








an even distribution of three size fractions (20% 1.0mm, 35% 0.5mm, 45% 0.25mm). The
diffusion path contained on average ten individual reactive particles and therefore
represented more than concentration variations of individual particles at the interface (Figure
15).

Careful placement of capping materials during initial tank loading minimized the amount of
interface mixing and subduction. The placement of coarser grained materials over fine
sediments resulted in less than 2 mm of interface mixing (Figure 15) which could be
observed in the concentration profiles generated at day 30 (before extensive diffusion).

Figure 15: Scaled Images of Heavy Metal Migration Over Time.
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This initial mixing zone was not specifically separated when calculating the effective
diffusion coefficients for the sediment caps. This had the effect of raising the measured
effective diffusion coefficient values by presenting a longer diffusion path length. In
summary, the effective diffusion coefficient values presented in Table 22 are valid, but may
underestimate the barriers reactivity and overestimate effective diffusion.

Statistical analysis of the data indicated that reactive barriers reduced Pb diffusion (De) to
17% of non-reactive barriers (Table 23). At the same time, the retardation coefficient for Pb
increased 530% in the reactive barriers, indicating that the reactive barriers have a
significantly higher ratio of total Pb to dissolved Pb. Since dissolved Pb is considered the
most bioavailable, the increased ratio indicates a lower Pb bioavailability. The sediment
source of the Pb migrating through the barrier also effected the retardation coefficient. Lead
diffusing from the Newtown Creek sediment was approximately twice as soluble as the
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Anacostia River Pb source. Two factors that probably contributed to this observation were
the higher concentration of Pb and organic matter content in the Newtown Creek sediment.
Diffusion of Cu through the barriers was also significantly effected by the sediment source it
leached from. Concentrations of Cu in the Newtown Creek were ten times higher than in the
Anacostia River, and resulted in greater diffusion through both reactive and nonreactive
barriers. The low number of total replications reduced the sensitivity of our statistical
analysis, making the influence of barrier types difficult to separate. The reactive barriers
reduced the diffusion of Zn by 50% and increased the R¢ by 168% compared to the
nonreactive barriers (Table 23). The reactive barriers did not appear to have a significant
effect upon the effective diffusion of Cu, but did increase the retardation factor by 279%
compared to the nonreactive barriers (Table 23).

Table 23: Statistical Analysis of Barrier and Sediment Effects.

[«5) .
= |k Lead Zinc Copper
g |Factor Factor T
=S| Level actor Type Means Standard | % Change Means Standard | % Change Means Standard | % Change
> Error (Level 1) Error (Level 1) Error (Level 1)
Al Reg;;\’/;';gﬁier 4.607E-11 3.135E-11 9.055E-11
Ottawa or Creat Ba 2.443E-11 17" 1.027E-11 52 3.778E-11 105
A2 . > 12.650E-10 6.015E-11 8.633E-11
D Nonreactive Barrier
e n - "
B-p [Aecostie River Sediment ; 433e-10 3.650E-11 3.333E-11
Nowiom Creek Sedmar 2.443E-11 85 1.027E-11 66 3.778E-11 23"
B-2 s 1.677E-10 5.500E-11 1.436E-10
ource
Al Rezsti(\)/relggriier 48,630 56,792 49,670
Ottawaor Greal Ba 1,887 530" 12,084 168 18,414 279
A-2 . ed 9,169 33,735 17,815
R, Nonr.eactl.ve Barr!er
By [Arecostie River Sedment 7,107 55,402 51,957
- 1,887 180" 12,084 158 18,414 341
B-2 Newtown Creek Sediment 20,607 35125 15,227
Source
Statistically significant differences at:
"0<010 Ta<001 a<0.001

Heavy Metal Diffusion: Effects of Bioturbation and Geofabric Encapsulation

The colonization of sediment caps by benthic organisms, and the subsequent bioturbation, is
a major factor reducing cap integrity and tortuosity. Additionally, many organisms siphon
sediment pore waters, creating an addition force to lift contaminants from the underlying
contaminated layer. Two side studies were developed and analyzed to understand the
biological influences upon the tanks: influent waters filtered (C-1), and geofabric barriers
protecting the reactive layer (C-2) (Table 24). For the first factor, several of the pilot-scale
tank’s influent waters were filtered through a 0.2 mm column filtration system. This system
was intended to limit the total amount of infaunal colonization and subsequent bioturbation
occurring in the tanks. Statistical analysis indicated that the tanks which were filtered to
reduce infaunal colonization had higher effective diffusion rates for Pb and Zn than
unfiltered tanks (Table 24). As we observed in these tanks, some benthic colonization
persisted. The resultant bioturbation may even have accelerated as a result of fewer
competing species being introduced into the tanks.
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Table 24: Statistical Analysis of Geofabric and Influent Filtration Effects.

< -
S |Factor Lead Zinc Copper
S| Level Factor Type Means Standard | % Change Means Standard | % Change Means Standard | % Change
> Error (Level 1) Error (Level 1) Error (Level 1)
A-1 FP.or NCP. 4.607E-11] 1.393E-10 3.135E-11] 1.110E-11 9.055E-11] 4.066E-11
Reactive Barrier
FP or NCP Reactive
D C-1 Barriers Biolimited | 6.880E-10| 9.825E-11 77" |1.241E-10| 2.719E-11 25" 8.835E-11| 7.029E-11 102
€ (Influent Filtration)
FP or NCP Reactive
C-2 Barriers Biolimited | 5.890E-11| 9.825E-11 78 1.026E-10( 2.719E-11 31" 2.710E-11] 7.029E-11 334
(Geofabric)
AL | pE o e 48630 | 9,233 56,792 | 10,182 49670 | 22636
eactive Barrier
FP or NCP Reactive
r| €1 Barriers Biolimited 3,181 11,707 1529 12,959 9,626 438" 17,400 37,083 285
f (Influent Filtration)
FP or NCP Reactive
C-2 Barriers Biolimited 35,575 11,707 137 17,090 9,626 332" 65,325 37,083 76
(Geofabric)

Statistically significant differences at:
<010 Ta<001 <0001

The second side study used geofabric to efficiently prevented bioturbation of the reactive
barrier layer by larger fauna. However, it was possible for some larval phases to penetrate
the loose weave. Comparing tanks containing geofabric bound phosphate layers and tanks
with unconfined phosphate layers indicated that confining the phosphate in a geofabric mat
slightly improved performance (reduced Dg) for Cu, increased De for Zn, and did not effect
D, for Pb. The geofabric materials were observed to prohibit bioturbation (see below) in the
encapsulated reactive barrier layers, although significant disturbances were observed in the
overlying clean sand layers.

Deployment of the reactive barrier materials in thin layers has long been a technological
barrier to their adoption. Current dredging and capping equipment is designed almost
exclusively for deploying caps that measure around 1meter thick, but reactive barriers require
only a few centimeters to be place. In addition to retarding bioturbation, encapsulation of the
reactive materials into a geofabric mat would be a valuable approach to deploy the cap.

Changes in Heavy Metal Solid and Liquid Concentrations Over Time

Analysis of heavy metal concentrations in the tank porewaters and solid phases were sampled
at 30, 180, and 400 days. Four porewater samples were collected; two (top, bottom) from the
capping layer and two from the sediment layers (top, bottom) during each of these sampling
events and measured for concentrations of Cd, Cr, Pb, Cu, and Zn. Appendix E provides the
data sets for these measurements. Figure 16 provides an example of the graphed data that is
also presented fully in Appendix E. In these figures, the tank number, barrier configuration,
and legends are listed at the top of the page. Individual profiles are presented with distances
from the sediment-cap interface listed on the x-axis. Negative distance values represent
samples taken from the capping materials and positive values represent samples taken from
the contaminated sediments. Solid phase concentrations are measured in mg/kg for each
metal on the y1-axis (left axis) and porewater concentrations (mg/L) are referenced on the
y2-axis (right axis). Graphs are presented in chronological order from top to bottom with
each metal in a separate column.
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Figure 16: Example JEL Porewater and Solid Phase Concentrations Over Time: Cu, Pb.

Tank 16 (Bio-
exclusion)

Water

distance (cm)
Copper

800
Cu: T=
600 -
400 A

200 -

8 6 -4 -2 0 2 4 6 8

30 days

Interface

800
Cu: T=

600

(mg/kg)
N
8

200 1

Copper - Solid

180 days

800

600

400 -

200 -

Cu: T=400 days

Interface

8 6 -4 -2 0 2 4 6 8

Distance from Interface (cm)

0.05

0.04

0.03

0.02

0.01

0.05

0.04

0.03

0.02

0.01

0.05

0.04

0.03

0.02

0.01

(1/6w)
1818\ 840d - 18ddoD

® Solid Phase
O  Solid Phase BDL
B Pore Water
O  Pore Water BDL
|
+8
Lead
600 P 0.020
Pb: T=30 days 2
500 A S
£ + 0.015
400 4
300 4 - 0.010
200 A
- 0.005
1004 g
600 8 6 -4 - 8 0.020
Pb: T= 180 days 2
500 A k=
) £ + 0.015
g ;')\400 1
' 5,300 - 0.010
B E
© =
@ 200 A
- 0.005
100 A
[u]
e A — 8 0.020
Pb: T=400days g
500 A =
£ - 0.015
400 4
300 4 - 0.010
200 A
- 0.005
100 A
8 6 -4 -2 0 2 4 6 8

Distance from Interface (cm)

(71/6w)
19)eNA 310d - pesT]

58



If a barrier material is reactive with a metal, then the continuous diffusion of that metal from
the contaminated sediment into that barrier should result in their accumulation in the solid
phase. The removal of this metal from the barriers porewaters would create lower porewater
concentrations in the reactive barrier than in the contaminated sediments being capped. By
contrast, diffusion of heavy metals into a non-reactive barrier should result in relatively little
accumulation of metals in the solid phases. Simultaneously, non-reactive barrier porewater
concentrations will remain closer to the contaminated sediments porewater concentrations.

