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Abstract. Phosphogypsum, a waste by-product derived from the wet process production of
phosphoric acid, represents one of the most serious problems facing the phosphate industry today.
This by-product gypsum precipitates during the reaction of sulfuric acid with phosphate rock and is
stored at a rate of about 40 million tons per year on several stacks in central and northern Florida. The
main problem associated with this material concerns the relatively high levels of natural uranium-
series radionuclides and other impurities which could impact the environment and which makes its
commercial use impossible. We have studied the potential release of radionuclides from
phosphogypsum by: (i) analysis of stack fluids, groundwaters, and soils associated with gypsum
stacks; and (ii) geochemical modeling via MINTEQA2. Stack fluids were observed to be very high in
dissolved uranium and 210Pb with only moderate concentrations of 226Ra. Underlying soils tend to be
enriched in U and 210Pb indicating precipitation when acidic stack fluids enter a buffered environment.
Modeling results showed significant increases in radionuclide complexes with sulfate and phosphate,
resulting in relatively mobile uncharged or negatively charged solution species within the stacks. On
the other hand, precipitation of multicomponent solids would be expected with increasing pH below
the stack. Our evidence thus suggests that while phosphogypsum stacks do contain significant
quantities of dissolved radionuclides, removal mechanisms appear to prevent large scale migration of
radionuclides to the underlying aquifer.

1. INTRODUCTION

Phosphogypsum, a waste by-product derived from the wet process production of
phosphoric acid, represents one of the most serious problems facing the phosphate industry
today. This by-product gypsum precipitates during the reaction of sulfuric acid with phosphate
rock and is stored at a rate of about 40 million tons per year on several stacks in central and
northern Florida. The main problem associated with this material concerns the relatively high
levels of natural uranium-series radionuclides and other impurities which could impact the
environment and which currently makes its commercial use impossible.

One of the prime concerns often expressed about phosphogypsum storage is the
potential for contamination of fresh water aquifers underlying the stacks [1-4]. Data from
previous studies have shown that there is often influence from the gypsum stacks for some
chemical parameters. The data for radionuclides is less clear. Past studies have usually relied
on monitor wells which are historically situated more on a regulatory rather than a scientific
basis, i.e., wells are often placed on the property lines rather than where they would provide
the best information. In addition, since most gypsum stacks are located on mineralized land,
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there are likely going to be elevated levels of some radionuclides (as Ra) associated with
the natural uranium-enriched phosphate rock. Thus, the finding of elevated levels of
radionuclides in a monitor well near a gypsum stack does not necessarily imply
contamination.

Because of these problems in interpretation, we specifically designed this study to
address the question of whether or not a gypsum stack contributes significant amounts of
radionuclides to the underlying aquifer. We focused on one inactive stack at Piney Point
Phosphates, Inc. in Florida and established monitor wells both around and directly into the
stack. Cores of phosphogypsum were also obtained through the entire stack. We thus had the
opportunity to investigate migration of radionuclides by looking at both fluid and solid phase
components.

2. STUDY SITE, MATERIALS, AND METHODS

The research reported here expands the work of Miller and Sutcliffe [5] at the same site
— the Piney Point Phosphates facility (formerly AMAX) near Palmetto, Florida (south of
Tampa). The pre-existing monitor wells at Piney Point, drilled mainly in 1979 and 1980 for
the studies of Miller and Sutcliffe, have 5.0 foot long screens. Seventeen new monitor wells
were drilled into the surficial aquifer around the gypsum stack and eleven wells were drilled
directly into the older phosphogypsum stack at Piney Point (Fig. 1). All new monitor wells
were constructed with filter screens (0.010 inch slotted liner) in the deepest 10.0 feet of the
total depth of the well. Screens were packed in 20-30 mesh sand with an approximately 1.5 ft
bentonite hole plug overlying the sand pack. The 4-inch diameter risers were grouted to the
surface with a bentonite-cement mixed grout compound.

Two continuous cores of phosphogypsum were recovered at sites PP1-1 (March 1995)
and PP2-0 (March 1996). The PP2-0 well in the stack had a 5.0 foot screen set at a well depth
of 66.8-71.8 feet (top of the screen is 3.3 feet beneath the base of the stack) and is completely
within the surficial aquifer with no direct connection to the stack. That well has a 6-7 foot
thick bentonite plug over the sand pack.

