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Abstract 

The purpose of this study is to evaluate emplacement of phosphate into subsurface sediments in the 
Hanford Site 100-N Area by two different technologies:  groundwater injection of a Ca-citrate-PO4 
solution and water-jet injection of sodium phosphate and/or fish-bone apatite.  Because groundwater 
injections of Ca-citrate-PO4 into the upper portion of the Hanford formation requires injections at high 
river stage, alternate strategies such as Ca-citrate-PO4 solution infiltration and jet injection of phosphate 
mass are also being investigated.  In situ emplacement of phosphate and apatite results in initial adsorption, 
followed by incorporation of Sr-90 into the apatite structure by isomorphic substitution for calcium.  
Sufficient apatite (1.7 mg apatite/g or 0.54 mg PO4/g sediment, occupies 14% of the pore space) needs to 
be emplaced uniformly in both the Hanford formation and Ringold Formation to prevent groundwater 
migration of Sr-90 into the Columbia River.  Sediment cores collected 1 year after high-concentration 
Ca-citrate-PO4 groundwater injections showed the Hanford formation received an average of 0.56 ± 
0.25 mg PO4/g and the Ringold Formation received an average of 0.27 ± 0.11 mg PO4/g.  Phosphate 
precipitation was relatively uniform with distance from the injection well (core samples at radial distance 
of 6.5, 10, and 15.7 ft), likely because the use of the Ca-citrate-PO4 solution allows tens of hours of 
injection before precipitation occurs.  Core analysis also showed that low aqueous Sr-90 values observed 
in the field are caused by incorporation of Sr-90 into apatite (39.4% of the mass by 1 year), and ion 
exchange flushing due to the Ca-citrate-PO4 solution injection (47% of the mass).  Sediments that were jet 
injected with sodium phosphate or fish-bone apatite (or both) showed high phosphate concentrations 
(0.80 to 2.7 mg/g) with multiple (6), closely spaced (~5 ft spacing) injection points.  However, with 
samples taken very close to injection points (1.0, 2.5, and 3.8 ft), it is difficult to assess the relevant areal 
extent at greater distance (i.e., 5 to 20 ft) and to make recommendations regarding future injection point 
spacing greater than 5-ft apart.  Jet injection of sodium phosphate only averaged 1.2 ± 2.0 mg PO4/g of 
sediment (at 1.1 ft), jet injection of fish-bone apatite averaged 1.6 ± 1.4 mg PO4/g (at 1.0 ft), and jet 
injection of sodium phosphate and fish-bone apatite averaged 2.7 ± 3.0 mg PO4/g (at 2.5 ft) and 0.8 ± 
0.5 PO4/g (at 3.8 ft).  High phosphate mass can lead to a decrease in permeability, although it is unclear 
how much pore space the precipitate is occupying for jet injections as the system is likely physically 
altered by liquifaction (fine grained sediments) or fractures.  In addition, jet injection appears to deposit 
more phosphate in finer grained sediments, so the spatial variability of the phosphate mass is much 
greater (standard deviation was 81% of the mean phosphate mass) than Ca-citrate-PO4 injections 
(standard deviation was 43% of the mean).  A mechanism that could explain these results is that finer-
grained sediments are involved in liquifaction during jet injections, which could result in more complete 
mixing of the phosphate in the sediment, whereas dendritic fracture patterns may develop with jet 
injection into coarser grained sediments.  This may also cause some change in the sediment hydraulic 
conductivity.  Overall, both technologies (groundwater injection of Ca-citrate-PO4) and water-jet injection 
of sodium phosphate/fish-bone apatite) delivered sufficient phosphate to subsurface sediments in the 
100-N Area to affect Sr-90 adsorption and precipitation.  Over years to decades, additional Sr-90 will be 
incorporated into the apatite precipitate from all phosphate sources.  Therefore, high pressure water jetting 
does appear to be a viable technology for emplacing phosphate or apatite in shallow subsurface sediments 
(using closely spaced injection points) that are difficult to access by Ca-citrate-PO4 groundwater 
injections.  Further analyses are needed to quantify the relevant areal extent of phosphate deposition (in 
the 5- to 20-ft distance from injection points) and the cause of the high deposition in finer-grained 
sediments. 
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1.1 

1.0 Introduction 

The purpose of this study is to evaluate emplacement of phosphate into subsurface sediments in the 
Hanford Site 100-N Area by two different technologies:  water-jet injection of sodium phosphate and 
groundwater injection of a calcium-citrate-phosphate solution.  In situ emplacement of phosphate leads to 
adsorption and apatite precipitation, and incorporation of Sr-90 into the apatite structure by substitution 
for calcium (LeGeros et al. 1979; Moore et al. 2004).  To prevent groundwater migration of Sr-90 in the 
100-N Area from discharging to the Columbia River, sufficient apatite needs to be emplaced uniformly in 
both the Hanford formation and Ringold Formation (Szecsody et al. 2007, 2009).  For the groundwater 
injection of Ca-citrate-PO4, cores from three boreholes (N-368, N-369, N-370) drilled at different 
distances from an injection well (N-137) were characterized.  For the jet-injection site, cores from four 
boreholes were characterized that included N-217 (sodium phosphate jet-injection area), N-222 (solid 
fish-bone apatite or “Apatite II” [Wright et al. 2004] jet-injection area), and N-219/N-220 (both sodium 
phosphate and fish-bone apatite jet-injection area).  An additional objective of sampling from sites where 
groundwater injection of a Ca-citrate-PO4 solution was performed was to characterize the form of the 
in situ precipitated phosphate (by electron microbe techniques). 

The goal of the injections was to achieve a relatively uniform (aerial and with depth) phosphate 
distribution in subsurface sediments, with an average target concentration of 1.7 mg apatite/g of sediment 
(0.54 mg PO4/g of sediment).  Phosphate analysis was conducted on sediment cores.  The Sr-90 mass 
distribution on sediment was characterized by analysis of a) total Sr-90, b) ion exchangeable Sr-90, and 
c) ion exchangeable strontium and calcium.  To understand the spatial variability in phosphate emplace-
ment, the sediment was physically characterized by measuring grain-size distributions, which were used 
to estimate the saturated hydraulic conductivity using empirical relationships.  Groundwater injections of 
a low concentration Ca-citrate-PO4 (10 mM PO4) were previously analyzed by core analysis and showed a 
relatively uniform phosphate distribution in the aquifer in spite of heterogeneities (Williams et al. 2008; 
Szecsody et al. 2009).  Aqueous breakthrough curve data from high-concentration Ca-citrate-PO4 (40 mM 
PO4) also showed relatively uniform phosphate movement (Vermeul et al. 2010).  Because the jet-
injection technology is relatively new, for the purpose of apatite injection into Hanford sediments, 
sediment chemical analysis and grain-size characterization was needed to understand trends in phosphate 
mass.  Jet injection into relatively coarse-grained formations is reported to follow dendritic patterns 
(ARS Consultants, injection of zero valent iron) whereas jet injection into fine-grained formations can 
liquify the formation, resulting in more complete mixing.  Therefore, finer-grained zones at higher water 
content may be easier to inject into via jetting, and result in a higher phosphate concentration (with less 
areal extent) if the jet-injection process is uniform with depth.  Sr-90 characterization was conducted in 
order to a) identify the Sr-90 in the sediment at an aerial location previously uncharacterized, b) obtain the 
depth distribution, and c) determine how much Sr-90 incorporation into apatite has occurred.  Ion 
exchangeable calcium and strontium are used to characterize how much cation exchange has occurred as 
a result of the jet injections.  The fish-bone apatite that was injected contains 25% to 45% organic matter, 
so some cores were also analyzed for total organic carbon (TOC). 

 



 

2.1 

2.0 Background:  Location of Boreholes 

Three boreholes were drilled near groundwater injection well N-137 (Figure 2.1) approximately 
1 year after high concentration Ca-citrate-PO4 injection (40 mM PO4) to characterize the phosphate and 
Sr-90 distribution in subsurface sediments.  These boreholes were located 6.5 ft from the injection 
(borehole N-368), 10.0 ft from the injection well (borehole N-369), and 15.7 ft from the injection well 
(borehole N-370), as shown in Figure 2.2 (coordinates in Table 2.1).  Aqueous analysis of phosphate from 
these samples associated with injection of Ca-citrate-PO4 solution into N-137 (and nearby N-159) 
indicated that phosphate was distributed over the full distance between the injection and sampling points 
in both the Ringold Formation and Hanford formation.  Phosphate concentration is expected to decrease 
with distance from the injection well, although N-370 (borehole at 15.7 ft from N-137, 9.5 ft from 
Ringold only injection well N-159) also received phosphate from the adjacent injection well N-159. 
 

