(aq) + 2.358H+ -    
   2.788H2CO3(aq) 
HPO4-- = HPO4--(ads) 
Sr-apatite = apatite + 0.01Sr++ - 0.01Ca++ 
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Simulation of 1-D Injection Experiment Y17 (PO4 injection, no citrate). 
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Simulation of 1-D Ca-Citrate-PO4 Injection Experiment Y88. 
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Experiment Y88, simulation 1d
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Experiment Y88, simulation 1d
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Experiment Y88, simulation 1d
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Experiment Y88, simulation 1d
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Experiment Y88, simulation 1d
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Experiment Y88, simulation 1d
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Experiment Y88, simulation 1f
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Experiment Y88, simulation 1f
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Experiment Y88, simulation 1f
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Experiment Y88, simulation 1f
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2-D Unsaturated Simulation of Ca-Citrate-PO4 Infiltration – Laboratory Scale. 
Fine-grained zone in coarse media (EMSL 2-D experiment). 
 
Simulation 1:  0.4 cm/hour, steady-state aqueous saturation 
 

 
 

Simulation 2:  1.6 cm/hour, steady-state aqueous saturation 
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Simulation 1:  0.4 cm/hour, Ca-Citrate-PO4 solution at 200 hours 
 

 
 

Simulation 1:  0.4 cm/hour, apatite concentration at 200 hours 
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Simulation 2:  1.6 cm/hour, apatite concentration at 200 hours 
 

 

apatite (mmol/g) 
 
Simulation 2:  1.6 cm/hour, microbial biomass at 200 hours 
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2-D Unsaturated Simulation of Ca-Citrate-PO4 Infiltration – Laboratory Scale. 
Coarse-grained zone in fine media. 
 
Simulation 3:  0.4 cm/hour, steady-state aqueous saturation 
 

 
 
Simulation 4:  1.6 cm/hour, steady-state aqueous saturation 
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Simulation 3:  0.4 cm/hour, Ca-citrate-PO4 solution concentration at 200 hours 
 

 
 

Simulation 3:  0.4 cm/hour, apatite concentration at 200 hours (mmol/g) 
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Simulation 4:  1.6 cm/hour, apatite concentration at 200 hours (mmol/g) 
 

 
 

  
 
Simulation 4:  1.6 cm/hour, microbial biomass  at 200 hours 
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1-D Steady-state infiltration rate versus water saturation. 
Green = 0.01 in./hour, red = 0.1 in./hour, blue = 1.0 in./hour 
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2-D Field Scale Simulation (2006) with only a few reactions: 
 
1.  citrate biodegradation 
2.  apatite precipitation 
3.  PO4 sorption 
4.  cation ion exchange not included, Kd used. 
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2-D Field Scale Simulation (2006) with only a few reactions:  0.1 cm/hour rate 
 
2 days 

 
 
4 days 

 
 
8 days 

 
 
16 days 

 
 

 
 



 

A.71 

2-D Field Scale Simulation (2006) with only a few reactions:  1.0 cm/hour rate (ponded) 
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A.8 Task 5 – 2-D Infiltration Experiments of Ca-Citrate-PO4 Solution 
 
Y125.  2-D Infiltration of 10 mM Ca-citrate-PO4 solution, 8.33 mL/hour, 17.1 hours. 
Initial uniform water content, 0.036 g/g. 
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Y125. 
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Y126.  2-D Infiltration of 10 mM Ca-citrate-PO4 solution, 3.32 mL/hour, 44 hours. 
Initial uniform water content, 0.015 g/g. 
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Y126. 
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Y127.  2-D Infiltration of 30 mM Ca-citrate-PO4 solution, 3.32 mL/hour, 44 hours. 
Initial uniform water content, 0.015 g/g. 
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Y127. 
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Y128.  2-D Infiltration of 7.4 mM Ca-citrate-PO4 solution, 0.913 mL/hour, 113 hours. 
Initial uniform water content, 0.014 g/g. 
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Y128. 
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Y129.  2-D Infiltration of 30 mM Ca-citrate-PO4 solution, 0.706 mL/hour, 281 hours. 
Initial uniform water content, 0.0148 g/g. 
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Y129. 
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Y130.  2-D Infiltration of 60 mM Ca-citrate-PO4 solution, 0.706 mL/hour, 281 hours. 
Initial uniform water content, 0.0148 g/g. 
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Y130. 
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Y131.  2-D Infiltration of 30 mM Ca-citrate-PO4 solution, 0.28 mL/hour, 430 hours. 
Initial uniform water content, 0.0148 g/g. 
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Y131. 
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Y132.  2-D Infiltration of 30 mM Ca-citrate-PO4 solution, 141.5 mL/hour, 70 minutes. 
Initial uniform water content, 0.0148 g/g. 
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Y132. 
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Y133.  2-D Infiltration of 30 mM Ca-citrate-PO4 solution, 141.5 mL/hour, 70 minutes, then river 
water for 20 minutes.  Initial uniform water content, 0.0148 g/g. 
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Y133. 
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Y125-Y133.  Solution infiltration rate and resulting apatite precipitate shape. 
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Y134.  2-D Infiltration of 60 mM Ca-citrate-PO4 solution, 5.0 mL/hour, 40 hours, then river 
water for 24 hours.  Initial uniform water content, 0.0148 g/g. 
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Y134. 
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Y135.  2-D Infiltration of 60 mM Ca-citrate-PO4 + 2% isopropyl alcohol in river water solution, 
5.0 mL/hour, 24 hours (same as Y134, but with bactericide). 
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Y134, Y135. 
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A.9 Task 5 – Solution Infiltration into 2-D Heterogeneous Systems 
 