2.1. Sample collection

All monitor wells were pumped using a submersible pump system for a period adequate
to replace at least three well volumes and reach stable in situ measurements of pH, electrical
conductivity, and temperature prior to collecting samples. Samples for radiochemical analyses
were collected first followed by the chemical compositional samples. Liquid samples (3 liters
for analysis of dissolved 238U, 226Ra, 210Pb, and 210Po) were filtered using a 0.45 urn filter,
acidified with ultrapure HNO3 to a pH <1, and appropriate isotopic spikes and carrier
solutions added in the field immediately after collection. Separate samples for 222Rn were
collected in triplicate by drawing 10-mL aliquots with a syringe and placing each directly into
20-mL glass liquid scintillation vials with premeasured cocktail. Filtered and unfiltered non-
acidified aliquots of well solutions were also collected for analyses of anions and cations,
laboratory pH, and other parameters.
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Figure 1. Map of the Piney Point Phosphates site showing the locations of surficial aquifer monitor
wells, piezometers, wells drilled into the older phosphogypsum stack, and surface sampling locations.

2.2. Radioanalytical techniques

Fluid samples. With a few exceptions, stack and monitor well samples were analyzed
for radionuclides by methods described in Burnett et al. [6]. U isotopes were analyzed by a
combination of alpha spectrometry and PERALS spectrometry. Ra-226 was determined by
radon emanation following the procedures adapted from Key et al. [7] and Mathieu et al. [8].
Po-210 activities were determined by spontaneous deposition onto pure Ag plates following
by low level alpha-particle spectrometry. A calibrated 209Po solution was used as an isotopic
tracer for the 210Po measurements [9]. Polonium in Florida groundwater and its possible
relationship to the sulfur cycle and bacteria. Geochim. Cosmochim. Acta 53: 143-150.. Pb-
210 was scavenged using a known amount of a stable Pb carrier, precipitated as a sulfate,
filtered, weighed, and counted on a low level gas flow proportional counter. Rn-222 was
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assayed by standard liquid scintillation counting techniques. The short lived radionuclides
(222Rn and 210Po) have been corrected for ingrowth and/or decay to the time of sampling.

Chemical analyses. Analyses of selected cations, anions, complex anions, laboratory
pH, and F" were performed using inductively coupled plasma spectrometry, turbidimetric, ion-
specific electrode, atomic absorption spectrometry, colorimetric, and temperature-correcting
pH probe techniques. All of these analyses were performed by Western Analysis, Inc. (Salt
Lake City, Utah).

Phosphogypsum analyses. Since water exists in the crystalline lattice of both dihydrate
(DH) and hemihydrate (HH) forms of phosphogypsum and there exists a potential difference
of about 15.7% between the formula weights of the two crystal forms, it is important not to
use high temperatures when drying these types of samples. All phosphogypsum samples for
this study were thus prepared by drying the sample under atmospheric conditions until
moisture was sufficiently reduced to allow a preliminary grinding of 400-600 grams of
sample to a grain size of less than 500 \im (30 mesh). After drying to constant mass in a
vacuum desiccator at room temperature, samples were ground to a grain size of less than 250
p.m (60 mesh), split with a powder sample splitter, and stored in sealed containers.

We used a closed-end coaxial intrinsic germanium (IG) detector to determine activities
/JIQ 00f\ 01 ft

of U, Ra, and Pb in phosphogypsum samples. Samples and standards for measurement
on the coaxial IG detector were thoroughly homogenized prior to packing the sample powders
in 100 cm3 aluminum cans that were then sealed with an aluminum lid lined with a gas
impermeable compound. The detector was calibrated using natural matrix soil, sediment, and
rock standards having radionuclide activities certified by the National Institute of Standards
and Technology (NIST) and the International Atomic Energy Agency (IAEA).

The 226Ra activities were determined by taking the mean activity of three separate
photopeaks of the daughter nuclides 214Pb at 295.2 keV and 351.9 keV, and 214Bi at 609.3
keV. Because phosphogypsum does not retain Rn well, it was necessary to wait for about
three weeks after sealing the aluminum sample cans to ensure that Rn had reached
equilibrium with Ra before counting [6]. Self-absorption corrections for the low-energy
210Pb and 234Th photopeaks were calculated using an approach modified from that suggested
by Cutshall et al. [101. A mixed, sealed transmission source was produced so photon

T 1/*l O1A

transmission measurements for T*b and Th could be quickly and simultaneously measured
through individual samples and directly related to a relative absorption factor over a broad
range of density [11].

2.3. Modeling techniques

Geochemical equilibrium speciation and precipitation modeling. All geochemical
modeling was accomplished with MINTEQA2, Version 3.11 (December 1991), available
from the US Environmental Protection Agency, Office of Research and Development, College
Station Road, Athens, GA 30613-0801 (phone: 706-546-3549). The program runs on PC
computers in the DOS mode (any processor or speed).