 

Table 2.1.  Surveyed Location of Groundwater Injection Boreholes 

 

 

Figure 2.1. Injection Well Location in the 
Hanford Site 100-N Area 

 

Figure 2.2. Monitoring Wells and Boreholes near 
N-137  
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To characterize the amount of phosphate and apatite injected by jet injection, four boreholes were 
drilled to 22 to 27 ft depth, with continuous sample collection from 6 ft to total depth.  The location of 
this jet-injection area is 200 to 270 ft to the southwest of N-138 (Figure 2.3).  The surveyed locations 
(Table 2.2) show that well 199-N-222 (C7305; fish-bone injection) is 200 ft southwest of N-138.  The 
location of the other boreholes is calculated from N-222.  Relative to N-222, well N-220 (C7307; 
phosphate and fish-bone injection) is 8.5 ft to the southwest, well N-219 (C7308; phosphate and fish-bone 
injection) is 13 ft to the southwest, and well N-217 (C7310; sodium phosphate injection) is 22 ft to the 
southwest. 

Table 2.2.  Surveyed Location of Jet-Injection Boreholes and Distance to Jet Injections 
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Figure 2.3.  Location of Jet Injections and Boreholes 

 
Two river sediment samples were also collected by Heather Sulloway (Washington Closure Hanford, 

LLC) to measure Sr-90 and phosphate concentrations.  The “T100N3a” sample was from river sediment 
near (i.e., 200 ft northwest) the Ca-citrate-PO4 groundwater injection well N-138, in the zone of elevated 
Sr-90 contamination and may also contain some phosphate (Table 2.3, Figure 2.4).  River sediment 
sample “N outfall” was from a location 1320 ft upriver from T100N3a, in an area of lower Sr-90 
contamination, and should only contain background phosphate. 
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Table 2.3.  Surveyed Location of River Sediment Samples 

 
 

 

Figure 2.4.  Location of River Sediment Samples 
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3.0 Experimental Methods 

3.1 Geochemical Analysis of Cores 

Phosphate mass in sediment was measured using an acid dissolution extraction method.  Acid 
dissolution of the sediment/apatite mixture will result in PO4 from both sediment minerals and the added 
apatite.  Because the added apatite occurs in the form of relatively small (sub micron) crystals, a weak 
acid treatment for a limited amount of time was used to dissolve all the added apatite but dissolve less of 
the sediment mineral phase PO4.  Initial experiments with 0.5 M and 5.0 M HNO3 (Szecsody et al. 2007, 
2009; Chairat et al. 2004) showed that within 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 
cases, indicating that the lower acid concen-
tration was sufficient to remove and quantify 
apatite formed by the treatment processes.  
Ultimately both the 0.5 M and 0.1 M HNO3 
treatments for 15 minutes could be used to 
dissolve the added apatite (Figure 3.1), 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 approximately 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 a prior study, the baseline phosphate for 100-N Area sediments was measured in 11 sediments 
from wells that were obtained before any Ca-citrate-PO4 injections (Szecsody et al. 2009).  For that study, 
11 samples showed an average PO4 background concentration of 0.469 ± 0.051 mg PO4/g sediment, 
which was very close to the PO4 analysis of a physically composited background sample.  Phosphate was 
measured by a Hach 8178 method (Szecsody et al. 2007) and additionally by inductively coupled plasma 
(ICP) analysis of P.  Citrate did not interfere with the PO4 measurement.  In this study, this background 
PO4 value was used as a constant for all reported phosphate values, as measured by the Hach 8178 
method.  It should be noted that although the variability of this background value was small (i.e., 11% of 
the average), there is a small correlation between phosphate with grain-size distribution.  In this study, 
because there were sediment zones containing predominantly silt and clay, additional phosphate back-
ground samples were evaluated for different sediment grain-size distributions (Figure 3.2).  These data 
showed that with finer grained sediments that have higher surface area, somewhat greater phosphate is 
extracted.  For an endpoint (the 300 Area less than 53 micron sieved fraction, Figure 3.2), the extracted 
phosphate was 1.5 mg/g.  None of the 100-N Area sediments with high phosphate were this fine a grain 
size (most were fine sand with silt/clay).  The reported phosphate values that ranged up to 10 mg PO4/g 
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Figure 3.1. Phosphate Extraction from Sediment by 
Acid Dissolution (calibration curve) 
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could, therefore, only be partially attributed to somewhat higher background phosphate (only up to 
1.0 mg/g, as shown in the 100-N Area sieved sediment fractions, Figure 3.2).  Therefore, the reported 
phosphate values in this report for fine-grained sediment do represent real values. 

Chemical extractions were also conducted 
to measure the ion exchangeable Sr-90 
(0.5M Mg(NO3)2 extraction for 1 hour) and an 
acid extraction to dissolve the apatite to measure 
the Sr-90 incorporated into the apatite structure 
0.5M HNO3 for 15 minutes.  Ion exchangeable 
and acid extraction of Sr-90 from subsurface 
sediments prior to any Ca-citrate-PO4 injections 
show that approximately 90% of the Sr-90 is held 
on sediments by ion exchange, and is easily 
removed with the high ionic strength solution even 
after decades of contact time.  The remaining 10% 
of the Sr-90 is hypothesized to be incorporated 
into carbonates (Heslop et al. 2005; Lazic and 
Vukovic 1991; Serne and LeGore 1996). 

Sediment samples were also analyzed for ion exchangeable Ca2+ and Sr2+.  These data are used to 
determine the amount of depletion of the divalent cations in the treatment zone relative to natural (pre-
treatment) conditions, as characterized elsewhere (McKinley et al. 2007; Steefel 2004) with an average 
cation exchange capacity of 2.0 meq/100 g and 100-N Area sediments exchange sites 77.2% saturated in 
Ca2+, 16.8% Mg2+, 4.2% in K+, 2.7% in Na+, and 2.4% in Sr2+ (Szecsody et al. 2007).  Depletion of both 
cations is indicative of the injection of the high ionic strength Ca-citrate-PO4 water (high in Na) and ion 
exchange.  Greater depletion of strontium relative to calcium is indicative of incorporation into apatite 
(Raicevic et al. 1996). 

Ten sediment samples taken from the fish-bone apatite jet-injection area were analyzed for TOC to 
characterize how much organic matter was injected with the apatite.  This analysis consists of a total 
carbon pyrolysis of the sediment at 900ºC (both organic and inorganic carbon) and an inorganic carbon 
digestion by phosphoric acid at 200ºC in a Shimadzu TOC-5000A carbon analyzer with solid sample 
module.  Organic carbon content is the total carbon minus inorganic carbon content.  The detection limit 
was 0.002% carbon, and analytical precision was 0.005%.  Experiments were also conducted with the 
fish-bone apatite laden sediment to determine if the organic matter held more Sr-90 (Bellin and Rao 
1993), then when the biomass died, the Sr-90 was released.  These experiments consisted of parallel vials 
of sediment in clear glass vials in which some were kept in the dark (maintain subsurface conditions) and 
other vials were subjected to high intensity ultraviolet light for 240 hours (to kill most of the biomass).  
The total Sr-90, ion exchangeable Sr-90, and phosphate content was measured in the samples. 