Table 25 summarizes these observations for the phase one tanks, specifically comparing
tanks in which Newtown Creek sediments were capped with reactive barriers (FP) to
Newtown Creek sediments capped with non-reactive barriers (Great Bay, Ottawa).

Table 25: Behavior Over Time of Heavy Metals Diffusing Through Reactive and
Nonreactive Barrier Materials at 400 Days Compared to 30 Days.

Reactive Barrier Nonreactive Barrier Combined Barrier
Porewater Solid Porewater Solid Porewater Solid
Phases Phases Phases

No Reduced Increased in
Cd | Reduced Change No Change Slightly No Change Reactive Layer

Cr ] Increased | Increased | Increased | Reduced | No Change Incr(_eased n
Reactive Layer

Cu| Reduced Increased Increased No Reduced Incr(_eased In
Change Reactive Layer

Increased | Increased

Pb BDL Increased Slightly Slightly Reduced No Change

Increased Reduced Increased in
Zn | No Change Slightly Decreased Slightly No Change Reactive Layer

Geochemistry in Reactive and Non-Reactive Capping Materials

Geochemical modeling provides insights into how the reactive phosphorite barriers react
with diffusing metal contaminants. Temperatures were set at 25°C. The modeling exercise
used typical equilibrium concentrations for estuarine sediments. These data suggest that
apatite is extremely stable at high alkalinities where carbonates might prevail or at low Eh
values where sulfides traditional are controlling solids.

Geochemical modeling of the FP barrier materials capping Newtown Creek contaminated
sediments for 400 days was conducted using the computer program Visual MINTEQ. The
equilibrium condition minerals present, controlling heavy metal solubility, in this system are
presented in Table 26. Modeling parameters for this system included: average annual
temperature (18°C), current tank conditions (pH 6.89, pE -5.84), and measured porewater
cations and anions (charge difference 7.15%). Results demonstrated that the system is
undersaturated with respect to many highly stable metal phosphate phases including for lead
(Pbs(PO4)OH), copper (Cuz(PO4)2:3H20), and cadmium (Cd3(PO4,)2). The barrier material is
supersaturated with respect to one lead phosphate (Pbs(PO4)sCl). The XRD analysis of the
reactive barriers indicated a predominance of plumboan hydroxyapatite solid solutions
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((Ca,Pb)1p(P0O4,C0O3)6(OH,F,Cl)256-1.5H,0). This mineral is not present in the original or
modified Visual MINTEQ databases and therefore could not be identified by modeling. In
general, this calcium-lead phosphate solid solution mineral is more soluble than pure
Pbs(PO4)3Cl, which is consistent with the observed supersaturated value.

Table 26: Day 400 Equilibrium Saturation Index Values for (FP Capping Newtown

Creek Sediments).

Solu'gi(')n Mineral Saturation Mineral Saturation

Condition Index Index
Cd(metan) -34.98  Cd(OH), -9.75
Pb,03 -27.61  PbF, -9.51
Pb(metal) -25.70 CU3(PO4)2 -9.12
3 Cd3(POy)2 -18.01  Pb3(PO4), -8.02
§ CUF, 11657 Pb(OH); 4.41
ﬁ CdF; -15.70  Anglesite PbSO, -4.37
= CuSO4 -13.60  PbHPO, -3.97
2 Hydroxypyromorphite 1255 Plumbogummite 268

> Pbs(PO4)3;0OH ' PbAI3(PO4)2(OH)s5-H,0 '
CdSO4 -11.95 Vivianite Fe3(P04)28H20 -2.05
CU3(PO4)2'3HQO -10.87 CaHPO4-2H,0 -1.42

CdCl, -9.89
SiO2 (am,gely -0.85 Hercynite FeAl,O4 -0.03
Boehmite AIOOH -0.84 Chalcedony (SiOy) 0.01
g Celestite SrSO,4 -0.82 Gibbsite AIOOHc, 0.05
= Anhydrite CaSO, -0.61 Jarosite NaFe3(SO4)2(OH)s 0.22
= Caz(PO4)2 (peta) -0.57 Quartz SiO, 0.47
i Al(OH)3 (soin -0.50  Fluorite CaF 0.80
Gypsum CaS04-2H,0 -0.33 Barite BaSO, 0.86
Cristobalite SiO, -0.19 Diaspore AIOOH 0.93
. '% Kaolinite AlH;Si,Oq 1.16 Strengite FePO4-2H,0 1.81
(%‘ % Pyromorphite 171 Hydroxyapatite 202
o Pb5(PO4)3C| Ca5(PO4)3OH

Elemental Analysis of Tank Effluents

Table 27 shows the concentrations of lead, zinc and phosphate in the pilot study tank
effluents. In general, low concentrations of these elements in the effluents resulted in
detection limit values being reported. Detectable concentrations of Pb and P were observed
periodically in the uncapped Anacostia River sediment control tank, but were not observed in
the tanks capped with barriers. No differences were observed comparing the Pb and P
effluents from the Anacostia River sediments capped with reactive or non-reactive materials.
This observation is important, for it confirms that the phosphate present in the capping
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materials is neither soluble, nor released as the barriers react. Effluent concentrations of Zn
were above detection limits for many of the tank configurations and demonstrated no
significant difference between the reactive (FP) and nonreactive capping materials.

Table 27: Jackson Estuarine Laboratory Tank Results: Effluent Concentrations for
Barriers Capping Anacostia River Sediment.

Lead (mg/L) Zinc (mg/L) Phosphate (mg/L)
. H*+ Q
Experlrr'lentaI.Tank _f% 3 8. § gr % . 3 § § § % o =) § § § % <
Configuration “lzg 2 oz 228|272 2|2N|Z 2 2 2|28
O 0 0o o< O o o al<g O o0 o o|lkg
Ottowa Sand 1 8 1" 1 3 8" 2 6 5 22110 2 2 2 0.07] o0.07

Anacostia River Sediment 4 1 3 1 3 3 2 4 10 10| 7.0 2 2 2 0.62] 0.62

Florida Phosphate 5 1 1 1 3| NA|5 14 14 8 |110} 2 2 2 007 NA

Ottowa Sand
Anacostia River Sediment
Florida Phosphate (Rep 1)
Anacostia River Sediment
Florida Phosphate (Rep 2)
Anacostia River Sediment
“Shaded values indicate concentrations below detection limits

10 1 1 1 3| NAJ|J 6 15 2 1511051 2 2 2 007 NA

13 2 1 1 3 NA | 8 7 10 7 8.3 2 2 2 0.05] NA

14 1 1 1 3| NA|J 6 2 10 11| 80 2 2 2 014] NA

" Averages reflect only values above detection limits

Biological Populations in Reactive and Non-Reactive Capping Materials

Infaunal colonization was measured in the phase one capping materials by the removal of
two sampling cores from each tank at day 400. Complete data sets and photographic images
of colonizing fauna are presented in Appendix F. This colonization data was limited by
sampling numbers and was dependent upon chance movement of fauna from Great Bay
waters flowed over the tanks to maintain ambient conditions. Flow rates of 2 volume
changes per day were equal in the tanks, therefore the presence of fauna is anticipated in each
sediment cap capable of supporting a community.

Table 28 summarizes the number and type of benthic fauna observed in each of the phase one
JEL tanks. This colonization data was limited by sample size and low density and diversity
in the various tests tanks. These tanks represent the contaminated Anacostia River sediment
capped with: no barrier, Ottawa sand, and FP. There are many toxic organic as well as
inorganic contaminants that commonly occur both the Anacostia River and Newtown Creek
sediments, which would react with barriers in this study, but would inhibit infaunal
colonization. Tank 17 also did not have any observable infaunal colonization, by contrast to
tank 16. Both of these tanks influent waters were filtered to limit infaunal colonization, and
populations were generally low. The low densities are probably related to several factors
including: i) larval availability in the system; ii) acceptable grain size for settlement; and iii)
the lack of any previous colonization. Longer term colonization studies in situ would
probably provide a better indication of potential colonization and bioturbation related to an
established community.

The organisms that colonized the tanks were early colonizing species. These species for the
most part are surface or shallow tube dwellers and would not be expected to penetrate the cap
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Table 28: Observed Benthic Fauna Populations for JEL Tanks at Day 400.