This popular equilibrium speciation model has a thermodynamic database that is easily
modified. In fact, the thermodynamic database used in this investigation has been updated
over several years to include more species of radionuclides (a copy of this database is
available from A. Elzerman by request). However, these modifications would have affected
only a few of the results reported here.

hi all cases the pH was set as a fixed parameter. Although the program is capable of
estimating resultant pH, known field data were available and were used for the solutions.
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Temperature was fixed at 25° C. Although temperature is a factor in equilibrium speciation,
the deviations present from 25° C would not make a significant difference. The model was
allowed to calculate ionic strength. Cation/anion ratios were usually within the range 0.9 to
1.1, except in those cases where a component was deliberately removed, consistent with
(while not proving) accurate data for the major anions and cations. Since all solutions came
from systems considered to be oxidizing, pe was not allowed to be a variable in the model
calculations. All oversaturated solids were allowed to precipitate, but adsorption was not
allowed. The carbonate concentration was input as total carbonate, not as alkalinity. A closed
system was assumed for the groundwaters, and carbon dioxide excluded. This approach was
considered most appropriate for the groundwater samples since they are isolated from the
atmosphere and analytical values for HCO3" were reported. The number of allowed iterations
was set at 200, since in some cases 40 was not sufficient.

Selection of model solutions for calculations. Evaluation of the data quickly indicated
the samples had fairly uniform characteristics within two distinct groups, those which had
been significantly influenced by input of stack solutions versus those which had not. Also,
there was no significant variation, for purposes of geochemical modeling, in results from one
sampling day to the next. Consequently, rather than produce numerous outputs for each
sample varying only a little from each other, it was decided it would be more instructive to
define an "uncontaminated" and a "contaminated" model solution to use in the geochemical
modeling. Some MENTEQA2 runs were also made for solutions containing only the major
components and for solutions with the dissolved silica removed to test the sensitivity of the
outputs to these factors.

3. RESULTS AND DISCUSSION

3.1. Chemical characteristics of fluids

A summary of the major cation and anion results, presented as a mean and standard
deviation of the stack fluids and the shallow aquifer waters, is given in Table 1. In general,
the stack solutions are high in Na, K, Ca, Mg, Al, Si, Sr, Mn, NH4, Cl, F, SO4, and PO4 in
comparison to the monitor well samples. Both the stack and the monitor wells have
comparable amounts of Fe and very low Ba in all wells. Only the monitor wells, with pH
values above 6.0, have detectable HCO3'.

It is clear from these data that one cannot produce the composition of these fluids by
simple mechanical mixing between the stack fluids and the shallow aquifer. Note that while
the TDS and several major components (e.g., Na+, Ca2+, NH4+, and SO42") range between 3-6
times more concentrated in the stack solutions, other components (e.g., SiO2, PO43", and F")
are many more times enriched in the stack solutions. Fluoride, for example, is almost 1900
times more enriched in the average stack solution than in the aquifer. The extreme range in the
stack/aquifer ratios indicates that a considerable amount of non-conservative behavior
(precipitation, adsorption, etc.) must be occurring in the stack in addition to mixing of the
stack solutions with underlying groundwaters.

An interesting aspect of the chemical results concerns the apparently strong
interdependence of phosphate, fluoride, and silica in the stack solutions (Fig. 2). We did not
observe any obvious trends in these parameters in the monitor well samples. At least some of
the control on PO43" and F" is probably associated with the main mineral phase of the
phosphate ore, carbonate fluorapatite [Cas(PO4,CO3)3(F,OH)2], which may reprecipitate under
these conditions. We suspect that the relationship of F" to SiO2 is related to control by the
solid phase known in the phosphate industry as "alkali fluorsilicates." This material, often
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seen growing as large crystals in seeps of discharge fluids on the stacks and known to clog
filter screens in the chemical plants, is actually an alkali silica hexafluoride, (Na,K)2SiF6,
since it has no structural oxygen. Note that the mole ratio of F:Si from our regression is about
5.1:1, close to the theoretical ratio of 6.0. It is also possible that some F- may be associated
with pachnolite (NaCaAlFgHaO) which Upchurch [12] documented as occurring in Tampa
Bay, apparently as a result of precipitation from fluoride-rich effluent from a phosphate
chemical plant.

Table 1 Average and standard deviation of major cations and anions, total
dissolved solids, and pH of stack solutions and shallow aquifer surrounding the
Piney Point stack.