Scanning electron microscope (SEM) pictures with an energy dispersive x-ray spectroscopy (EDS) 
detector were used to identify apatite in a sediment sample from the Ca-citrate-PO4 injection area 
sediment.  Approximately 36 EDS spectra were obtained from different locations in the sediment.  The 
identification of the mineral phase involves focusing the electron beam on the potential mineral (a few 
microns across) at high magnification (Figure 3.3a, b).  This electron backscatter image shows that this 
crystal is likely precipitated apatite, as sediment grains are generally far larger and this small crystal is 
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located on the surface of a mineral grain (Moore et al. 2007).  An EDS detector scan of this grain 
(Figure 3.3c) with peaks clearly shows the crystal structure is apatite. 
 

a) 

 

b) 

c)  

Figure 3.3. a) Mineral Phase Identification of a Location with High Phosphorous Concentration; 
b) Electron Backscatter of the Location is Indicative of a Surface Precipitate, with 
c) Identification of this Mineral as Apatite by Comparison to an Apatite Standard 

 

3.2 Physical Analysis of Cores:  Grain-Size Distribution, Ksat 

Dry sieve analysis of sediment cores was conducted to determine the grain-size distribution.  
Sediment in the entire 6-inch core was first dried (45ºC), then subjected to sieve analysis (12 sieves, 
50 mm to 0.053 mm).  The 20 grain-size distributions on the four boreholes are in the appendix.  Three 
methods were used to calculate the saturated hydraulic conductivity from the grain-size distribution, 
although the Ksat value considered the most accurate (and used on graphs) is the modified Masch and 
Denny (1966) method.  The simplest empirical relation is Hazen’s formula: 

 Ksat (cm/s) = 1.0 (d10)
2 (3.1) 

where the 10% passing grain size (d10) is in millimeters.  This formula was originally determined for 
uniformly graded sands in the late 1800s.  A “modified Hazen’s formula” was empirically derived from 
the relationship between grain-size distributions and measured saturated hydraulic conductivity 
measurements for various Hanford sediments 

 Ksat (cm/s) = 0.0961 (d25)
1.6624 (3.2) 

where the 25% passing grain size (d25) reflects some of the grain-size mixture in Hanford sediments (as 
opposed to uniform porous media of the Hazen formula).  The third empirical formula uses additional  
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points of the grain-size distribution, so more accurately reflects the influence of a range of grain sizes on 
flow.  The modified Masch and Denny (1966) formula used in this study is 

 Ksat (cm/s) = 0.0177 (d50/std dev)1.4319; std dev = [d16 – d84]/4 + [d5 – d95]/6.6 (3.3) 

where the grain sizes are on a phi (φ) scale (Folk 1974) 

 φ = -log(mm)/log(2) (3.4) 

A continuous function was used to fit the log grain-size distribution in order to accurately calculate 
the grain-size percentages needed to estimate hydraulic conductivities from these empirical formulas.  
Grain-size distributions that exhibited multi-modal character (about half of the core samples) were fit with 
a more complex two-piece function. 
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4.0 Results for Groundwater Injection Area 

4.1 Phosphate Mass in Cores 

The target apatite concentration (1.7 mg apatite/g of sediment) corresponds to a pore volume 
amendment of 90 mM of phosphate precipitated in sediment with no retardation, or 45 mM phosphate 
precipitated with a retardation of 2.0.  Laboratory and field Ca-citrate-PO4 injections have demonstrated 
that phosphate retardation is in the range of 1.6 to 2.4, and dependent on the injection rate (i.e., due to 
slow PO4 removal from solution by 
adsorption and precipitation). 

Given the 10 mM PO4 and 40 mM PO4 
injections in 100-N Area wells, an average 
apatite loading of 1.9 mg apatite/g of 
sediment (0.608 mg PO4/g) is expected.  
There may be higher concentrations near the 
injection wells and lower concentrations at 
greater distance from the injection wells. 

Phosphate was analyzed in 45 samples at 
different depth (15 in each of 3 boreholes, 
Figures 4.1 through 4.3) using the less than 
4 mm grain-size fraction, and in 18 samples 
at different depth (6 in each borehole) using 
the full grain-size fraction.  The phosphate 
was extracted from the sediment with a weak 
acid (0.5M HNO3 for 15 minutes), as estab-
lished in previous studies (Szecsody et al. 
2007, 2008), where the natural phosphate 
extracted from minerals in the untreated 
sediment (i.e., baseline phosphate) is 
accounted for. 

Average phosphate for three boreholes 
(both Hanford formation and Ringold 
Formation) was 0.415 ± 0.232 mg PO4/g of 
sediment, or 68% of the target of 0.608 mg 
PO4/g of sediment (equivalent to 1.9 mg 
apatite/g).  The Hanford formation received 
an average of 0.559 ± 0.253 mg PO4/g (92% 
of target) and the Ringold Formation received 
an average of 0.268 ± 0.113 mg PO4/g (44% 
of target)..  These reported values are based 
on extraction from the whole grain-size  Figure 4.1. Scanning Electron Microscope Pictures of 

Sediment with Identification of Minerals by 
EDS Detector 



 

 

4.2

depth c7460
depth c7460

10-3 10-2 10-1 100Ksat (cm/sec)

Masch & Denny

N-368

well inject

0 0.005 0.01ion ex. Ca (mmol/g)

natural Ca = 0.0078 mmol/g52% depleted

N-368

well inject

depth c7460

0

5

10

15

0 0.25 0.5 0.75 1fraction < 4 mm

fraction < 4 mm

H
an

fo
rd

R
in

go
ld

 F
m

fi
llN-368

D
ep

th
 (

m
)

well inject
depth c7460
depth c7460

0
10
20
30
40
50

0 10 20 30Sr-90 (pCi/g)

ion exch.Sr-90total Sr-90

D
ep

th
   

  (
ft

)

N-368
C7460

si
lt

well Inject

H
an

fo
rd

R
in

go
ld

 F
m

fi
ll

depth c7460
depth c7460

0 0.5 1PO4 (mg/g)

PO4, < 4 mmPO4, whole sed.

40 mM PO4= 0.544 mg/g PO4= 1.7 mg/g apatitefield ave PO4:H 0.51±0.14 mg/gR 0.276±0.10 mg/g

N-368

well inject

0 1 10-5 2 10-5ion ex. Sr (mmol/g)

natural Sr = 2.4E-4 mmol/g96% depleted

N-368

well inject

 

Figure 4.2. N-368 Vertical Profiles of a) Sr-90, b) PO4, c) Ion Exchangeable Strontium, d) Ion Exchangeable Calcium, e) Calculated Saturated 
Hydraulic Conductivity (from grain-size distributions), and f) Fraction Grain Size less than 4 mm 
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Figure 4.3. N-369 Vertical Profiles of a) Sr-90, b) PO4, c) Ion Exchangeable Strontium, d) Ion Exchangeable Calcium, e) Calculated Saturated 
Hydraulic Conductivity (from grain-size distributions), and f) Fraction Grain Size less than 4 mm 
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Figure 4.4. N-370 Vertical Profiles of a) Sr-90, b) PO4, c) Ion Exchangeable Strontium, d) Ion Exchangeable Calcium, e) Calculated Saturated 
Hydraulic Conductivity (from grain-size distributions), and f) Fraction Grain Size less than 4 mm 
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distribution (1.0 to 2.0 kg per sample).  Phosphate extractions on the less than 4 mm grain size averaged 
17% lower (normalized to the PO4 in the whole grain-size distribution). 

Although these boreholes were located at different distances from injection well N-137 (i.e., 6.5 ft for 
N-368, 10.0 ft for N-369, and 15.7 ft for N-370), the average phosphate concentration was relatively 
constant (Table 4.1) at 0.376 mg/g (N-368), 0.420 mg/g (N-369), and 0.406 mg/g (N-370).  This is not 
surprising, as the solution takes 50 to 200 hours (half-life) for citrate biodegradation, then Ca-PO4 
precipitation occurs. 

Table 4.1.  Average Phosphate Concentration in Groundwater Injected Boreholes 

 
 

Within both the Hanford formation and the Ringold Formation, there is spatial variability of the 
measured PO4 concentration (Figures 4.2b through 4.4b).  In most cases, high phosphate at that depth 
corresponds to high total Sr-90 values (Figures 4.2a through 4.4a).  In addition, low phosphate at a 
specific depth also generally corresponds to low total Sr-90.  It is hypothesized that this correlation 
between PO4 and Sr-90 concentration is related to lower hydraulic conductivity zones (with higher 
strontium adsorption and higher surface area) in the formation.  Another hypothesis is that higher 
background phosphate in the finer-grained sediments leads to higher sorption and precipitation of Sr-90 
(described in Section 3.1).  Because Sr-90 disposal was inland, migration to this near-river location 
occurred by both vertical and horizontal migration, generally during high water flux from the disposal 
trenches.  Therefore, moderate to high-K flow channels received the greatest mass flux of Sr-90.  During 
Ca-citrate-PO4 injections in fully screened wells, more PO4 is also injected into the moderate- to high-K 
zones.  Although low-K zones likely have higher sorption of Sr-90 and PO4, there may be insufficient 
flow into these zones for the Sr-90 (during the less than 20 years of transport time) and PO4 (injection 
time of days) to accumulate in them. 