Tank1l Tank2 Tank3 Tank4 Tank5 Tank6 Tank7 Tank8 Tank9 Tank10 Tank1l Tank12 Tank13 Tank14 Tank15 Tank16 Tank17 Tank18 Tank 19
(Control) (Control) (Control) (Control) (Control) (Control) _ (Test) (Test) (Test) (Test)  (Test) (Test) (Test) (Test) (Test) _ (Bio-X) _ (Bio-X) (Geofabric) (Geofabric
Sampling of Individuals / 600 cm®
h=] h=] > = > =
S = = E < = E < = E =t 35
i x = ST = ST = ST = @ = @
2| £ |83 3| 2 |63 | £ 53 S B
Class & 3 ce o o
Order or Family g S s e - - - — A xNCP
Genus and Species 2 @ §§ §§“§§H 2. 3. EEH 2. B §:a°3,_, §§,_.
o[ |25 CEE[CES E5CEE CEB[CEE[CEE[CEE|CEE
(G s SEE|ISEE EE|ISEE SEE|ISEE|SEE|SEE|SEE
o o S3lae3 E3|e €T S E3Iea =3 SRS IR RS
T 50|z 5» SNz 5» 2502502505026 »
20 |20 o O 20 O o 20 20
Nematoda 1
Annelida
Oligochaeta 40 36 12 6 1 19
Polychaeta
Streblospio benedicti 4 1 2 2 2 1 1 1 3
Neanthes virens 2
Arthropoda
Amphipoda X I o "
Crassicorophium insidiosum = 1 5 5 g
Copepoda. g i i é
Harpacticoda s 1 o o o
Cumacea ' S S S S
Leucon americanus 1
Ostracoda 1
Ascidacea
Botrylloides violaceus** 1 1
Total Individuals per Sampling 4 40 1 0 6 3 36 2 13 0 1 3 1 0 6 4 0 1 20

" Tanks 4,10, 14, 17 were unpopulated
™ Each colony a minimum of 2 zoids
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or create extensive bioturbation. Later stage colonizers create burrows or larger tubes which
could extend deeper into the capping material. Due to the length of this experiment it is not
known whether these later stage colonizers would find the substrate acceptable and establish
such burrows. The highest diversity of benthic species occurred in the FP barrier control
tank. Some species were observed only in conjunction with particular barrier types. These
correlations include: nematodes found only in FP barrier material, oligochaetes found almost
exclusively in Great Bay barrier material, and polycheates that were negatively associated
with Anacostia River sediments.

Infaunal colonization and the resultant bioturbation can contribute significantly to the rate of
heavy metals migrating through the sediment capping materials. Fauna burrowing through
the barriers reduce the tortuosity and create a path whereby a diffusing ion may migrate
without coming in contact with reactive surfaces. Additionally, some benthic species reduce
the barrier efficiency by advective feeding. Advective feeding is the feeding behavior of
actively pumping porewater from underlying sediments up to the waters surface while
extracting nutrients. The effective diffusion coefficients and retardation values calculated
previously for each of the materials includes reductions in barrier tortuosity and presence of
advective feeding that can be resultant of bioturbation, in addition to pure elemental
diffusion. This cannot be mathematically separated from the data, and should be noted
during interpretation.

Tanks with the five lowest effective diffusion coefficients and highest retardation values
(tanks 11, 12, 14, and 18) also had low benthic populations. The one notable exception to
this is tank 19, in which the NCP was incorporated into a geofabric mat. Although
significant bioturbation occurred in the clean Great Bay layer of this cap took place the
reactive barrier material remained undisturbed and effective.

Speculation regarding the growth of benthic and water column flora were raised at the
beginning of this because of the presence of phosphate as a major component of the reactive
barrier materials. The highly insoluble nature of phosphorite minerals does no allow for the
release of phosphate to the overlying waters. This observation was confirmed in our present
study. Detectable levels of phosphate were released to the overlying waters in control tanks
containing the contaminated Newtown Creek and Anacostia River sediments. Tanks that
capped the contaminated sediments did not leach detectable levels of phosphorus, likely
because of precipitation reactions with component minerals (e.g. dolomite) in the phosphorite
materials. Photographic analyses of the tank conditions were taken during the entire phase-
one experiments and were used to record any potential algal blooms (Appendix F). Analysis
of these images indicated that no significant algal growth occurred in the phase-one tanks.
Light levels permitted to enter the tanks during this experiment were limited by 50% light-
blocking mesh covers to match an environment more closely approximating a subsurface
sediment cap. These conditions would be expected to reduce algal growth in all of the tanks.

Phase Two — 10-Day Bioavailability Tests

The purpose of the reactive barrier study was to determine the effectiveness of a phosphate
material at forming a reactive barrier layer, which would inhibit the diffusion of heavy metals
from capped sediments. The reason for the effectiveness of these phosphorite barriers is that

63



as the heavy metals begin to diffuse through the phosphate layer, they react with the apatite
minerals and precipitate out of the porewaters. These chemical reactions are assumed to
reduce the bioavailability of the metals to benthic organisms. However the relationship
between metal concentrations in sediments and the bioavailability of the metals are often
specific to individual site characteristics such as AVS, pH, redox, and salinity. To examine
this, the 10-day bioavailability tests were conducted. These experiments determined the
survival (Lethal Dose, LDsp) and growth rates (Inhibiting Concentration, 1Csp) of benthic
organisms as a function of heavy metal dose added to reactive and nonreactive barrier
materials.

Phase Two - Methods

Clean Great Bay sediment materials and Phosfil barrier materials were spiked with a series of
heavy metal solutions to reproduce the aging of a reactive and non-reactive barrier material
as metals diffuse though them. To produce the contaminated barrier materials, they were
gently agitated for 3 weeks in sealed low-density polyethylene containers at 10°C. These
containers were sampled periodically for process water metal content to determine when
equilibrium was established in the system. ICP spectroscopy was used to determine
concentrations of heavy metals in sediment and barrier porewaters before and after
equilibrating with metal contaminant solutions.

Experiments were conducted in 500 mL beakers at Envirosystems (ESI) of Hampton, NH.
Estuarine water flow, light, dissolved oxygen, temperature, and salinity of the beakers were
maintained according to the protocols set forth by EPA protocols (U.S. EPA 1998; U.S. EPA,
2001). The benthic invertebrate Chironomus tentans were used as the test organism (ASTM
E1367-99; U.S. EPA 1998; U.S. EPA, 2001). These protocols provide standard approaches
for physical and chemical analysis of contaminated sediments and for the evaluation of
toxicological effects of sediments on aquatic invertebrates. Cadmium was selected as the
heavy metal to test during these experiments because of the known ability for Phosfil to
adsorb cadmium and because it is frequently used as a toxicity standard during
bioavailability tests.

Barrier materials were mixed with cadmium chloride solutions of varying concentrations at
an L/S of 1/1. Materials were vigorously mixed for a period of 1 hour in the Hobart mixer to
ensure homogenization, and gently mixed in a sealed container for a period of three week to
allow equilibration. Porewater samples were extracted by a syringe with 0.2 uM inline filters
to determine pH, redox, and cadmium remaining in solution. When metal concentrations
reached a constant value (Figure 17) the sediments were considered at equilibrium and ready
for the bioassays (ASTM E1525-02).

The main bioassay experiment was conducted using two barrier materials (Phosfil and clean
Great Bay sediment) at five Cd concentrations (based upon porewater concentrations) with
ten replications. Determinations of optimum spiking rates for barrier materials were made
based upon final porewater concentrations being compared to previously established LDsg
data for C. tentans (Figure 17). Optimum test results for determining LDso will result from
two spiking concentrations that induce a bounded (0 to 100%) survival rate. Benthic
organisms are vulnerable to organic and metal contaminants as well as differences in
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Figure 17: Sorption of Cd to Clean Sand and Phosfil Prior to Bioavailability Tests.
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sediment grain size. Therefore the experiments used a similar grain sized, contaminant free,
barrier material as the spiked, non-reactive control (Figure 18). C. tentans were obtained
from Aquatic Research Organisms, Hampton, New Hampshire. The larvae were in the
second to third instar of development, 9 days old, at the start of the assay. Larvae were
cultured at approximate test conditions.
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Figure 18: Grain Size Analysis of Materials used During Bioavailability Tests.
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A total of 50 cadmium treated Phosfil and clean sediment samples were delivered to ESI.
Each sample was given internal sample identification numbers and refrigerated at 2-4 °C
until required for testing. The laboratory control substrate was an artificial sediment
consisting primarily of silica sand, with less than 1% organic material by weight. Overlying
water was a mixture containing 50% natural estuarine surface water and 50% synthetic
surface water prepared at ESI according to standard protocols (U.S. EPA, 2000). The general
characteristics of the overlying water, pH, conductance, alkalinity, ammonia and hardness,
are reflective of the impact of the natural surface water and calibrated to reproduce ambient
conditions in the Anacostia River.

Prior to bioassay testing, porewaters from the spiked Phosfil and spiked Great Bay materials
were collected and analyzed to determine total cadmium concentration. Based on the results
of the chemical analyses, four spiked clean sediment and six spiked Phosfil samples were
selected for toxicological analysis. The spiked samples were selected to bracket the historic
mean cadmium concentration, determined from C. tentans reference toxicant assays
conducted at ESI, which resulted in a 96-hour LDs for the organism.

Bioassays were conducted using the spiked sample and laboratory control sediment tests
which consisted of 8 replicates with 10 organisms/replicates. Test vessels were 400 mL glass
beakers containing approximately 100 mL of sediment and 250 mL of overlying water
(Figure 19). As described by the protocol, test vessels were drilled at a consistent height
above their bases to facilitate water exchanges. The hole was covered with 0.5 mm Nytex®
screen. The overlying water volume to sediment surface area ratio was approximately 7:1.
Vessels were maintained in a water bath during the assay. Depth of the water in the bath was
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set to be approximately 1 cm below the drain hole in the test vessel to eliminate flow of water
from the bath into the test vessel. The water bath was maintained in a limited access,
temperature controlled room. Temperatures in the room and water bath were independently
set at a temperature of 23°C. Temperature was recorded using a temperature logger placed in
the sediment layer of a surrogate vessel; temperatures were recorded at an hourly frequency.
The photoperiod in the test chamber was set at 16/8 hour light/dark period timing. Lighting
was supplied by cool white fluorescent bulbs.