Na
(a2

Ni(),

Ml,

POj1"

sor
i

IDS

" • t ;, "

l,540±220
660±60

740±200

l,060±250

8,900±1300

5,190±340

l,120±380

18,700±2300

2.43±0.10

500±580
290±230

57±65

300±350

420±1000

l,300±1500

0.6±0.5

3,300±3200

6.33±0.65

A very graphic way to illustrate the difference and relationship between the stack fluids
and the shallow groundwater is on a SO42" versus pH plot (Fig. 3). Such a plot resembles a
classic acid-base titration curve as performed in freshman chemistry laboratories. In fact, this
is a very good analogy to what is actually happening in this situation. High sulfate, low pH
fluids in the stack are titrating the relatively low sulfate groundwaters with near neutral pH.
Note from the figure that the sulfate occurs over the entire concentration range while pH
changes very abruptly as the acidity from the stack solutions is buffered by the shallow
groundwater, i.e., there is an equilivalent to the titration "end point."

The near-conservative behavior of sulfate may also be seen when one plots Na, normally
considered a very conservative element, against SO42" (Fig. 4). In this case, we see an almost
continuous transition between the high concentrations in the stack fluids and the low
concentrations typical of the shallow groundwaters distant from the stack. The only exceptions
are for the high-sodium, low sulfate samples collected from MW-23, directly next to the
chemical plant. We also show the case for Ca plotted against SO42" in an accompanying
diagram in the same figure. Here there is evidence for non-conservative behavior at
intermediate concentrations of SO42", perhaps due to precipitation of a calcium sulfate phase at
the higher pH characteristic of the aquifer waters.
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Figure 2. Plots showing relationships in the PO<,-SiOrF system in the monitor and stack wells.
Regressions have been drawn just through samples from the stack wells.

3.2. Radiochemical characteristics of fluids

Radiochemical results show that the stack wells are very high in activities of uranium
(generally 600-1000 dpm/L 238U) and 222Rn (range from about 20,000-70,000 dpm/L) and
fairly high in 210Pb (generally 400-4000 dpm/L). Somewhat surprisingly, the activities of
226Ra are only slightly elevated (range about 5-10 dpm/L) above groundwater values for
mineralized areas and are, in fact, less concentrated than most of the monitor well
concentrations measured around the Piney Point stack. The 210Po concentrations in most stack
fluids are high (most values between 3-50 dpm/L) yet significantly less than the
corresponding 210Pb activities.
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Figure 4. Plots of sodium versus sulfate and calcium versus sulfate for both monitor wells (open
circles) and stack wells (closed circles). The sodium plot displays near conservative behavior while
Ca shows evidence of non-conservative behavior at higher sulfate concentrations.
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Table 2 Geometric mean concentrations and average deviations of
radionuclides in the stack solutions and shallow aquifer surrounding the
Piney Point stack.
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Figure 5. Plots of 238U activity versus SiC>2 (A); PO4 (B), and F (C) for both monitor wells (open
circles) and stack wells (closed circles). The regression lines are drawn through the stack well
samples.
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The monitor well samples are much lower in U isotopes than the stack solutions. The
concentration of 238U is generally less than 1 dpm/L with the notable exception of MW 12
(265 and 304 dpm/L for two samplings) and MW 22 (18 and 15 dpm/L for two samplings).
Although high, these two monitor wells still display U concentrations much lower than the
stack solutions. The low pH in MW12 (pH=3.48 and 3.19 on the two occasions it was
sampled) indicates that there is some effect from the stack solutions in this well (located very
close to the stack on the southwest side). MW 22, on the other hand, shows pH values (6.60
and 6.51) comparable to the normal groundwater in the area. The pH of the stack fluids is
generally very low (generally pH ranges from 2.2-2.6). A summary which compares the
radiochemical character of both the stack fluids and the monitor wells is given in Table 2.

We report the geometric mean values for the radiochemical results because they tend to
have a log-normal distribution. We did not include the 238U and 210Pb values for MW-12
because that well is obviously impacted by stack fluids as discussed above. No matter how
one presents these results, however, the general character of these analyses is reflected in the
table, i.e., there are extreme radiochemical differences between the stack and monitor wells
with 210Pb and U isotopes showing the greatest enrichment in the stack solutions. Although
222Rn has the highest absolute activity in the stack fluids, its ratio to the aquifer waters is not
nearly as high as that for 210Pb and 238U. Significantly, the stack fluids actually contain less
00 f\ *~'

Ra than the surrounding monitor well waters.
When we examined inter-element relationships of uranium to stable elements in the

stack and monitor wells, we found the strongest correlations to SiO2, PO43", and F" (Fig. 5). It
was shown earlier (see Fig. 2) that there are strong relationships between all three of these
chemical components themselves, so a link between U isotopes and one of these parameters
would give the appearance of a link to all three. Thus, it is not possible to predict which of
these parameters may control the speciation of U isotopes in the stack fluids based on these
observations alone. Uranium may be complexed by both PO43" and F" so either of these is
likely to play an important role in migration of U within the stack. This question will be
addressed further in the geochemical modeling section of this paper.