A sediment sample from borehole N-368, 12-ft depth, was analyzed using an EDS detector on a SEM 
to identify surface phosphate precipitate crystal structure.  Previous studies using an electron microprobe 
and elemental detectors were able to positively identify that Ca-citrate-PO4 solution precipitate in the 
Hanford Site 100-N Area sediment did produce apatite (as shown in Figure 3.3).  Phosphate precipitates 
occur in small less than 50 micron conglomerates of finer grained precipitate at a low concentration (less 
than 0.5 mg/g of sediment).  Of a total of 36 EDS spectra, 17 showed trace phosphorous on the sediment 
surface (Figure 4.1), but apatite crystal structure was not positively identified, as in an earlier study 
(shown in Figure 3.3c). 
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4.2 Sr-90 Distribution in Cores 

Sr-90 (and strontium) behaves nearly the same as calcium in the Hanford Site 100-N Area subsurface, 
so it is primarily adsorbed by ion exchange to sediments.  The retardation factor for strontium (and Sr-90) 
under natural groundwater conditions is approximately 125, meaning 125 times more strontium mass is 
held on the surface than is in groundwater.  Even after decades of Sr-90 contact with the sediment, 
approximately 90% is easily desorbed using a high ionic strength (ion exchange) solution.  A similar 
conclusion was reached in a previous study (Serne and LeGore 1996).  Therefore, sorbed Sr-90 has a high 
potential for mobilization.  The ion exchangeable strontium is easily desorbed by the injection of a 
solution of higher ionic strength water (such as spills and the Ca-citrate-PO4 injection solution). 

The total Sr-90 in the sediment (open circles, Figures 4.2a, 4.3a, and 4.4a) vary with depth.  The ion 
exchangeable Sr-90 (triangles, Figures 4.2a, 4.3a, and 4.4a) are approximately half of the total Sr-90 in 
zones of PO4 treatment.  More specifically, the fraction of ion exchangeable to total Sr-90 in the Hanford 
formation averages 50.9%, the Ringold Formation averages 50.3%, and the fill (0- to 8-ft depth) averages 
77%.  Therefore, the Hanford and Ringold Formations average 39.4% Sr-90 incorporation into apatite by 
1 year (given that untreated sediment has 90% ion exchangeable Sr-90 minus the 50% ion exchangeable 
for treated sediment).  It is expected that additional Sr-90 will be incorporated into apatite in the 
subsequent years, because Sr-apatite is thermodynamically more stable than Ca-apatite.  Although, on 
average 50.6% of Sr-90 is still adsorbed by ion exchange on sediment and apatite, the retardation of Sr-90 
has changed.  Sr-90 adsorption to apatite (Kd = 1375 mL/g, Rf = 6800) is 55 times stronger than to 
sediment (Kd = 25 mL/g, Rf = 125). 

For the first process (ion exchange), the system is temporarily not at equilibrium (i.e., the injection 
zone has excess Na+ and is deficient in the divalent cations (including Sr2+ and Ca2+).  Over time (a few 
years), upgradient cations reinvade the zone and equilibrium is slowly approached.  Therefore, for several 
years, a temporary strontium/calcium deficient zone is created.  To date, Sr-90 (aqueous) measured in 
groundwater is significantly lower than pre-injection conditions (Vermeul et al. 2010).  To determine the 
fraction that was caused by the ion exchange versus sorption to apatite versus incorporation in apatite, 
several different analyses were conducted. 

The more stable or permanent sequestration that occurs with the addition of apatite is the incorpo-
ration of Sr-90 into the apatite structure.  This process occurs slowly over time.  Assuming equilibrium 
cation exchange to both the sediment and apatite (Gaines-Thomas activity convention) with a single site 
on each surface, the fraction of Sr-90 was calculated on sediment and on apatite with different apatite 
loadings (Table 4.2).  This calculation assumes no incorporation of Sr-90 into apatite.  With no apatite 
(case #1, Table 4.2), 99% of the Sr-90 is sorbed to sediment and 0.79% is aqueous (and total Rf = 125).  
With an apatite loading of 1.7 mg apatite/g of sediment (case #3, Table 4.2), 8.3% of the Sr-90 is sorbed 
to apatite, and 91% to sediment (and total Rf increased slightly to 136.5).  The distribution of Sr-90 mass 
at 1 year is 39.4% incorporated into apatite, 45.6% adsorbed to sediment 5% adsorbed to apatite, and less 
than 0.7% aqueous.  Therefore, there is only a minor decrease in aqueous Sr-90 adsorption due to the 
presence of apatite; the slow incorporation of Sr-90 into the apatite structure is the major process causing 
sequestration of Sr-90.  Due to the high concentration injections of Ca-citrate-PO4, the sediment system is 
far from equilibrium conditions, in terms of major divalent cations (Ca, Mg, Sr), as described in a 
following section.  This has some short-term influence on the observed aqueous Sr-90 concentrations. 
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Table 4.2.  Calculated Sr-90 Adsorption to Sediment in Apatite in Mixed Systems 

 
 

4.3 Ion Exchangeable Calcium and Strontium 

In addition to the accumulation of Sr-90 (and Sr) in apatite by adsorption/incorporation into the 
apatite structure, ion exchange during the initial Ca-citrate-PO4 solution injection has also altered the 
cations on the sediment ion exchange sites from their natural condition.  The natural sediment has 
2.04 meq of ion exchange sites/100 g (Szecsody et al. 2007) that are occupied with Ca2+ (77.2%), Mg2+ 
(16.8%), K+ (4.2%), Na+ (2.7%), and Sr2+ (2.4%).  The high concentration Ca-citrate-PO4 solution cation 
composition of 3.6 mM Ca2+, 4.0 mM NH4+, and 100.4 mM Na+.  Although a monovalent ion (Na+) does 
not efficiently exchange off all of the divalent cations (i.e., Ca2+, Mg2+, Sr2+), some ions are exchanged off 
due to the high Na+ concentration.  In addition, the Ca-citrate-PO4 injection solution was deficient in 
Ca-citrate in order to utilize sediment ion exchangeable Ca2+ and Sr2+ for precipitation. 

Analysis of the ion exchangeable Ca2+ and Sr2+ from the field cores (Figures 4.2c, d through 4.3c, d) 
clearly show significant depletion in both Sr2+ (average 95% lower concentration relative to natural 
sediment) and Ca2+ (average depletion 47%).  Because Sr2+ and Ca2+ geochemical behavior is nearly the 
same, the amount of depletion caused by the high ionic strength flushing should be the same.  The much 
greater depletion in Sr2+ compared to Ca2+ is likely due to incorporation into apatite.  Therefore, this ion 
exchange analysis shows that Sr2+ adsorption on the sediment surface is approximately 5% of natural 
values, so it is expected that groundwater Sr2+ (and Sr-90 values) will reflect similar 95% depletion. 

4.4 Grain-Size Distribution and Hydraulic Conductivity 

The saturated hydraulic conductivity was calculated from grain-size distributions of 18 cores (grain-
size distributions shown in the appendix), as shown in Figure 4.2e through 4.4e.  In addition, the fraction 
grain size less than 4 mm (Figures 4.2f through 4.4f) also show locations of low K zones.  Grain-size 
distributions for boreholes N-368 and N-370 show relatively even distributions with depth (Figure 4.5a), 
and N-369 shows a low-K zone at an 18-ft depth (Figure 4.6a). 

The total Sr-90 and extracted PO4 data (Figures 4.2 through 4.4) show good correlation, which 
suggests less permeable zones in which the Sr-90 advected into (and the Ca-citrate-PO4 solution was 
injected into) that have greater Sr-90 adsorption are the cause of the correlation.  Calculated hydraulic 
conductivity measurements on approximately half of a core (1 to 2 Kg of sediment) and subsequent 
calculated saturated hydraulic conductivity were not correlated with Sr-90 (Figure 4.5a), and PO4 
(Figure 4.5b).  It is suspected that this lack of correlation with the laboratory Ksat values is caused by the 
measurement being made on too small of a sample.  Field-scale electronic borehole flow meter tests to 
determine the relative hydraulic conductivity at a somewhat larger scale in the field may yield the 
presumed correlation with Sr-90 and phosphate.  The fact that there is a fair correlation between the total 
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Sr-90 and the extractable phosphate in the sediment (Figure 4.6b, R = 0.82) appears to indicate an 
underlying mechanism and correlation with hydraulic conductivity.  It should be noted that over time 
(decades) the apatite accumulates Sr-90 in its structure, so this correlation will become stronger as up 
gradient Sr-90 flows into the apatite-laden zone.  At this time of 1 year after phosphate emplacement, 
little additional Sr-90 would have been advected into this zone. 
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Figure 4.5.  Correlation Between Saturated 
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Sr-90 and b) PO4 in Sediment 
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4.5 River Sediment Sample Analysis 

Two river sediment samples were taken by Washington Closure Hanford, LLC that represent sedi-
ment in the 100-N Area (N outfall, Table 4.3) and a sediment sample near the high concentration Sr-90 
plume (T100N3a; 200 ft NW of N-138).  The total Sr-90 in the N Outfall sample was 1.8 pCi/g, which 
was similar to most depths from N-217, N-219, N-220, and N-222 with a mixture of fine and coarse 
materials.  Finer grained depths from those boreholes were as high as 6 pCi/g total Sr-90 (acid extraction).  
There was a background amount of phosphate in the samples (less than 0.2 mg/g). 