Figure 19: 10-Day Bioavailability Experiment Images (Cd-Spiked Barriers).

T ———y

A series of surrogate test vessels (without C. tentans) were established for each treatment to
provide water samples to document cadmium porewater concentrations during the assay.
The surrogate vessels was treated in the same manner as the primary test replicates, with the
only exception being that no organisms were added to the vessels. Porewater samples for
cadmium analysis were collected on days 0, 3, 7, and 10 of the assay.

The day before test initiation, control and test sediments and overlying water were added to
the test vessels. Vessels were left undisturbed for approximately 20 hours to allow the
sediments to settle. Test organisms were acclimated over a two hour period of time by the
addition of overlying water to holding water in the organism holding tank. Holding water
was mixed with an equal volume of overlying water; an hour later another volume of
overlying water was added to the holding vessel. Organisms were added below the water
surface at test initiation. Organisms that failed to sink or appeared unhealthy were removed
and replaced.

Overlying water in each replicate was renewed daily after collection of water quality data
(Figure 20). Each test chamber experienced approximately two volume additions daily.
Water exchanges were facilitated by use of a distribution system designed to provide equal,
regulated, flow to each chamber. The system was activated manually by the addition of
water during this assay. Prior to the daily water renewal the temperature, specific
conductance, redox potential, pH, and dissolved oxygen were measured in one replicate for
each treatment. Dead organisms were recorded and removed from the test chamber.
Alkalinity, ammonia, and hardness of the overlying water were measured on days 0 and 10.
Each replicate was fed 1.5 mL of 4 g/L Tetramin® flake food mixture after the daily renewal.
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Porewater samples for cadmium analysis were collected from the surrogate test vessels on
days 0, 3, 7, and 10.

After 10 days exposure, the organisms were recovered from the sediments. Each test
chamber was gently swirled to loosen the sediments and the test material was dumped into an
8" stainless steel sieve with a 0.5 mm mesh screen. The sediments were washed through the
sieve using reconstituted moderately hard water and material left on the screen was sorted to
recover all living and dead test organisms. This process was continued until the entire
sample was evaluated. Surviving organisms were placed on tared weighing pans and dried
overnight at 70°C to obtain dry weight to the nearest 0.01 mg. The organisms were then fired
in a muffle furnace for two hours at 550°C to obtain the ash free dry weight to nearest 0.01
mg. The mean ash free dry weight per replicate was determined to assess growth. The
inhibition concentration (1Csp) was defined as the concentration of a contaminant (cadmium)
that resulted in a 50% decrease in endpoint growth as compared to the associated control, but
other reductions in growth were also calculated (ICzs, 1C7s).

Phase Two - Results

Analysis of Cadmium Concentration Equilibriums

Survival and growth data from the C. tentans assays are summarized in Table 29. Water
quality data collected during the assays are also summarized in Table 29.
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Table 29: Effects of Cadmium Spiking on Chironomus tentans Survival and Growth.

Cadmium | Percent - creent Percent Mean Mass Percent Porewater Cd Concentrations (mg/L)
< | Added Mean g:alrr\]/é\a/?clj Coefficient | 10-Day Mass ggi'gg[ﬂ] Coefficient Exposure Period (Days) Weighted
&)% (mg/kg) | Survival Deviation Variation | (mg/specimen) (mg/specimen) Variation 0 3 7 10 Mean
= 0 87.5 8.29 9.48 1.35 0.2485 18.36 0.019 0.069 0.019 0.019 0.03
g 1 91.3 10.53 11.54 1.31 0.1472 11.23 0.015 0.031 0.049 0.016 0.03
% 10 81.2 5.99 7.38 0.86 0.3357 38.87 0.36 0.072 0.11 0.037 0.12
150 0.0 - - 0.33 0.4398 134.22 4.6 0.91 0.6 0.58 1.3
500 0.0 - - 0.29 0.1233 42.05 150 38 8.7 4 39
Cadmium | Percent | ecreent Percent Mean Mass Percent Porewater Cd Concentrations (mg/L)
Added Mean ggr:/(;\z;?(lj Coefficient | 10-Day Mass Sg}ggg Coefficient Exposure Period (Days) Weighted
(mg/kg) | Survival Deviation Variation | (mg/specimen) (mg/specimen) Variation 0 3 7 10 Mean
_ 0 87.5 8.29 9.48 1.35 0.2485 18.36 0.019 0.069 0.019 0.019 0.03
"'é 1 70.0 8.66 12.37 1.28 0.4211 32.85 0.053 0.05 0.056 0.035 0.05
o 10 71.3 12.69 17.81 0.95 0.3093 32.48 1.2 0.11 0.22 2.2 0.63
150 23.8 16.54 69.63 0.3 0.2824 93.90 12 4.3 1.5 14 4
500 25.0 10.00 40.00 0.28 0.1832 66.69 60 13 2.4 4 15
1000 325 16.39 50.44 0.26 0.159 60.07 28 27 42 14 31
8000 48.8 24.21 49.65 0.30 0.0619 20.84 180 120 23 25 81
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At the end of the 10 day exposure period, mean survival was 87.5% in the unspiked
laboratory control sediments. Survival in the individual laboratory control replicates ranged
from 80% to 100%. Larvae recovered from the laboratory control sediment had a mean ash
free dry weight of 1.35 mg/larvae. The minimum acceptable criterion for survival in the
laboratory control is 70%. The minimum acceptable criterion for growth is a mean ash free
dry weight of 0.48 mg/larvae. These data indicated that the organisms were healthy and not
stressed by handling.

Temperature data collected by the data logger showed a mean temperature of 23.1°C with a
range of 21.0 to 25.5°C. Acceptable criteria are a mean value of 23+1°C with maximum
temporary fluctuations of 23+3°C. Temperature values recorded during daily water quality
measurements ranged from 21 to 24°C with a mean value of 22.8°C.

Chironomus tentans Survival Indices

Figure 21 compares the survival of the C. tentans population in cadmium spiked materials
(Phosfil and clean sand). Linear regression analysis of the concentration — survival
relationships provided values for LD2s, LDso, and LD1qo (Table 30). In this table it is clear
that the C. tentans population was able to survive much higher concentrations of cadmium
present in the reactive barrier materials than in the non-reactive clean sand materials. The
LDs for benthic organisms exposed to spiked Phosfil was 8 times higher than the LDs, for
organisms exposed to spiked sand. This effect becomes even more pronounced when
observing the calculated LD;q values. Specifically, the LD;q for the spiked non-reactive
sand was 261 mg/kg, however, the very high amount of Cd required to kill all C. tentans in a
reactive barrier could only be calculated, but not observed.

Table 30: Summary LD and IC Values for Cd-Spiked Phosfil and Clean Sand Barriers.

Percent Calculated Cadmium Percent Calculated Cadmium
. Concentration (mg/kg) Growth Concentration (mg/kg)
Mortality - - _
Phosfil Clean Sand Inhibited Phosfil Clean Sand
LD, 3.0 7.1 ICys 5.6 4.6
LD, 179 24 I1Cs, 71 26
LDy 605,526 261

Effect of Barrier Material on Benthic Faunal Growth

Figure 22 compares the growth of the C. tentans population in cadmium spiked materials
(Phosfil and clean sand). Linear regression analysis of this concentration — growth
relationship provided inhibiting concentration values at 25% (I1C,s) and 50% (1Cs) of control
organisms final dry weight (Table 30). The C. tentans population was able to maintain
higher body-weights in the presence of cadmium in the reactive barrier materials than in the
non-reactive clean sand materials. The ICs, for benthic organisms exposed to spiked Phosfil
was 3 times higher than the 1Cs, for organisms exposed to spiked sand.

When considering the LDys survival values and the 1Cys growth values for both survival and
growth, no differences were observed between the reactive and non-reactive sediments.
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Figure 21: Regression Analysis for Determination of Cd Effects on C. tentans Survival.

107 —O— Phosfil Survival 107 Phosfil
] LD 25 ]
h —— LD 50 h
= 08 7 LD 2 M- Phosfil Smoothed || = 0.8 7 LD 25
> > [ ]
= T = :.\
c i 1\ > ]
S 0.6 4 . S 0.6 1
(] 1 - (9] 1 A
[«5] 1 o) 4
S ] . |bsoT 2 ] LD 50
S 0.4 . S 0.4 .
e | e | [ ] [ ]
[} 4 () 4
a ] o i _
0.2 0.2 LD 100 =
1 1 605,525 mg/kg
0.0 0.0 4
-I MR | R | A | o -I AR | AR | AR | i
1 10 100 1000 10000 1 10 100 1000 10000
Total Cadmium Added to Barrier Material Total Cadmium Added to Barrier Material
—O— Clean Sand Survival Clean Sand
—— LD50
LD 25
— -+ Clean Sand Smoothed _
[ ©
2 >
S 2
% ] LD 50 :.j, ] LD 50
c 0.4 4 < -
8 5 %7
g ] & 1 LD 100 =
0.2 1 0.2 261 mg/kg
0.0 0.0 n
l T T "nnl T T "nnl T T "nnl T ™TT7TTT 'l T T "”"l T T "”"l T T "”"l T
1 10 100 1000 10000 1 10 100 1000 10000
Total Cadmium Added to Barrier Material Total Cadmium Added to Barrier Material

These values occur at very low values of cadmium spiking. As a result, the small reactive
components (e.g. metal sulfides, clays, organic matter) present in the clean sand materials
may have been sufficient to immobilize a portion of the cadmium added to the system.