The most striking feature concerning the radiochemistry of the stack fluids, besides the
extremely elevated 238U and 210Pb values, are the consistently low specific activities of 226Ra.
The low 226Ra is reflected in 210Pb/226Ra activity ratios that range from about 20 to 600. We
predicted low specific activities of 226Ra in gypsum stack solutions in our laboratory
experiments involving selective extractions of phosphogypsum [6]. Those experiments
demonstrated that Ra is not significantly mobile when gypsum is present. The relationships of
226Ra to Ca and SCU2' in both stack and monitor well waters (Fig. 6) show that, while the
stack fluids may supply dissolved Ca and SO42" to the surrounding aquifer, there is no way
that the stack can be a source of Ra. Some of the monitor wells are somewhat enriched in
OO f\

Ra compared to typical groundwater values with activities of 10—50 dpm/L and, in the case
of MW-23, extremely high values of 150-170 dpm/L. That particular monitor well is located
several hundred meters to the northwest of the stack, immediately adjacent to the old chemical
plant. Phosphogypsum was apparently used for the base of a parking lot built next to the plant
although it seems doubtful this has any bearing on the enriched 226Ra. MW-23 water is not
enriched in any other of the measured radionuclides but is also very high in Na, Ca, and Cl —
higher, in fact, than most of the stack solutions. The origin of the contamination in MW-23 is
unclear, but it is certainly not derived from the gypsum stack. We have checked the elemental
ratios to see if seawater intrusion could be responsible for the elevated salt levels. Both the
Na/Cl and CI/SO4 ratios in MW-23 water suggest that these waters are enriched in Cl relative
to normal seawater.
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Figure 8. Plot of238U and 2!0Pb activities (dpm/L) versus mid-screen well depth for all stack wells.
Points at zero depth represent samples from the pond surface. The other symbols refer to the three
well clusters: PP 1 (open circles); PP 2 (closed circles); andPP 3 (stars). The results from well PP 2-
0, screened below the stack in the surficial aquifer, are circled. Note that the 210Pb displays a
significant drop in concentration in this well compared to overlying collection points in the stack.

The fact that the stack fluids are relatively low in 226Ra is an important finding. Radium
is one of the most important environmental radionuclides from a biokinetic point of view. Its
presence in monitor wells near gypsum stacks is often cited as evidence of contamination
from the stack. Yet the data presented here indicate that the stack cannot possibly be a source
of 22 Ra to the shallow aquifer around the Piney Point stack. Although gypsum contains
substantial amounts of 226Ra and the 226Ra can be mobilized when the CaSO4 phase is totally
dissolved, radium from recirculating fluids is apparently strongly sorbed by phosphogypsum
surfaces. The gypsum stack thus apparently acts as a sink, rather than a source, for dissolved
radium.

What then, is the source for the somewhat elevated 226Ra activities in some of the
monitoring wells surrounding the gypsum stack? With the exception of MW-23, the only
reasonable answer appears to be from the phosphate ore itself. The Piney Point Complex is
built on mineralized land [5] which has not, as yet, been mined. Release of 226Ra into surface
and groundwaters from phosphate rock has been observed before [13, 14] and is the most
logical explanation in this case.

The activities of 210Pb in the stack solutions are extremely high with a range from 320 to
3900 dpm/L, somewhat higher than the activities of 238U found in the same solutions. The
monitor well water activities are much lower, most often less than 1.0 dpm/L, with the
exception of the contaminated MW-12 which has activities near 30 dpm/L. The waters of
MW-12 contain high concentrations of all the components characteristic of the stack fluids
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(Ca, SO4, PO4, etc.) and is the only monitor well studied with a significantly reduced pH. The
only qualitative trend we noticed when plotting the 210Pb activities against other parameters
was a rough trend with SiO2, i.e., the 210Pb concentrations tend to be higher in the stack
solutions with the greatest SiC^ concentrations (Fig. 7). At the low pH characteristic of the
stack solutions, more than one half the Pb may be in the form on an uncharged (aqueous)
sulfate complex (see modeling results below). When the fluids flow into the shallow aquifer
and the pH is buffered, the Pb probably hydrolyzes very quickly and precipitates out of
solution. Further observational evidence of this process will be shown in a later section when
we discuss the radiochemistries of the core materials.