Table 4.3.  River Sediment Analysis 
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5.0 Results in Jet Core Injection Area 

Geochemical and physical data from jet-injected cores are presented as depth profiles for each 
borehole (Figures 5.1 through 5.4) in order to illustrate correlations between grain size and Sr-90 and 
phosphate content. 

5.1 Phosphate Mass in Cores 

The phosphate content in sediment samples was measured in approximately 15 vertical locations for 
each borehole (Figures 5.1b to 5.4b), with averages for each borehole in Table 5.1.  Borehole N-217 
(Figure 5.4b), which was water jetted with sodium phosphate only, had an average of 1.2 mg PO4/g of 
sediment, whereas N-222 (water jetted with fish bone only; Figure 5.1b) had an average of 1.63 mg 
PO4/g.  The two other boreholes (N-219 and N-220), which were water jetted with both sodium phosphate 
and fish-bone apatite, averaged 1.76 mg PO4/g.  Therefore, jetting in fish-bone apatite achieved somewhat 
greater phosphate mass than jetting in sodium phosphate.  The target apatite content of 1.7 mg apatite/g of 
sediment corresponds to 0.54 mg PO4/g of sediment, so three boreholes showed an average PO4 that 
achieved the target and N-220 (fish bone + PO4 injection) was low at 0.8 mg PO4/g. 

The vertical variability in phosphate content in the four boreholes was considerable, with a standard 
deviation equal to 81% the average value (Table 4.1).  In contrast, cores (N-368, N-369, and N-370) taken 
near Ca-citrate-PO4 injection into N-137 have a standard deviation was 43% of the average.  This high 
phosphate variability for the jet-injected cores may be caused by formation properties (i.e., finer grained 
sediments may be looser and easier to jet into) or partially by jetting operations such as ponding phosphate 
near the surface.  Borehole N-220 showed a more even vertical distribution of phosphate (i.e., PO4 
standard deviation is 60% of the mean), in spite of the grain-size fraction less than 4 mm (Figure 4.2f), 
Sr-90 profile (Figure 5.2a), and ion exchangeable strontium and calcium indicating finer sediment at the 
4-ft depth.  Therefore, jetting operations of phosphate and fishbone apatite at this location are thought to 
have achieved a relatively uniform vertical phosphate distribution. 

In contrast to N-220, boreholes N-217 (Figure 5.4) and N-219 (Figure 5.3) both showed very high 
phosphate concentrations (to 10 mg/g) in shallow sediments (less than 10 ft), with less than 1 mg/g at 
depth.  The shallow sediment in both wells show fine sediment in the 4- to 8-ft depth (size fraction data, 
Figures 5.3f and 5.4f).  The Sr-90, ion exchangeable strontium, and ion exchangeable calcium data also 
indirectly indicate fine sediment, with elevated values in this depth interval.  There were fewer points for 
the calculated hydraulic conductivity, but a low Ksat value is at a 10-ft depth in N-217.  During jetting 
operations, shallow trenches were apparently dug to capture phosphate-laden water to allow for infil-
tration.  This would lead to elevated phosphate values in shallow sediment (and account for the observed 
PO4 vertical profile in N-219).  However, the phosphate vertical profile in N-217 shows elevated values 
at 4 ft and also at 10 ft (with low phosphate in between), which is not consistent with infiltration of 
phosphate-laden water.  This PO4 profile, however, is consistent with the grain-size distribution, with 
finer zones at the 4-ft and 10-ft depth.  It is hypothesized that these zones may be easier to jet inject into 
than coarser-grained sediments, so received a greater mass of phosphate. 
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Figure 5.1. N-222 Vertical Profiles of a) Sr-90, b) PO4, c) Ion Exchangeable Strontium, d) Ion Exchangeable Calcium, e) Calculated Saturated 
Hydraulic Conductivity (from grain-size distributions), and f) Fraction Grain Size less than 4 mm 
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Figure 5.2. N-220 Vertical Profiles of a) Sr-90, b) PO4, c) Ion Exchangeable Strontium, d) Ion Exchangeable Calcium, e) Calculated Saturated 
Hydraulic Conductivity (from grain-size distributions), and f) Fraction Grain Size less than 4 mm 
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Figure 5.3. N-219 Vertical Profiles of a) Sr-90, b) PO4, c) Ion Exchangeable Strontium, d) Ion Exchangeable Calcium, e) Calculated Saturated 
Hydraulic Conductivity (from grain-size distributions), and f) Fraction Grain Size less than 4 mm 
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Figure 5.4. N-217 Vertical Profiles of a) Sr-90, b) PO4, c) Ion Exchangeable Strontium, d) Ion Exchangeable Calcium, e) Calculated Saturated 
Hydraulic Conductivity (from grain-size distributions), and f) Fraction Grain Size less than 4 mm 
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Table 5.1.  Phosphate Content in Water-Jet Injected Boreholes 

 
 

Borehole N-222 showed three high zones of phosphate at the 6-ft, 11-ft, and 21-ft depth (Figure 5.1b).  
These depths do appear to correspond to finer grained sediment zones, as Sr-90, ion exchangeable 
calcium and strontium, and the fraction of sediment less than 4 mm were greater, as described earlier.  
Although there is a good correlation between elevated phosphate and mass fractions of finer grain sizes in 
all water-jet injected boreholes (Figure 5.5a), the high phosphate is mainly related to the water-jet 
injections, as the correlation does not exist for the groundwater-injected boreholes (Figure 5.5b, circles).  
Background phosphate is slightly elevated for silt/clay (0.69 mg PO4/g above the background phosphate 
for sandy gravels), but this is too small to account for the high (up to 10 mg PO4/g) phosphate values 
observed (described further in Section 3.1). 
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Figure 5.5. Correlation Between a) Grain Size and PO4 and b) Saturated Hydraulic Conductivity and 
PO4 

5.2 Sr-90 Distribution in Cores 

Sr-90 values in all four boreholes (Figures 5.1a through 5.4a) are all less than 5 pCi/g (total Sr-90), so 
considerably lower than the 90-pCi/g peak at a 15-ft depth in N-123, which is 230 ft to the northeast of 
N-222.  All boreholes show that the ion exchangeable Sr-90 (black triangles) averages 18.1% (±14%) of 
the total Sr-90 (untreated sediment averages 90% ion exchangeable Sr-90), which appears to indicate 
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most of the Sr-90 is bound in apatite (by this indirect evidence).  This hypothesis would have to be proven 
by electron microbe analysis to evaluate the Sr-90 content of apatite precipitates in the sediment. 

Sorption and precipitation in sediments in which phosphate only (N-217) or phosphate and fish-bone 
apatite (N-219 and N-220) appeared to sequester more Sr-90 in apatite appeared to be largely controlled 
by the low-K zones with very high phosphate content.  Injection of phosphate alone (to form apatite in 
situ) should lead to more rapid Sr-90 incorporation into apatite (compared with injection of fish-bone 
apatite, which has to slowly exchange calcium for strontium in the solid apatite).  These borehole data are 
consistent with that hypothesis, as the average ion exchangeable Sr-90 fraction for N-217 (phosphate 
injection) was 0.12 ± 0.11, with N-222 (fish-bone injection) at 0.20 ± 0.12, and N-219 and N-220 (fish-
bone and apatite injection) at 0.19 ± 0.16 and 0.23 ± 0.12, respectively.  Untreated sediment had a fraction 
ion exchangeable Sr-90 of 0.90. 