Application of these types of toxicity test must be taken within context. There is a wide
range of sensitivities among benthic organisms to Cd and other anthropogenic pollutants.
Therefore, testing with one organism can not fully describe how all organisms will respond
in the field (Lam and Gray, 2001). Similarly, the results are specific to Cd, and may not fully
describe how benthic organisms would respond to other heavy metals that were sorbed into
the capping materials matrix. With these ideas in mind, the results of the 10-day tests
suggest that a reactive Phosfil barrier material which accumulated high concentrations of
heavy metals over time would have a far less negative impact on benthic populations
compared to a conventional clean sand barrier material.
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Figure 22: Regression Analysis for Determination of Cd Effects on C. Tentans Growth.

2.0 T 2.0
] —O— Phosfil Growth ] Phosfil
IC 25
S —— IC50 = 1
g ‘M- Phosfil Smoothed e 154
S s
% IC 25 % f
P o e
o _ IC 25
§e) g 107 =
= o
S IC 50 § IC 50
e S ]
= = 0.5 7
@] 1 (@) 1
] L | ]
00 _I T T IIII"I T LA "I v v """I v MR RALL O'O _I T T "nnl T ™7 7TT "l T T "nnl T
1 10 100 1000 10000 1 10 100 1000 10000
Total Cadmium Added to Barrier Material Total Cadmium Added to Barrier Material
2.0 2.0
] —O— Clean Sand Growth ] Clean Sand
—— IC50
—~ 1 IC 25 e 1
g 15 3 --f-- Clean Sand Smoothed E 15 —
‘E: =
; J
S ] T IC 25 S \ IC 25
O 1.0 O 1.0 1
=} 1 o
§ - IC 50 E IC 50
o 1 o 4
= 05 L = 05
(@] 1 O ]
0.0 1 0.0 -
1 10 100 1000 10000 1 10 100 1000 10000
Total Cadmium Added to Barrier Material Total Cadmium Added to Barrier Material

Phase Three — Reactive Barrier Material Sorption Studies

The purpose of the reactive barrier study was to determine the effectiveness of a phosphate
material at forming a reactive barrier layer which would actively inhibit the diffusion of
heavy metals from capped sediments. The reason for the effectiveness of these phosphate
barriers is that as the heavy metals begin to migrate (by advection or diffusion) through the
phosphate layer, they react with the apatite minerals and are removed from the porewaters.

The calculation of distribution coefficients (Kg) are a critical part to the understanding of the
mechanisms and potential for phosphate materials to prevent heavy metal migration. By
quantifying a barrier materials potential to remove heavy metals from batch solutions we
may estimate their ability to remove heavy metals migrating through sediment cap
porewaters.
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Phase Three - Methods

Experimental Design

The study consisted of two preliminary tests, followed by one main experiment. Preliminary
test were conducted to determine optimum length of time for quantify metal sorption, and
optimum concentration ranges for spiking. The main experiments then utilized these results
to determine the Langmuir sorption isotherm constants (K, Bmax) and distribution
coefficients (Kg). All sorption study experiments took place under controlled temperatures
(22°C). The average pH and Eh conditions found in the Anacostia River were used during
the experiments. Solid to liquid ratios for the experiments were 1:20.

Preliminary Study 1 (Kinetics)

The determination of sorption constants for organic chemical pollutants in soils and
sediments is an ASTM standard method (ASTM E 1195-87). This method is easily adapted
for sorption of metals in soils and sediments, and was closely followed. ASTM method D
4646-87 also relates to the sorption of contaminants on soils and sediments, and has been
directly applied to the sorption of cadmium to clay materials. Here the method requires an
artificial equilibration time of 24 hours, and the Kqvalue is not a true equilibrium value.
ASTM refers to this equilibrium constant by the symbol Ry (Kq4 value at the end of 24 hours).
The time-dependent preliminary study determined the validity of this assumption and the
proximity of the solution to true equilibrium. Lead, selenium, and arsenic have different
sorption / precipitation reactions with phosphorite surfaces and therefore were used to
determine the extent of equilibrium after a several different reaction times (Figure 23). Lead
reached equilibrium with the phosphorite minerals before day 1, selenium reached
equilibrium by day 4, and arsenic did not come to equilibrium until day 7 of the test.

Figure 23: Analysis of Reaction Time for Three Elements to Reach Equilibrium.
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From this preliminary experiment it was indicated that equilibrium was only closely
approached after a period of 7 days for these elements. The slow sorption of selenium on
apatite minerals has been previously observed for a synthetic hydroxyapatite, where
equilibrium was not obtained with for a period of 7 days (Monteil-Rivera et al., 1999).

Preliminary Study 2 (Concentration Ranges)

The second preliminary study was designed to provide optimum concentration ranges for the
primary Kq study. Table 31 shows the concentrations of metals in solution after 24 hours and
relative detection limits for each metal.

In general it was determined that a 10 mg/L solution and an L:S of 100:1 was adequate to
allow for quality measurement of metals in solution after the sorption experiments. It should
be noted that the metal concentrations used are higher than those that would be found in the
Anacostia River. Initial measurements of Anacostia River sediment porewater metals
revealed concentrations of: Cd <0.01 mg/L, Cr <0.02 mg/L, Cu = 0.14 mg/L, Pb <0.02 mg/L,
and Zn =0.10 mg/L.

Table 31: Metal Concentration Remaining in Solution after 24 Hour Sorption.

Concentration L/S FP (mg/L) Phosfil (mg/L)

Added (mg/L) Ratio| Cd Cr Cu Zn Cd Cr Cu Zn
1 100:1 | 0.06 0.85 0.055 0.14 0.005 100 0.01 0.005
1 20:1 | 0.01 052 0.02 0.015 0.001 082 0.03 0.005
5 100:1 | 048 4.67 0.145 054 0.27 4.67 0.08 0.1
5 20:1 | 013 386 0.09 0.115 0.03 423 0.015 0.01
10 100:1 | 091 8.76 0.205 1.07 0.065 894 0.03 0.002
10 20:1 | 0435 7.8 0145 0.36 0.098 797 0.065 0.06

Main Sorption Studies

The main adsorption experiments were conducted using the 7 day equilibrium period and the
concentration ranges determined in two preliminary studies. These studies consisted of batch
tests to determine the distribution coefficients and sorption isotherm tests to determine the
Langmuir constants.

Batch analyses were conducted according to ASTM procedures (ASTM E1367-99).
Phosphate minerals were initially air dried prior to addition to containers. Experiments were
conducted in 125 mL plastic bottles. Reagents were added to the containers in the following
order: (i.) 10 g Phosfil, (ii.) 100 g synthetic Anacostia River water, and (iii.) 1 N HCI or
NaOH required to bring solution to pH 7.7.

The solution pH and redox were recorded after final reagent additions and after filtration,
prior to preservation for metals analysis. Experiments were conducted at a constant
temperature of 22 °C (room temperature). Containers were mixed by slow inversion on a
rotary mixer at a speed of 2 rev./min. for 7 days as required by the preliminary study. At the
end of the extraction period samples were filtered through a 0.2 um polycarbonate filter.
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Solution pH and redox were determined and samples transferred to clean plastic bottles.
High purity nitric acid (1 mL) was added to preserve the samples for ICP analysis as

described in the phase one methods. The distribution coefficient (Ky) was calculated by:
K _(A-B)v Equation 24
d W (Equation 24)

Where: A = initial solution concentration; B = final solution concentration; V = volume of
solution used; Mg = mass of phosphate used; and K4 = the distribution ratio.

The Langmuir sorption isotherm studies were modeled using the Langmuir equation to
determine two parameters: K| and Bpax.

(KL ) Bmax C) .
eq 1+(B -C) (Equation 25)
1 1 1

+
M K., K/ B, C

eq

(Equation 26)

Where: M¢q = equilibrium concentration of the metal (M); C = initial solution concentration
of M; K. = Langmuir activity constant for M (indicative of the materials affinity for sorbing
M); and Bpax = Langmuir sorption capacity (maximum amount of M the material is capable
of sorbing).

All Langmuir sorption isotherm experiments were conducted in a synthetic version of the
Anacostia River water at pH 7.7. The formulation for generating this synthetic river water
was derived using reference formulations (Stumm and Morgan, 1988) and Anacostia River
water quality data collected during 2003 sediment coring activities (Table 32).

Table 32: Formulation for Synthetic Anacostia River Water.

Solid g/L
CaCO3 NaCl KCI MgSO, NaHCOs;
0.0397 0.0092 0.0055 0.0214 0.0097

Phase Three - Results

Sorption Coefficient (K4) Determinations

The main sorption coefficient determination experiments were conducted with each metal
being in equilibrium separately, so no competing reactions were taking place. Table 33
shows the calculated Kq4 values. Each data point represents the average of three data points
and standard deviations are provided to the right.