We also examined the radiochemical data for the stack solutions to evaluate whether
there was any relationship between concentrations and depth in the stack, i.e., depths to the
screened intervals of the monitor wells. The activities of 226Ra and 210Po do not show any
trend but stay at comparable levels throughout the stack. The concentrations of 238U and 210Pb,
however, do increase more-or-less systematically with depth in the stack (Fig. 8). This is what
one would expect if these components were acting as soluble species being added to the fluids
as they pass through the stack. Note that the PP 2 cluster of wells shows an increased
concentration of 210Pb with depth until the very deepest section is encountered (PP 2-0) where
the 210Pb concentration drops nearly in half. This is the well that is screened below the bottom
of the stack.

3.3. Modeling results

General comments. Several caveats need to be remembered when considering this type
of information. The results are estimations (subject to the components and data entered and all
of the assumptions and limitations of the MINTEQA2 model and the thermodynamic database
utilized), and the predictions are for equilibrium. While the results obtained are still very
useful for identifying the probable speciation, there is no guarantee all of the species are
included or the quantitative results are exact. We present below a summary of some of the
most important observations.

Calcium. Calcium is an important component since it is a major cation in the solutions,
participates in many complexation and precipitation reactions, and may offer clues to the
speciation of other important components, such as radium. Calcium speciation results (Table
3) are consistent with the known characteristics of calcium. The pH of the uncontaminated
solution is low enough (6.73) to keep most of the calcium as free ion, rather than hydroxide
complexes, and as bicarbonate rather than carbonate complexes. Complexes formed are with
the major anions, bicarbonate and sulfate. In the contaminated solution ligand concentrations
are much higher, especially for sulfate and phosphate, so their complexes become more
significant. Since all the interactions in Table 3 involve major components, removing the
minor components from the solution did not affect the speciation (values in parentheses) for
the uncontaminated solutions. Magnesium results, as expected, were similar to the calcium
results above. The sulfate complex, being uncharged could contribute significantly to the
mobility of the calcium, and other metals that experience similar complexation, such as
barium and radium.

Sulfate and phosphate. Since sulfate turned out to be one of the most important ligands
in the system, it is useful to look in detail at the sulfate speciation, as shown in Table 4.
Phosphate showed similar distributions, approximately 50% complexing with calcium and
magnesium in the contaminated solution.

268



Table 3 Calcium distribution in solutions expressed as (%) major and minor components
included in the solutions.

SPECIES UNCONTAMINATED CONTAMINATED
Ca2+ 93.2 (93.2) 48.1 (60.3)
CaSO4AQ 3.3 (3.3) 28.5 (39.7)
CaHCO3

+ 3.5 (3.5) <1 (<1)
CaH2PO4

+ <1 (<1) 23.2 (<1)

Notes:
1. Values in parentheses represent solutions containing only major components.
2. Removing silica as a component made insignificant changes in the above results (< 0.5

Table 4 Sulfate distribution in solution expressed as (%) major and minor components
included in the solutions.

SPECIES UNCONTAMINATED CONTAMINATED
65.0 (65.8)
6.2 (7.1)
<1 (6.4)
10.5 (11.8)
4.3 (7.9)
13.0

so4
2-

NaSO4"
CaSO4 AQ
HSO4'
MgSO4 AQ

79.2
1.2
11.5
<1
8.2

(79.2)
(<1)
(11.5)
(<1)
(8.2)

Pb2+

Pbcr
PbSO4 AQ
Pb(SO4)2

2"
PbCO3 AQ
PbHCO3

+

5.6
<1
<1
<1
77.7
14.9

Notes:
1. Values in parentheses represent solutions containing only major components.
2. Removing silica as a component made insignificant changes in the above results (< 0.5

Table 5 Pb distribution in solution expressed as (%) major and minor components included
in the solutions.

SPECIES UNCONTAMINATED CONTAMINATED
33.2

1.9
54.3
10.5

Note:Removing silica as a component made insignificant changes in the above results (< 0.5

Sulfate remains primarily as the tree sulfate ion. However, significant fractions complex
with calcium and magnesium, and in the contaminated sample also with sodium and
ammonia. In addition, in the contaminated sample the pH is sufficiently low (2.44) to keep
bisulfate a major component (pK2 for sulfuric acid is 2.0), which is significant in calculations
of total negative charge when doing a charge balance for these solutions. When only major
components are considered, the ammonium ion complex drops out since ammonium ion
would not be included as a cation.
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Table 6 U distribution in solution (%) (added as UO2
+2) major and minor components

included in solution.