5.3 Ion Exchangeable Calcium and Strontium 

Ion exchangeable calcium and strontium were measured in sediment cores by a 1-M Mg-nitrate 
extraction (i.e., ion exchange solution) for 1 hour.  The ion exchangeable calcium and strontium 
(Figures 5.1c, d through 5.4c, d) show similar vertical profiles as the Sr-90 data, because strontium (and 
Sr-90) geochemically behave nearly the same as calcium.  Zones of a higher fraction of finer grained 
material (with higher surface area) had higher ion exchangeable calcium and strontium. 

5.4 Grain-Size Distribution and Hydraulic Conductivity 

Twenty cores were sieved (4 to 6 in each borehole) to obtain an approximate distribution of the 
change in hydraulic conductivity with depth.  An indication of the grain size is shown in the less than 
4-mm size fraction (Figures 5.1f through 5.4f).  From the grain-size distributions (data and graphs in the 
appendix), the saturated hydraulic conductivity was calculated using the Masch and Denny (1966) method 
described earlier.  Hydraulic conductivity values averaged 0.416 ± 0.695 cm/sec (average of log values, 
arithmetic average = 0.429 ± 0.441 cm/sec).  Most values ranged between 0.02 to 0.5 cm/sec (average for 
a sandy gravel), with a few silt/clay zones (Ksat = 7 × 10-4 cm/sec), and a few clean gravel zones (Ksat up 
to 3.2 cm/sec), as shown in Figure 5.6.  As shown earlier for each borehole, there were shallow fine-
grained sediment zones.  For these data shown, the Hanford formation had a slightly lower average 
hydraulic conductivity compared with the underlying Ringold Formation.  In general, injections in the 
100-N Area show approximately three times greater flow in the Hanford formation, so this may be an 
artifact of too few samples, or this specific area has somewhat different properties, or water-jet injections 
altered the hydraulic conductivity.  Finer grained sediments (with higher surface area) showed elevated 
ion exchangeable strontium and calcium (Figures 5.1c, d to Figures 5.4c, d).  Phosphate was also 
correlated with finer grained sediments, which appears to be an artifact of the water-jet injections and was 
not observed with Ca-citrate-PO4 injections, as shown in Figure 4.5a. 

5.5 Fish-Bone Organic Matter and Influence on Sr-90 Mobility 

The influence of the organic matter associated with the fish-bone apatite is not well understood.  
Because biomass will grow on this organic matter (and the supplied phosphate source), there will be some 
utilization of calcium and strontium (and Sr-90).  Once the organic matter is depleted, the biomass will 
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decrease, which could release Sr-90.  What needs to be measured is how much Sr-90 is released upon 
biomass death in order to assess the significance of this process.  Thirteen sediment samples were 
submitted for TOC analysis, and were not completed at the time of writing of this report.  In order to 
assess how much Sr-90 is released upon biomass death, sediment experiments need to be conducted in 
which the biomass is killed without adding a chemical to the system.  Addition of a bactericide (such as 
antibiotics or mercuric chloride) will lead to some ion exchange.  Radiation or ultraviolet light can be 
used to kill microbes in the system without chemical addition.  In one laboratory study in which microbial 
isolates were added to sediment (Bellin and Rao 1993), although sorption of two organic compounds 
increased, ion exchange of calcium did not change.  The total biomass added was minimal (106 CFU/g), 
so there was little uptake of cations by microbes. 
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Figure 5.6.  Calculated Saturated Hydraulic Conductivity Values for Jet-Injected Cores 

 
In this study, 10 samples were analyzed for total organic carbon (Table 5.2).  For borehole N-217, 

which received only Na-PO4 jet injection (i.e., no additional organic carbon from the injection), the 
organic carbon profile with depth (Figure 5.7a, Table 5.3) decreased from 0.2% at 4 ft to 0.16% at 10 ft to 
0% at 16 ft.  The inorganic carbon content was relatively constant with depth at 0.04% (Figure 5.7b).  Jet 
injection of fish-bone apatite (N-222, red squares in Figure 5.7) doubled the organic carbon at a 6-ft depth 
where significant apatite was deposited (Figure 5.1b), but resulted in little change at the 11- or 15-ft 
depth.  Jet injection of fish-bone apatite and Na-PO4 resulted in a three-fold increase in organic carbon 
(N-219) at an 8-ft depth.  In a second borehole (N-220), that did not show much phosphate deposition 
(Figure 5.2b), the organic carbon content did not increase.  The inorganic carbon content of the fish-bone 
apatite injected boreholes was the same with depth compared to the phosphate-only injection (N-217, 
Figure 5.7b). 
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Figure 5.7.  Organic Carbon (a) and Inorganic Carbon (b) Depth Profile 

Table 5.2.  Carbon Analysis of River Samples 

 
 

A comparison of the organic matter content to apatite content shows comparable results.  Fish-bone 
apatite is 25% to 45% organic matter, and at a 6-ft depth in the fish-bone injected borehole N-222, 
organic carbon analysis shows about 0.2% greater organic carbon compared with background organic 
carbon.  This is equivalent to 4 mg/g organic carbon, or an estimated 4 to 8 mg/g PO4.  Phosphate analysis 
of the sediment (Figure 4.1b) shows 3.2 mg PO4/g of sediment. 

To test the influence of the potential Sr-90 uptake by biomass (i.e., microbes, fungus, etc.), parallel 
experiments were conducted with 10 g of sediment from two specific depths (C7305, 6-ft depth and 
C7308, 5.5-ft depth) with and without 240 hours of ultraviolet light treatment.  Extractions were 
conducted to evaluate the difference in Sr-90 adsorbed on the surfaces by ion exchange and by acid 
extraction (which should remove Sr-90 within biomass).   Results showed that some additional Sr-90 was 
mobilized (i.e., adsorbed to the sediment surface rather than included in biomass) when the biota was 
subjected to the ultraviolet light treatment (Table 5.3).  Unfortunately, the total Sr-90 extracted from the 
sediment at this jet-injection location is small (Table 5.3, 6-ft depth; also Figures 5.1 through 5.4), as all 
60 samples at depth in four boreholes were less than 1 pCi/g Sr-90.  Given the standard deviation of 
counting these low-level samples (±0.25 pCi/g), two of four samples showed a statistically significant 
increase in Sr-90 with ultraviolet treatment of two to three times the standard deviation.  Therefore, if 
fish-bone apatite was emplaced in sediment with low Sr-90 concentration, it is likely that uptake of Sr-90 
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in the biomass and later release (upon biomass death) is not significant.  However, if fish-bone apatite 
was emplaced in sediment with high Sr-90 concentration, the effect could be significant. 

Table 5.3.  Ultraviolet Light Treatment and Sr-90 Release 
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6.0 Summary 

6.1 Phosphate and Sr-90 Distribution in River Sediments 

Phosphate and ion exchangeable Sr-90 in river sediments near the Ca-citrate-PO4 injection wells and 
upriver were analyzed to determine if phosphate injections within the aquifer have influenced Sr-90 
retention in river sediments.  The upriver sample (N outfall) had 1.8 pCi/g total Sr-90, whereas a river 
sediment sample (T100N3a) 200 ft northwest of injection well N-138 had 0.66 pCi/g Sr-90.  Subsurface 
sediments near N-138 range from 1 to 23 pCi/g Sr-90.  The fraction of ion exchangeable Sr-90 in 
T100N3a was 7.5% versus 42% for the N outfall sample.  The lower ion exchangeable Sr-90 in T100N3a 
is consistent with the aquifer phosphate treatment, although all values are near detection limits.  If the 
river sediment sample T100N3a is influenced by phosphate precipitate, there should be higher extractable 
phosphate mass relative to the background (N outfall) sample.  Phosphate data did not show elevated 
levels, with 0.12 mg/g in the T100N3a sample and 0.20 mg/g in the N outfall sample.  It should be noted 
that both samples contain some shells and organic matter, which does contain some phosphate. 

6.2 Groundwater Injection of Ca-Citrate-PO4 

The objectives of core analyses used to evaluate the Ca-citrate-PO4 injections are to characterize 
a) phosphate mass with depth and radial distance from the injection well(s), and b) Sr-90 distribution 
adsorbed on sediment and incorporated in apatite.  For this location on the downstream end of the 300-ft 
barrier emplacement, cores from three boreholes (N-368, N-369, and N-370) drilled at different distances 
from injection well N-137 and adjacent Ringold-only injection well N-159 were characterized.  The target 
apatite concentration (1.7 mg apatite/g of sediment or 0.544 mg PO4/g) corresponds to a pore volume 
amendment of 90 mM of phosphate precipitated in sediment with no retardation, or 45 mM phosphate 
precipitated with a retardation of 2.0 (field observed retardation of 1.6 to 2.4).  The 1.7 mg apatite 
precipitate/g of sediment in the aquifer (20% porosity) will occupy 13.6% of the pore space.  Given the 
10 mM PO4 and 40 mM PO4 injections in 100-N Area wells, an average apatite loading of 1.9 mg 
apatite/g of sediment (0.608 mg PO4/g) is expected. 