It may be observed that the phosphate materials in general have a affinity for heavy metals in
decreasing order of Pb > Cu > Cd > Zn > Cr. Other researchers have observed a competition
between these metal phases for the reactive sorption site present within the phosphorite
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materials. This preferential sorption sequence of metals onto phosphorite surfaces is
typically listed as: Pb > Cd > Zn > Cu > Cr (Kohn et al., 2002).

Table 33: Ky Values for FP and Phosfil Capping Materials.

Florida Phosphate (FP) Phosfil
Element Ky * ?)t:\r/lg?irgn Element Kg * ?)t:\?g?irgn
cu NA + NA Cu 3,810 + 1,053
Cd 81 + 3 Cd 1,766 + 134
Pb? <546,201 + - Ph? <546,201 + -
Zn 6,807 + 1,201 Zn 549 + 91
Cr 08 + 04 Cr 08 + 0.3

! Data not available because of sample loss.
2 Estimated minimum value based on detection limits.

The North Carolina Phosfil material sorbed the largest mass of Cd during these experiments,
while FP sorbed more Zn. Both materials had an equally low affinity for Cr. The oxidation
state of chromium is critical to both its solubility and toxicity. Trivalent chromium (Cr**)
was used in the above experiments,. This is species is much less soluble than the oxidized
form of hexavalent chromium (CrO,*). Hexavalent chromium was not tested during this
phase, but it is theorized that phosphorite minerals are much more reactive with this
dissolved species. The reaction of CrO,* with apatite minerals typically occurs with the
trivalent anion functional group using two different charge-compensating mechanism (Kohn
etal., 2002).

CrO4% + K* + Cayo(PO4)s(OH,F)
CrO4% + SiO,* + Cayg(PO4)s(OH,F)

— PO, + Ca® + Cag(PO4)s5(CrO4)(OH,F)
— 2 PO,* + Cayo(PO4)4(CrO4,Si0,)(OH,F)

Comparisons for Cu sorption were not possible because of FP sample loss, but North
Carolina Phosfil, was shown to sorb Cu efficiently. The sorption of Pb in both materials was
exceedingly high and ICP detection limits prevent comparisons between the two materials.
However, Pb was very efficiently sorbed by both reactive barrier materials.

The analysis of heavy metal sorption to determine distribution coefficients according to
ASTM standards has been performed by several researchers (Zhang et al., 1998; Turner,
1996). The sorption of metals to sediments is highly pH dependent (Fu and Allen, 1992).
Oxidized sediments have been observed to adsorb twice the amount of cadmium at pH 7.5 as
at pH 4. This was attributed primarily to changes in surface charges in the humic acids, and
metal hydroxides present in the sediments. Because these were oxidized sediments being
studied, sulfide binding was not considered significant. In an anaerobic sediment sulfide
binding will often dominate heavy metal reaction chemistry (DiToro et al., 1992).

The sorption of heavy metals onto hydrous metal oxides has been shown to be not only pH
dependent, but also time dependent (Trivedi and Axe, 2000). This is because of the diffusion
of the heavy metals into the metal oxide particles was a much slower chemical process than
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the sorption of the heavy metals onto the surface. Thus while sorption experiments could be
conducted in as little time as 4 hours, larger particle sized samples (with lower surface area),
required up to 40 days to reach equilibrium.

The sorption of metals to estuarine sediments has been shown to be highly dependent upon
the salinity of the solution in which the experiments are being conducted (Turner, 1996).
Research has shown that the K4 values (sorption of metals onto sediments) can be reduced by
5 fold as salinity increase from 0 to 32 mg/kg. This phenomenon is explained largely by
increased competition for cation binding sites within the sediments. Under natural estuarine
conditions the salinity will also affect the amount of suspended particulate mater in the water,
which in turn changes the amount of metal cation binding sites available (Turner, 1996).

Langmuir Sorption Isotherm Constants

Sorption isotherm experiments were conducted for the binding of several elements (As, Cd,
Cu, Cr, Ni, Pb, Se, Sr, V, Zn) and full results are presented in Appendix G. Figure 24
presents an example of the sorption isotherms developed and modeled. This figure presents
the reductions in metal concentration due to sorption reactions (left graph) and a linear
transformation of the data to derive the appropriate Langmuir constants (right graph).

Figure 24: Langmuir Sorption Isotherm Image for Cadmium on Phosfil.
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Calculated Langmuir Equation Parameters

Langmuir K| (L/mg) 0.015
Langmuir B, (Mg/g) 32.37
Langmuir Linearity (r) 0.9333

Table 34 summarizes the Langmuir constants for several elements and allows us to compare
the relative reactivity a Phosfil barrier has with individual metal contaminants. Here the (K)
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of Phosfil for the various metals decreases in order (Pb > As>Ni>U>Cr>V >Se > Cu >
Cd > Zn). These results are similar to the observed order of the sorption constant (Ky) of
these metals to Phosfil which decrease in the order of (Pb > U > Cu > Ni > As > Zn > Se >
Cd >V > Cr) with the notable exceptions that U, Zn, and Cd had greater affinity for the
Phosfil material, while Ni and V had lower affinity. The total sorption capacity of the Phosfil
material (Bmax) varied greatly between elements, but decreased in the order of (Pb > Zn > Cd
>Cu>U>Ni>V>As>Se>Cr).

For comparison, the Langmuir constants for Pb sorption on a synthetic hydroxyapatite was
very similar to our observed results and determined to be Bmax = 320 mg/g and K. =2.5
L/mg (Bailliez, 2004). Other determinations of Langmuir constants for metals interacting
with a phosphatic clay were comparable to ours for Cd (Bmax = 24.5 mg/g; K. =0.111 L/mg),
but less so for Pb (Bmax = 37.2 mg/g; K_=0.125 L/mg), and Zn (Bmax = 25.1 mg/g; K. =
0.026 L/mg) (Singh et al., 2001).

Table 34: Analyses of the Sor

ption Behavior for Apatite Minerals with Selected Metals.

Element zZn Se*t Cu \Y; Ni
Langmuir K, (L/mg) 0.008 0.23 0.129 0.772 1.778
Langmuir B, (mg/g) 47.24 0.095 12.98 0.224 0.608
Langmuir Linearity (r°) 0.134 0.09 0.149 0.596 0.449
Measured Phosfil K4 (mL/g) 352 + 108 197 £ 43 768 £ 314 [153.8+53.6| 770+ 140
N.C. Phosphate K, (mL/g) 549 3,810
Florida Phosphate K (mL/g) 6,807
Apatite 11 Ky (mL/g) 175,000
Fluoroapatite K; (mL/g) 3 1,100
Hydroxyapatite K, (mL/g) 900 16,400
Apatite Literature Low K, (mL/g)
Apatite Literature High K, (mL/g) 10,000
Element U crt As* Pb cd
Langmuir K, (L/mg) 1.309 1.18 2.248 2.38 0.015
Langmuir B, (mg/g) 0.629 0.069 0.167 293 32.37
Langmuir Linearity (r?) 0.3837 0.4803 0.7668 0.5958 0.9333
Measured Phosfil K, (mL/g) 858 £279 | 90.7£49.6 | 712+215 353;?5; 173 +78
N.C. Phosphate K, (mL/g) 0.8 546,201 1,766
Florida Phosphate K (mL/g) 177 0.8 546,201 81
Apatite 11 Ky (mL/g)
Fluoroapatite K4 (mL/g)
Hydroxyapatite K, (mL/g)
Apatite Literature Low K, (mL/g) 177 5 222 3,900 30
Apatite Literature High K, (mL/g) 268,000 18,000 222 533,000 200,000
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The influence of these Langmuir sorption constants on any type of capping material
reactivity is not constant with time. Conventional sediment capping materials contain some
reactive components (organic matter, iron oxides, iron sulfides, and clays) which will provide
a maximum sorption capacity (Bmax) ranging from 1 to 10 mg/g for Pb. When either a
reactive or conventional barrier is exposed to a constant influx of contaminants, the sorption
capacity of that material must be exceeded prior to a contaminant breakthrough. For an
initial period of time both barriers will perform equally well inhibiting heavy metal migration
and diffusion profiles may appear similar. Eventually the sorption capacity of the less
reactive material (clean sediment) will be exhausted and diffusion profiles will appear very
different. With conventional barriers, changes in environmental conditions, such as sediment
oxidation or pH shifts, will effectively lower its maximum sorption capacity by altering the
reactive components. If the barrier was near saturation when this change occurred it would
result in the barrier releasing the previously bound contaminants. Phosphorite barriers are far
less affected by shifts in environmental conditions.

Diffusion Modeling and Cap Design for the Anacostia River

The effective diffusion coefficients and partitioning coefficients for the natural phosphorite
minerals were used to design the reactive (Phosfil) capping system for the Anacostia River.
The cap thickness required to remediate an area of contaminated sediments includes several
components: physical isolation, stabilization/erosion protection, and chemical isolation
(Palermo et al., 1998). The total cap thickness required to prevent contaminant breakthrough
over a set period of time is the sum of these three components, represented by the equation:

TTotaI = (TI + Tb + ch )+ (Te) + (Tci—d + Tci—a) (Equation 27)

Physical Erosion Chemical

The physical isolation component of the cap includes three separate sub-components for
isolation, bioturbation, and chemical consolidation (Palermo et al., 1998).