SPECIES UNCONTAMINATED CONTAMINATED
UO2

2+ <1 <1 (<1)
UO2CO3 AQ 4.7 <1 (<1)
UO2(CO3)2

2" 78.4 <1 (<1)
UO2(CO3)3

4" 16.5 <1 (<1)
UO2F2 AQ <1 <1 (4.1)
UO2F3" <1 <1 (3.1)
UO2H2PO4

+ <1 2.4 (2.2)
UO2H2(PO4)2

2" <1 93.0 (85.9)

UO2H2PH3P+ <1 3.6 (<1)

Note: Removing silica as a component DID make significant changes in the above results for

the contaminated sample only, as shown by the values in parentheses.

Table 7 U distribution in solution expressed as (%) (added as U1"4) major and minor
components included in the solutions.

SPECIES
UF3

+

UF 4 AQ
UF5"

UF6
2"

UNCONTAMINATED
NOT

APPLICABLE

Note: Removing silica as a component did make
shown by the results in parentheses.

CONTAMINATED
26.7 (4.8)
71.5 (76.7)

1.6(10.1)
<1 (8.5)

significant changes in the above results, as

Silica. Dissolved silica is a major component of the TDS of these samples (53 mg/L in
the uncontaminated and 1187 in the contaminated sample, as H4SiO4), even though its
presence as the uncharged species means it does not contribute to the ionic strength. However,
there is an interesting aspect to the silicon speciation. It remains essentially all H4S1O4 except
in the contaminated sample with the minor components included, when 97.6% is predicted to
be SiF6, and only 2.4% H4SiO4 . Obviously, one factor to consider in relation to the effect of
the stack solutions is solubilization of silicon containing minerals by fluoride ion (the low pH
is also important here). When these silicon fluoride complexes are transported to groundwater
and the concentrations diluted, silicon would probably be supersaturated relative to one or a
number of solid phases and precipitation reactions could ensue. Indeed, observations of
precipitates formed in and below the stacks are probably related to this mechanism.

Lead. Lead results are presented below (Table 5) as an example of the expected
equilibrium speciation of a transition metal. Lead results are of particular interest because of
the observed mobility of the radionuclide 21 Pb.

Table 5 confirms what would be expected, speciation of transition metals in aqueous
solutions is often more complicated than for alkaline or alkaline earth metals. First, a greater
diversity of complexes formed for lead. Second, the complex formation is very pH dependent.
Neither solution had a sufficiently high pH to produce the significant amounts of hydroxide
complexes that occur in alkaline solutions. Also note that, despite the much higher ligand
concentrations in the contaminated solution, there is a greater fraction of free lead ion than in
the uncontaminated solution, a result of the much lower pH (2.44 vs. 6.73). The strength of
the carbonate complex of lead is evident in these results. Even though bicarbonate would
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dominate over carbonate at pH 6.73 in the uncontaminated solution, there is a larger fraction
as the carbonate complex. Chloride is a strong ligand with lead, so a chloride complex shows
up in the major species in the contaminated solution. However, due to the relatively high
sulfate concentrations, two sulfate complexes dominate the predicted complexation. Note that
fully half of the lead is predicted to be in the uncharged sulfate complex, which could
contribute significantly to its mobility (since it would be less prone to adsorb to charged
aquifer solids). Other transition metals (radioactive and non-radioactive) would be expected to
exhibit similar characteristics.

Uranium. Results for uranium added as uranyl ion (UC>2+2, the expected stable form in
oxygenated solutions) are presented in Table 6.

In the acidic environment of the contaminated solution (pH 2.44), U4+ may be stable, so
MINTEQA2 runs were also made using U4+ as the input component (Table 7). Since redox
reactions were not allowed, conversion between these different redox states of uranium was
not allowed (the thermodynamic database is not yet reliable for such calculations).

Obviously, uranium exhibits a complicated speciation behavior (made even more
complicated when redox state transitions are considered). UO22+ speciation is dominated by a
doubly charged phosphate anion. Such an anion would not be expected to adsorb to the
normally negatively charged soil particles. However, specific (chemical) adsorption might still
occur, and it is probable that positively charged soil particles would exist that could attract the
complex at the pH of the PG stack solutions (approximately 2.5). The U4+ speciation, on the
other hand, is dominated by the fluoride complexes. In particular, the uncharged complex
dominates, which could result in significant uranium mobility. Furthermore, for both forms of
added uranium, including or not including dissolved silica did significantly affect the resultant
speciation. In combination with information on predicted oversaturated solid phases (see
below), a complicated set of interactions between Si, F and U emerges. Consequently,
fundamental understanding of the speciation and fate of uranium in the PG stack system is
multifaceted.