The average phosphate for three boreholes for cores taken in November 2009 (both Hanford 
formation and Ringold Formation) was 0.415 ± 0.232 mg PO4/g of sediment, with the Hanford formation 
average of 0.559 ± 0.253 mg PO4/g (92% of injected mass) and the Ringold Formation average of 0.268 ± 
0.113 mg PO4/g (44% of injected mass).  Phosphate extractions in November 2008 (six borings, along the 
length of the 300-ft barrier) after just the low concentration Ca-citrate-PO4 injections (10 mM PO4) 
showed 0.150 mg/g in the Hanford formation and 0.041 mg/g in the Ringold Formation.  Although these 
boreholes were located at different distances from the two injection wells, the average phosphate concen-
tration was relatively constant at 0.376 mg/g (N-368), 0.420 mg/g (N-369), and 0.406 mg/g (N-370).  
This relatively uniform distribution of phosphate with radial distance from the point of injection demon-
strates one benefit of the Ca-citrate-PO4 amendment groundwater injection; namely that the solution can 
be injected without precipitation occurring for tens of hours (50 to 200 hours citrate biodegradation 
half-life). 

Within both the Hanford formation and Ringold Formation, there is spatial variability of the measured 
PO4 concentration with depth (Figure 4.2 through 4.4).  In most cases, high phosphate at a given depth 
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corresponds to high total Sr-90 values.  It is hypothesized that this correlation between PO4 and Sr-90 
concentration is related to finer grained sediment zone with higher surface area (and more ion exchange 
sites).  Borehole N-370 is 15.7 ft from fully screened injection well N-137 and 9.5 ft from Ringold-only 
screened well N-159.  Analysis of the N-370 cores showed similar phosphate mass in the Ringold 
formation as was observed at the other two borehole locations, but elevated phosphate in the Hanford 
formation (0.72 mg/g).  This higher phosphate mass is likely associated with overlap with the Hanford 
formation treatment in the adjacent injection well (N-136), which was injected during relatively low river 
stage conditions that resulted in a larger radial extent of treatment than planned (see Vermeul et al. 2010, 
Figure A.11). 

A sediment sample from borehole N-368, 12-ft depth was analyzed using an EDS detector on a SEM 
to identify surface phosphate precipitate crystal structure.  Phosphate precipitates occur in small less than 
50-micron conglomerates of finer grained precipitate at a low concentration.  Apatite crystal structure was 
previously identified in precipitate in sediment in a laboratory experiment with the Ca-citrate-PO4 
solution (Szecsody et al. 2009).  For these field sediments, 17 of 36 locations examined by SEM/EDS did 
show phosphorous in a crystal structure, but the apatite crystal structure was not positively identified. 

Sr-90 (and Sr) behaves nearly the same as calcium in the Hanford Site 100-N Area sediments, so is 
found primarily adsorbed by ion exchange to sediments.  The ion exchangeable Sr-90 (triangles, 
Figures 4.2 through 4.4) are 50.6% of the total Sr-90 in zones of PO4 treatment in the Hanford formation 
and Ringold Formation.  With pre-injection conditions of 90% ion exchangeable Sr-90, the data indicates 
39.4% Sr-90 was incorporation into apatite by 1 year.  It is expected that additional Sr-90 will be 
incorporated into apatite in the following years, because Sr-apatite is thermodynamically more stable than 
Ca-apatite (Verbeek et al. 1977).  Laboratory experiments conducted over 1.3 years do show a continued 
uptake of strontium (Szecsody et al. 2009).  Ion exchange flushing due to the Ca-citrate-PO4 solution 
injection also accounts for low Sr-90 values in the injection zone.  It is estimated that 47% of the Sr-90 
was flushed out of the injection zone into nearby sediments during injection, based on pre- and post-
injection ion exchangeable calcium in the sediment.  Background (natural) ion exchange conditions of 
calcium and strontium (and Sr-90) are expected to be reestablished within a few years.  Therefore, within 
the next few years to decades, Sr-90 aqueous values are expected to rise (from reestablishment of 
equilibrium conditions) and then fall as additional Sr-90 is incorporated into apatite. 

The grain-size distributions and calculated saturated hydraulic conductivities for boreholes N-368 and 
N-370 (Figures 4.2 through 4.4) show relatively even distributions with depth, and N-369 shows a fine-
grained zone at an 18-ft depth.  There is a general correlation of finer grained sediment (i.e., more 
sorption with higher surface area) with elevated Sr-90 and PO4.  The total Sr-90 and extracted PO4 data 
show good correlation (R = 0.82).  It should be noted that over time (decades) the apatite accumulates 
Sr-90 in the structure, so this correlation will become stronger as upgradient Sr-90 flows into the apatite-
laden zone. 

6.3 Jet-Injected Phosphate and Apatite 

This task was initiated to evaluate the mass of phosphate with depth for four locations that were jet 
injected with combinations of sodium phosphate and solid apatite (i.e., “Apatite II” or fish-bone apatite).  
Additional analysis was conducted on the cores, which includes a) total Sr-90 and ion exchangeable 
Sr-90, b) ion exchangeable calcium and strontium, c) grain-size distributions and calculated saturated 
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hydraulic conductivity, and d) TOC.  TOC analyses have not been completed.  Borehole N-217, which 
was water jetted with sodium phosphate only, had an average of 1.2 mg PO4/g of sediment, whereas 
N-222 (water jetted with fish bone only) had an average of 1.63 mg PO4/g.  The two other boreholes 
(N-219 and N-220), in which both sodium phosphate and fish-bone apatite was water jetted, had an 
average of 1.76 mg PO4/g.  The target apatite content of 1.7 mg apatite/g of sediment corresponds to 
0.54 mg PO4/g of sediment.  The 1.7 mg apatite precipitate/g of sediment in the aquifer (20% porosity) 
will occupy 13.6% of the pore space, so a much greater mass of phosphate precipitate can lead to 
decreased permeability.  Because jet injections are likely altering the pore space, it is not clear what 
fraction of pore space high precipitate mass occupies.  From the phosphate mass alone, there was little 
difference between injected phosphate sources. 

The vertical variability in phosphate content in the four jet-injection boreholes was considerable, with 
a standard deviation nearly equal to the average (Table 4.1).  In contrast, water-injected boreholes near 
N-137 (N-368, N-369, and N-370) standard deviation was about half of the average.  Phosphate mass 
variability could be caused by formation properties (i.e., jetting in finer, looser sediment may cause 
liquefaction compared with coarser sediments) and/or jetting operations (i.e., ponding phosphate liquid in 
shallow trenches at the surface).  Two boreholes (N-219 and N-217) did show high phosphate in shallow 
(less than 10 ft) sediment.  Borehole N-222 also showed a phosphate spike at the 21-ft depth.  All of these 
high phosphate depths were finer grained sediment (based on the fraction less than 4 mm, and Ksat value), 
and indirect evidence of higher ion exchangeable calcium, strontium, and Sr-90.  Therefore, jet injections 
appear to have emplaced greater phosphate in finer grained zones.  Ponding of phosphate liquid at the 
surface may also have contributed to some of the phosphate observed (boreholes N-217 and N-219), but 
elevated phosphate was not observed in shallow (coarse grained) sediments in boreholes N-220 and 
N-222, so infiltration of ponded water could not explain the observed phosphate profiles. 

Sr-90 values in all four boreholes (Figures 4.1a through 4.4a) are all less than 5 pCi/g (total Sr-90), so 
considerably lower than the 90-pCi/g peak at a 15-ft depth in N-123, which is 230 ft to the northeast of 
N-222.  Mobile Sr-90 is either aqueous or on ion exchange surfaces.  Once Sr-90 is incorporated into 
apatite, it is considerably less mobile (i.e., dependent on the dissolution of the low solubility apatite).  The 
fraction of ion exchangeable Sr-90 did vary with injected phosphate source, with N-217 (phosphate 
injection) at 0.12 ± 0.11%, with N-222 (fish-bone injection) at 0.20 ± 0.12%, and N-219 and N-220 (fish-
bone and apatite injection) at 0.19 ± 0.16% and 0.23 ± 0.12%, respectively.  Greater Sr-90 incorporation 
into field-formed phosphate precipitates (with the phosphate only injection) likely resulted in lower 
fraction of ion exchangeable Sr-90 for the phosphate only injections. 