The isolation component (T;) is intended to provide physical separation from the
contaminated sediment. Since the purpose of this project was to evaluate the reduction of
contaminant flux generated by the innovative active cap material, the isolation component
thickness was not included (T;=0 cm).

Bioturbation (Ty,) is defined as the disturbance and mixing of sediments by benthic
organisms. To protect from bioturbation, the cap thickness must be deeper than the burrows
of benthic organisms. The bioturbation depth depends on the local organisms found at the
site. Based on the species identified at the site, the bioturbation layer is was calculated as Ty
= 15 cm. Earlier benthic studies (McGee and Pinkney, 2002) in the demonstration area had
identified only one dominant benthic organism: oligochaetes, which burrow less than 3
centimeters into the sediment.

The consolidation component (T) includes both cap materials and the underlying sediments.
Cap thickness changes are be attributed to subsequent consolidation of the composite cap
materials and underlying sediment because of loading introduced by the cap placement. The
estimated thickness of consolidation component for the Phosfil capping materials was T =
2.5 cm.
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The cap erosion/stabilization component (T¢) has a dual function (Palermo et al., 1998). This
component is intended to stabilize the contaminated sediments being capped preventing them
from being resuspended and transported offsite. In addition, this component is added to
make the cap itself resistant to erosion.

Sediment stabilization was evaluated in geotechnical analysis conducted by Horne
Engineering. Probabilistically derived peak ground acceleration with a 10% probability of
being exceeded in 50 years was evaluated and was found not to be significant with respect to
its destabilizing effects on the lateral and vertical stability of the cap materials. The
Anacostia River current had very low flow velocities in the site area. Additionally, the
demonstration site was considered to be a deposition area according to the sediment transport
model study performed by ICPRB (ICPRB, 2000; Schultz, 2001).

The chemical isolation component of the calculated total cap thickness is the thickness
required to chemically isolate the contaminants and reduce contaminant flux produced by
chemical diffusion (T.q) and porewater advection (T..,). The diffusion was calculated from
the partitioning coefficients determined during the phase 3 experiments. Modeling was used
in conjunction with field measurements of the Anacostia River metal concentrations to
predict the distances each metal would diffuse through the reactive barrier materials over a 5
year period of time (Figure 25). Since Cr had the lowest Kq4 value, it was calculated to
diffuse the furthest (22 cm) during this time period and Zn the second furthest (3 cm).

Figure 25: Calculated Diffusion of Selected Heavy Metals Through a Phosfil Barrier
with Initial Concentrations lIdentical to the Anacostia River.
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The advection portion of the chemical isolation component (T.a) chemically isolates the
contaminants as they are being advectively pushed through the barriers. Some contaminant
will be advected into the cap due to porewater expressed during the consolidation of the
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native sediment. Again, this component was calculated from the partitioning coefficients
determined during the phase 3 experiments. Assuming 30.5 cm of consolidation, the affected
layer thicknesses ranged from 16.8 cm to 3.2e™ cm depending on the Kq value for a particular
metal (Figure 26).

Figure 26: Calculated Advection of Selected Heavy Metals Through a Phosfil Barrier.
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In summary, a conservative error function based diffusion model showed that migration of
Pb, Cu, Cd, and Zn contaminants in the cap would be less than 3 cm over five years. Based
on the advection and diffusion modeling, a 3.05 cm thick apatite layer is sufficient to inhibit
migration of Pb, Cu, Cd and Zn over the project time period. It is possible that Cr could
break through the reactive barrier toward the end of the 5 year test period, but initial
sediment concentrations were low. Additionally, the previous discussion of Cr** vs. CrO,*
reactivity indicates higher sorption rates are anticipated to occur with the more commonly
present hexavalent species.

The measured Kq values used in cap thickness calculations were very conservative due to
high solution concentrations during laboratory experiments (Palermo et al., 1998). The
assumed degree of consolidation was also very conservative. Additionally, concerns about
the accuracy of deployed cap thickness required a 3 times margin of safety be used to ensure
complete coverage of the area to our minimum depth. Therefore, a 16.5 cm apatite layer
capped with a 15 cm clean sand bioturbation layer was assumed to sufficiently sequester all
migrating contaminants for the project 5 year period.

Trow =(0+15+25)+ (0) +(3+0.05) (Equation 28)

Physical Erosion Chemical
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Discussion

Field Deployment on the Anacostia River

The successful results obtained from the pilot-scale experiments resulted in the phosphorite
barriers being deployed on the Anacostia River in Washington D.C. in the spring of 2003.
Phosfil and Clean sand caps were deployed on the Anacostia River using a clamshell bucket
and GPS positioning systems connected to a float crane with spud system (Figure 27). The
Anacostia River is tidal in this area and water depths varied between 3 and 4 m. Coring
analysis of the cap demonstrated the deployment technique to be effective in producing a
sediment cap that varied = 5 cm from the 15 cm target thickness for the Phosfil layer. The
clean sand layer was then placed on top of the Phosfil layer and also varied + 5 cm from the
15 cm target thickness. Capping materials were released at the water surface by the clam
shell bucket to reduce intrusion and mixing with the soft river sediments. Coring
demonstrated that mixing layers between the Phosfil and river sediment ranged from 0 to 5
cm. No mixing was observed between the clean sand and Phosfil layers (Figure 28).

Figure 27: Deployment of the Phosfil Cap Using a Clamshell Bucket.

Circles mark GPS locations for capping material release points. Red rectangles indicate approximate size of
open clamshell bucket.

Figure 28: Coring Analysis of Reactive Barrier Deployment Efficiency.
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Material Costs for Reactive Barriers

Material availability and costs for reactive barrier capping projects are central to their
consideration for any capping project. The current sources for phosphorite rock materials on
the Eastern United States include PCS Phosphates in North Carolina and IMC-Agrico in
Florida. Both the Phosfil product available from PCS Phosphates and the Florida
phosphorite rock can be purchased for approximately $135/ton, which includes delivery by
truck within 400 miles of the source. Work on the Anacostia River required 200 tons of
phosphorite rock to cap the 743 m?area. Based on the above prices the cost of the Phosfil
barrier material delivered was $27,000. In the future, there are several factors that may work
to reduce this price including shipping materials by ocean barge, larger volume production,
and improved deployment techniques to minimize material waste.

Comparing the costs of these materials to the cost of conventional capping materials has to
be made on a performance basis. Table 35 compares the cost for materials based upon the
depth calculated to be required using both the advection and diffusion equations. No safety
factors for deployment inaccuracies are included in these values. Because of the higher
efficiencies of the reactive barriers, much less cap material is required for the same cap life
expectancy. In general the cost for Phosfil capping materials are 14x that of clean sand,
however, 14x less material was required to construct an effective cap. The material costs for
the Phosfil reactive barrier materials were 15% higher than the conventional sand barrier.
This type of cost comparison is highly dependent upon the availability of local materials. As
the clean sand was obtained from a processor located adjacent to the site, no delivery costs
were incurred. By contrast Phosfil materials were delivered approximately 400 miles by
truck.

Table 35: Performance Cost of Barriers Based on Required Thicknesses.

Capping Minimum Depth  Material Cost ($/m®) | Cost for Capping
Material Required (cm) Delivery Included Area ($/m°)
Reactive (2 layers)

Phosfil Layer 5.5 $ 135.00 | $ 7.43
Sand Layer 15 $ 10.00| $ 1.50
Total $ 8.93

Conventional (1 layer)
Sand Layer 75 $ 10.00 | $ 7.50

Typically, reactive barrier sediment caps are more expensive than conventional capping
systems. The use of phosphorites as a reactive barrier offers several potential economic
benefits under different capping scenarios. Deployment of multiple layer reactive barriers
currently requires more handling time, and higher labor costs than conventional barriers.
However, the relatively similar material costs for Phosfil materials compared to conventional
barrier materials demonstrates that further development of efficient deployment technologies
could result in a competitive capping alternative. The phosphorite material used in these
experiments was an unprocessed mining product, thus more economical than highly
manufactured reactive materials.

83



Summary of Pilot-Scale and Field Research

The pilot-scale project successfully demonstrated that the phosphorite materials collected
and tested from both Florida and North Carolina are suitable for reactive barrier capping
applications. The phosphorite minerals remained stable after placement as a sediment cap
and did not release phosphate into the systems. Additionally, the phosphorite minerals were
shown to be stable even under extreme pH changes.

The reactive phosphorite barriers, placed under pilot-scale conditions at JEL, significantly
reduced the diffusion of lead (17%) and Zn (50%) compared to the nonreactive clean sand
tanks. Statistically significant reductions in Cu diffusion was not observed, but the Cu
retardation constant was 300% higher than the conventional barriers. Mineralogical analysis
of cores taken from the JEL tanks demonstrated the presence of metal phosphate reaction
products in the deployed reactive barriers. These products included a highly geochemically
stable lead apatite mineral (Ca,Pb)10(PO4,C0O3)s(OH,F,Cl),56-1.5H,0. Infaunal colonization
results for the JEL tanks were not conclusive, but it should be noted that healthy benthic
populations were observed colonizing the phosphorite cap materials.

Bioavailability of metals (represented by Cd) that were sequestered in the reactive
phosphorite barrier caps and clean sediment caps was evaluated using 10-day Chironomus
testing. By comparing LDs results it was shown that phosphorite barriers were capable of
adsorbing 750% more Cd than clean sediment barriers before the same level of metal
bioavailability was reached. Extensive sorption studies using the custom sieved phosphorite
material Phosfil demonstrated that the materials may be effective at capping sediments
contaminated with a wide range of elements including: Pb, U, Cu, Ni, As, Zn, Se, Cd, V, and
Cr.