Y136.  2-D Infiltration of 60 mM Ca-citrate-PO4 solution, 141.5 mL/hour (30 minutes), 
5 mL/hour (10.1 hours), river water at 5.0 mL/hour (12 hours).  Heterogeneous (high- and low-K 
lenses).  Two upper boxes are low-K; larger lower box is a high-K zone. 
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Y136.  2-D Infiltration of 60 mM Ca-citrate-PO4 solution.  Heterogeneous system. 
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Y136.  2-D Infiltration of 60 mM Ca-citrate-PO4 solution.  Heterogeneous system.  Pictures at 
1 hour, 7 hours, and 11 hours. 
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Y137.  2-D Infiltration of 30 mM Ca-citrate-PO4 solution, 141.5 mL/hour (0.73 hour), river 
water at 1.0 mL/hour (20.3 hours).  Heterogeneous (low-K lens). 
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Y137. 
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Y124.  2-D water infiltration demonstration. 
 

 



 

A.101 

Y124.  2-D water infiltration demonstration. 
 

 



 

A.102 

Y124.  2-D water infiltration demonstration. 
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EMSL-2 experiment.  Ca-citrate-PO4 (30 mM PO4) solution infiltration into a 2-D system with 
low-K zone and lower water table (flowing). 
 
Dye injection after Ca-citrate-PO4 experiment. 
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EMSL-2.  Comparison of experimental and presimulation results. 
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Simulation of Experiment EMSL-2. 
Water Content - Initial Conditions 
 

 

 
 

Water Content – Steady-State Infiltration at Large Time 
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Y190.  2-D Infiltration of 60 mM Ca-citrate-PO4 solution into a sediment system containing 
discontinuous low-K and high-K zones.  Box is 2.44 m (8 ft) high by 1.22 m (4 ft) wide by 
1.1 cm thick.  Solution infiltration at 1260 mL/hour for 75 minutes followed by river water 
infiltration at 1260 mL/hour for 113 minutes. 
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Close up of a portion of Y190 experiment showing solution infiltration at interfaces of low-K 
and high-K layers. 
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Close up of a portion of Y190 experiment showing solution infiltration at interfaces of low-K 
and high-K layers. 
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Y149.  2-D foam injection 20 mL/minute N2 for 22 hours, 1% surfactant (sodium lauryl ether 
sulfate, 3% water with 30 mM Ca-citrate-PO4.  Two low-K lenses. 
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Y149. 
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Y149. 
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Y158.  2-D foam injection 60 mL/minute N2 for 22 hours, 1% surfactant (sodium lauryl ether 
sulfate, 1.88 mL/minute water with 30 mM Ca-citrate-PO4.  Two low-K lenses, one high-K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Y158 Biomass cell counts by AODC 
Y158-HK1 4.13 E7 cells/mL (first effluent sample on high-K side) 
Y158 HK6 8.97 E7 cells/mL (last effluent sample on high-K side) 
Y158 B1 3.25E8 cells/mL (sediment sample at lower left corner [0,0]) 
Y158 B2 1.08E9 cells/mL (sediment sample at injection well [65,0]) 
Capillary rise of material (K1-K4) in Y158. 
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Y158.  2-D foam injection. 
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Y158.  2-D foam injection. 
 

 

   (water content above)     (apatite mass below) 
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A.10 Task 5 – Sequential Solution/Water Infiltration into 2-D Systems 
 
Y172.  2-D Infiltration of 40 mM Ca-citrate-PO4 solution, 2.35 mL/minute x 55 minutes, then 
river water at 0.017 mL/minute x 23 hours (one injection). 
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Y173.  2-D Infiltration of 40 mM Ca-citrate-PO4 solution, 2.35mL/minute x 55 minutes, then 
river water at 0.017 mL/minute x 23 hours (two injections, 1 week apart). 
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Y174.  2-D Infiltration of 40 mM Ca-citrate-PO4 solution, 2.35mL/minute x 55 minutes, then 
river water at 0.017 mL/minute x 23 hours (three injections, 1 week apart). 
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Y175.  2-D Infiltration of 40 mM Ca-citrate-PO4 solution, 2.35 mL/minute x 55 minutes, then 
river water at 0.017 mL/minute x 23 hours (four injections, 1 week apart). 
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Y176.  2-D Infiltration of 40 mM Ca-citrate-PO4 solution, 2.35 mL/minute x 55 minutes, then 
river water at 0.017 mL/minute x 23 hours (four injections, 1 week apart).  Heterogeneous. 
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Y172-176. 
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Y182A.  Large 2-D Infiltration Experiment (8 ft x 4 ft x 0.5 in.) 
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