Therefore, high pressure water jetting is a viable technology to emplace phosphate or apatite in 
subsurface sediments.  It does appear to emplace higher PO4 mass in finer grained sediments compared 
with Ca-citrate-PO4 groundwater injections (reported in this study) or Ca-citrate-PO4 solution infiltration 
(Szecsody et al. 2009).  The spatial variability of the emplaced phosphate mass is greater (81% standard 
deviation) than water-saturated zone injected Ca-citrate-PO4 (43% standard deviation).  Jet injection of 
phosphate only resulted in a greater fraction of Sr-90 incorporated into phosphate precipitates at the time 
of this core sampling.  Over time, depths that received solid-phase apatite mass will also incorporate 
additional Sr-90 mass into the apatite.  The fish-bone apatite injected (cores N-219, N-220, and N-222) 
contains 25% to 45% organic matter.  Organic carbon measured in 10 sediment samples did show an 
increase as high as 0.2% (grams of organic carbon per gram of sediment) over natural organic carbon.  
Because biomass will grow on this organic matter (and the supplied phosphate source), there is some 
uptake of Sr-90.  Subsequent death of the biomass when the organic matter is depleted can lead to Sr-90 
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release.  Experiments conducted to assess Sr-90 release upon biomass death did show an increase in ion 
exchangeable Sr-90.  However, because the total Sr-90 in the samples used was low (less than 1 pCi/g), 
the release was insignificant. 

6.4 Comparison of Groundwater and Jet Injections 

The purpose of phosphate addition to 100-N Area subsurface sediments (as an aqueous chemical or 
precipitate) is to adsorb and eventually incorporate Sr-90 as a permeable reactive barrier during ground-
water flow of Sr-90 toward the Columbia River.  Approximately 1.7 mg of apatite/g of sediment is 
needed (equivalent to 0.54 mg PO4/g sediment) to remove strontium (and Sr-90) from solution for 
300 years (10 half-lives of Sr-90 decay), assuming 10% substitution of strontium for calcium in the 
apatite structure.  Greater apatite mass will result in more complete Sr-90 removal, even during high 
groundwater flow events, whereas less apatite mass will result in some Sr-90 breakthrough.  Sr-90 
contamination varies spatially, but 40% to 70% of the mass is in the variably saturated zone of the 
Hanford formation with less contamination in the underlying Ringold Formation.  Groundwater injections 
of Ca-citrate-PO4 into all of the Hanford formation is difficult, and requires injections seasonally timed at 
high river stage (and high groundwater level in the unconfined aquifer).  Therefore, alternate strategies 
such as Ca-citrate-PO4 solution infiltration and jet injection of phosphate mass are being investigated to 
emplace mass in the Hanford formation. 

Jet injection of fish-bone apatite and sodium phosphate in shallow (less than the 16-ft depth) 100-N 
Area sediments show high phosphate concentrations (0.80 to 2.7 mg/g), as evidenced by phosphate 
extractions from sediments at 1.0, 2.5, and 3.8 ft from the nearest jet-injection point (with additional 
nearby injection points; Table 6.1).  The jet-injected phosphate mass was also highly variable spatially, as 
evidenced by the PO4 average in two boreholes (N-220 and N-219) near PO4/apatite injections being three 
times different (i.e., 0.8 mg/g and 2.7 mg/g).  In addition, three of four injected boreholes show high 
phosphate correlated with finer grained sediment zones.  Therefore, while jet injection of multiple 
phosphate sources in all cases exceeded the calculated 0.54 mg PO4/g of sediment, the data also shows a 
significant decrease in PO4 mass with distance from the injection point (data only at 1.0, 2.5, and 3.8 ft 
radial distance from injections; Figure 6.1), and the spatial variability (averaging 81% of the mean value) 
is significant.  High phosphate mass can also lead to a decrease in permeability (as described earlier), 
although it is unclear how much pore space the precipitate is occupying for jet injections as the system is 
likely physically altered by liquifaction (fine grained sediments) or fractures.  In contrast, groundwater 
injection of a Ca-citrate-PO4 solution appears to result in a more even phosphate distribution radially from 
injection wells (6.5, 10.0, and 15.7 ft; Table 6.1), with average PO4 in the Ringold Formation of 0.28, 
0.30, and 0.27 mg/g and in the Hanford formation of 0.51, 0.50, and 0.72 mg/g.  The spatial variability of 
the phosphate mass was half that of jet injections, averaging 43% of the mean value. 

It is, however, not possible to compare technical merits of Ca-citrate-PO4 solution to jet-injected 
phosphate in terms of mass delivered to the subsurface data for the two different technologies at different 
distances from the injected source.  Phosphate data for jet injections is only available at 1.0 to 3.8 ft from 
the nearest injection point, whereas phosphate data is available for Ca-citrate-PO4 injections at 6.5 to 
15.7 ft from the nearest injection.  The closest comparison that can be made is jet injections deposited 
0.54 mg/g PO4 at a 3.8-ft distance from injections whereas groundwater injection of Ca-citrate-PO4 
deposited 0.37 to 0.42 mg/g PO4 at 6.45- to 15.7-ft distance from injections.  In addition to a comparison 
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of the spatial distribution of phosphate deposition, a comparison should also be made of the relative cost 
of phosphate emplacement by the two technologies. 

Table 6.1.  Phosphate Content in All Boreholes 
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Figure 6.1.  Phosphate Content and Distance from Injection (all boreholes) 

 
Overall, both technologies (groundwater injection of Ca-citrate-PO4) and water-jet injection of 

sodium phosphate/fish-bone apatite) delivered sufficient phosphate to subsurface sediments in the 100-N 
Area to be effective in adsorbing and then incorporating Sr-90 into the apatite structure.  The Ca-citrate-
PO4 injection technology is better established, with a significant number of laboratory- and field-scale 
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injection tests.  This technology delivers a fairly even distribution of phosphate to subsurface sediments 
because the solution is stable for tens of hours before Ca-PO4 precipitation occurs, allowing time to inject.  
The even distribution of phosphate is limited by formation heterogeneities and ability to inject into the 
formation.  As described in Vermeul et al. (2010), both this core analysis and aqueous breakthrough data 
during injections showed that target PO4 concentrations were generally met or exceeded within the 
saturated portion of the Hanford formation, while Ringold Formation wells were generally at or below the 
established performance metric of 20% to 30% concentration at a radial distance of 30 ft (i.e., at adjacent 
injection wells).  Groundwater injections of Ca-citrate-PO4 into the upper portion of the Hanford formation 
requires injections timed only at high river stage, which reduces the time period available for injection.  
Alternate strategies such as Ca-citrate-PO4 solution infiltration and jet injection of phosphate mass are 
being investigated to emplace mass in the shallow Hanford formation.  Jet injection of sodium phosphate, 
fish-bone apatite, and a combination of both did deliver significant phosphate to the Hanford formation 
(i.e., 8 to approximately 15 ft depth), but the data was taken very close to injection points (1 ft, 2.5 ft, and 
3.8 ft; Table 6.1), so it is difficult to assess the relevant areal extent (i.e., 5 to 20 ft) and injection point 
spacing that should be used.  Jet injections used by others to emplace zero valent iron at other sites 
qualitatively indicate 10-ft spacing between injection points is sufficient.  In addition, jet injection appears 
to deposit more phosphate in finer grained sediments, so the spatial variability of the phosphate mass is 
much greater (standard deviation was 81% of the mean phosphate mass) than Ca-citrate-PO4 injections 
(43% of the mean).  A mechanism that could explain these results is finer grained sediments (and 
colloids) are mobilized, which results in more complete mixing of the phosphate in the sediment, whereas 
dendritic fracture patterns may develop with phosphate jetting into coarser grained sediments.  This may 
also cause some change in the sediment hydraulic conductivity.  This jet injection technology is new to 
the Hanford Site 100-N Area, so further testing is needed to quantify limitations and causes of these 
effects. 
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Appendix A 

Jet-Injection Grain-Size Distributions 

Purple line fit to grain-size data (graph at right) is described in Section 3.2. 
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