The phosphorite minerals have been successfully field deployed in the Anacostia River and
monitoring has begun on this location. Continued improvements in deployment techniques
for thin-layer reactive barriers will add to the future economic competitiveness of this
capping technology.

Technology Transfer and Management Application

This research project was central to creating a new tool to remediate heavy metal-
contaminated sediments. Phosphorite reactive barrier technologies provide advantages such
as: (i) greater reduction in heavy-metal transport out of confined or near shore contaminated
areas including sites with adverse hydrology, (ii) opening up of disposal sites where
geographical or hydrological conditions would not allow conventional capping, (iii)
reductions in the amount of clean fill required for capping a disposal site, and (iv) capping
more contaminated sediments in situ, reducing the need for environmental dredging.

Anticipated users of this technology include: State Coastal Zone Managers, NERRS research
coordinators and managers, NOAA, USACE, EPA and State Environmental Agency staff
scientists and engineers, and private sector consulting environmental engineers. Specific
firms that expressed interest in the technology during this research included: PCS Phosphate
of North Carolina (for production of materials), CETCO for capping of sediments, and
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several near shore property owners for use of the technology. Below is a list of presentations
and publications made related to this project.

National Presentations

e Demonstration of Apatite-Based Reactive Barrier Technology for Containment of Heavy
Metal Contaminated Sediments in the Anacostia River. Emerging Issues in Water
Resources in the Northeast. University of Massachusetts. Amherst, MA. (October, 2004).

e A Pilot-Scale Apatite-Based Reactive Barrier to Contain Heavy Metals from
Contaminated Sediments, EPRI Capping Workshop. Cincinnati, Ohio. (February, 2003).

e Comparative Validation of Innovative Capping Technologies on the Anacostia River,
EPRI Capping Workshop. Cincinnati, Ohio. (February, 2003).

e Use of Three Dimensional X-Ray Microtomography on Metal Distribution in a
Phosphate-Based Reactive Material. The 223" ACS Annual Meeting, (2003)

e Use of Phosphate to Stabilize Heavy Metals in Contaminated Sediments and Dredged
Material. Conference on Disposal Options for Contaminated Sediments and Dredge
Materials. Massachusetts Institute of Technology, Cambridge, MA. (2000).

e Environmental Chemistry at a Synchrotron: Tomography and Fluorescence Spectroscopy
Profiling. The 220t ACS Annual Meeting, Washington, D.C. (2000).

Local Presentations

e Pilot-Scale Technologies for Reactive Barriers Advisory Board Meeting, University of
New Hampshire, Durham, NH. (July, 2002).

e Pilot-Scale Technologies for Reactive Barriers: Outreach Program. Jackson Estuarine
Laboratories, University of New Hampshire. (October, 2002).

Corporate Presentations

e Use of Sieved Phosphate Rejects as a Reactive Barrier Material for the Anacostia River.
PCS Phosphate, Aurora N.C. (November, 2003).

e Results of Deploying the Phosfil Reactive Barrier Cap in the Anacostia River. PCS
Phosphate, Aurora N.C. (August, 2004).

e Apatite-Based Impermeable And Permeable Reactive Barriers. Kurita Water Industries.
Fukuoka, Japan. (September, 2003).

e Apatite-Based Impermeable And Permeable Reactive Barriers Mitsui Engineering &
Shipbuilding. Tokyo, Japan. (September, 2003).

e Anacostia River Active Capping Project Overview, CETCO Incorporated. Presented at
UNH (March, 2003).
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Publications

e Crannell, B.S., Eighmy, T.T., Butler, L.G., Emery, E., and Cartledge F.K. (2002) Use of
Phosphate to Stabilize Heavy Metals in Contaminated Sediments. In: Proceedings of
Conference on Dredged Material Management: Options and Environmental
Considerations, December 3-6, 2000, Massachusetts Institute of Technology, Cambridge,
Massachusetts.

e Crannell, B.S., Eighmy, T.T., Butler, L.G., Cartledge, F.K., Emery, E., Willson, C.,
Reible, D.D., and Yin, M. (2003) Reactive Barriers for Containment of Metals-
Contaminated Dredged Material: Diffusion Studies. In: (ed. Eighmy, T.T.) Use of
Recycled Materials in Transportation Applications, Air and Waste Management
Association, Pittsburgh, Pennsylvania.

e Butler, L.G.,. Cartledge, F.K, Emery, E., Ham, K., Crannell, B.S., and Eighmy, T.T.
(2000) Environmental Chemistry at a Synchrotron: Tomography and Fluorescence
Spectroscopy Profiling. In: Proceedings of the 220" ACS Annual Meeting, Washington,
D.C., paper 214.

e Eighmy, T.T., Crannell, B.S., Eusden, J.D., Butler, L.G., and Cartledge, F.K. (2002) Use
of surface analysis, solid-state spectroscopy, and geochemical modeling to characterize
phosphate-stabilized wastes. Abstracts of the 12" Annual V.M. Goldschmidt Conference,
Davos, Switzerland (printed abstract in Geochim. Cosmochim. Acta. 66(15A/S1): A209.)

e Melton, J.S., Crannell, B.S., and Eighmy, T.T. (2003) Apatite Based Reactive Barrier
Technologies for Containment of Heavy Metal-Contaminated Sediments in the Anacostia
River: Principals and Modeling, poster published in the proceedings of the EPRI
Sediment Capping Workshop, May 13th, 2003.

Additional Efforts for Technology Transfer

Results of this research were disseminated through the advisory board and its contacts with
State Coastal Zone Managers, NERRS research coordinators and managers, U.S. Army Corp
of Engineers scientists and engineers, U.S. EPA, and private sector engineers. Dissemination
is continuing on the research results through the CICEET sponsored technology transfer
program.

Management Application

Reactive barriers allow for the movement of water and gasses through them and therefore
may be effective in areas of upwelling currents. They also require less material to stabilize
contaminants than conventional chemical batch treatment, because only mobile pollutants are
treated. Conventional subaqueous capping uses clean sediment to physically separate
contaminated sediment from the overlying water column. An additional thin layer of
phosphorite between the sediment and clean cap will act to bind and hold metal contaminants
in a very stable mineral form and the amount of metal contaminants available to leach out of
the cap is significantly reduced.

Phosphorite reactive barriers offer a new tool for remediating contaminated sediment in
many areas where conventional capping may not be suitable. The extremely stable nature of
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the phosphorite materials, means that a properly design reactive barrier should outperform
conventional capping systems. Specific future uses for the phosphorite based reactive
barriers potentially include:

e Capping contaminated sediment “hot-spots”.

Use in difficult dredging environments such as under piers and boat docks.
Remediating environmentally sensitive areas where dredging is not permitted.
Capping areas where thicker caps interfere with shipping.

Lining near-shore disposal sites (where upwelling currents may occur).
Improving linings and caps for CAD systems.

Technology Commercialization

A patent for the use of phosphorite as a reactive barrier material containment system has
been awarded by the U.S. Patent and Trademark office (U.S. Patent, 2001). Extensive work
in identifying and targeting private sector partners to license the developed technologies are
currently being conducted with the UNH Office of Intellectual Property Management.

Close partnership has been established with PCS Phosphate of Aurora, North Carolina to
produce a controlled quality phosphorite mineral product (trademarked: “Phosfil””) from one
of the company’s current waste material. Private sector partnerships have been developed
through environmental consultants on the project advisory board (Normandeau Assoc. Inc.,
Wheelabrator Technologies Inc.), and phosphate manufacturers (IMC-Agrico; Mulberry,
Florida).

The technology has just been developed to the point where it can be deployed by coastal
decision-makers; therefore it is not in widespread current use. There are some needs for the
continuation of this research as many questions regarding its safety, long term efficiency, and
improved deployment techniques remain. The innovative nature of this capping system
means that watershed regulators will require extensive information prior to allowing adoption
of the technology.

Achievement and Dissemination

Results of this work have demonstrated the usefulness of phosphorite reactive barriers in
pilot-scale demonstrations, and field scale deployments. Reactive barrier systems installed
over contaminated sediments demonstrated a reduction in cap porewater concentrations by
50% for Pb and 20% for Cd compared to clean sediment caps. Reactive barriers decreased
the diffusion Pb (17%) and Zn (52%) compared to conventional barrier materials.
Experiments successfully demonstrated that the reactive barriers did not leach phosphate into
the overlying waters even when capping phosphate rich contaminated sediments. No
differences in algal growth were observed between reactive barrier caps and clean sediment
caps. Sorption isotherm studies separately demonstrated the phosphorite minerals potential
to reduce the migration of As, Cd, Cr, Cu, Ni, Pb, U, and V. A hydroxypyromorphite solid
solution (Ca,Pb)19(PO4,C03)s(OH,F,Cl),56-1.5H,0), was one potential reaction product
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found at the sediment/barrier interface through XRD analysis. This was consistent with
geochemical modeling.

The innovative nature of this capping system means that watershed regulators will require
extensive information prior to allowing adoption of the technology. To aid in this, a
technology transfer effort directed by Dr. Jeffrey Melton is currently underway. Information
dissemination for this research is also being conducted through the many avenues mentioned
previously including: the project advisory board, publications, presentations, and websites.
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