Radium. The MCSfTEQA2 outputs for radium indicated 100% would remain as the free
ion, Ra2+. One factor that tends to keep the radium in the free ion form is its low concentration
compared to the major cations, which effectively out compete the radium for ligands.
However, it should be noted the available thermodynamic database for radium complexes is
not extensive. If any complexes were significant, it would probably be the sulfate complexes
in the contaminated sample solution (although the monosulfate radium complex was included
in the database, it did not account for >1% of the radium). As discussed for calcium, above,
the sulfate complexes could increase the mobility of the radium in the aquifer when present in
the PG stack plume.

Other factors concerning speciation. Other factors must also be considered in relation
to geochemical modeling of the dissolved components of the groundwater and the stack
solutions. First, the contaminated field samples showed increased concentrations of organic
carbon compared to the background samples, increasing to approximately 80 ppm TOC from
approximately 9 ppm TOC. Should the organic matter be a strong ligand for any of the metals
of interest, or should it coat and thereby modify the surfaces of the aquifer solids, it may be a
factor in metal and radionuclide mobility. Other processes that must be considered relative to
mobility are adsorption, especially for transition metals, and coprecipitation, for example Ra
may possibly coprecipitate with gypsum or barite.
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Table 8 Predicted equilibrium solids precipitation including both major and minor
components.

UNCONTAMINATED GROUNDWATER MODEL
HEMATITE (Fe203) (only when Si was not added)
UP2O7:20H20 (whenUO2

2+ was added)
DIASPORE (A1HO2)
FCO3APATITE([Ca]9.5[Na]36[Mg]14p>O4]4.8[CO3]12[F]2.5)
QUARTZ (SiO2)
LEONHARDITE (Ca,Si,Al,H &O) or KAOLINITE (mostly Si,O and Al)

Percentages of Components in Precipitates:
U 85
Ca 0.4
F 6.1
Al 100
P 99
Si 82

CONTAMINATED GROUNDWATER MODEL
FLUORITE (CaF2)
UP2O7:20H20 (when UO2

2+ was added)
MnHPO4

BARITE (BaSO4)
QUARTZ (SiO2)
STRENGITE (FePO4.2H2O)

Percentages of Components in Precipitates:
U 100
Ca 98
F 55
P 99
Si 70
Fe 88
Mn 99

Ba 77

Prediction of precipitation of solids from groundwater solutions. MINTEQA2 was
utilized to predict oversaturated solids that would be predicted to precipitate. In fact, the
gypsum stack solutions do appear to be oversaturated relative to a number of components, so
observations of precipitates forming in the stacks, below the stacks, and in process solutions
are no surprise. Even considering just the major components, the uncontaminated sample was
predicted to be oversaturated with respect to quartz, and the contaminated sample
oversaturated with respect to quartz and gypsum (precipitating up 57% of the calcium, 99.2%
of the silicon, and 18% of the sulfate). Adding the minor components results in a variety of
predicted oversaturated solids. Table 8 presents data on the solids predicted to precipitate in
the uncontaminated and contaminated solutions.

Obviously, the oversaturated state of the uncontaminated solution and, especially, the
contaminated solution, leads to a potentially complicated system relative to precipitation. The
situation is further complicated by the fact that precipitation kinetics are notoriously slow and
difficult to predict. Consequently, the equilibrium predictions of the model are limited not
only by the solids contained in the database, but also by the fact that equilibrium relative to all
solids is unlikely. Complexation reactions controlling the solution speciation that were
discussed above are generally fast compared to the time scales of interest in and around
gypsum stacks. However, that may not be true for precipitation reactions. Kinetic hindrances,
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for example, may lead to the formation of metastable solids, or solids which will later dissolve
in favor of more stable ones. Hence the reason for doing runs without Si added. If the Si
precipitation is slow compared to another solid (e.g., hematite in Table 8), the faster
precipitating solid may form and be metastable over long periods of time.

What can be said is that geochemical modeling indicates solids are likely to form in the
gypsum stacks and in the groundwater receiving the stack solutions. It can also be concluded
that the presence of the stack solutions will probably influence the actual solids formed (and
probably their rate). Oversaturation relative to calcium, iron, manganese, silicon, uranium,
sulfate, phosphate and fluoride are particularly noteworthy. Solids containing these materials
are to be expected in the stack solutions and groundwater receiving such contamination.

Activity, dpm/g
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Core PP 1-1

Figure 9. Plot of238U (open squares) and 210Pb (circles) activities (dpm/g) versus depth in stack core
PP 1-1. The right hand drawing shows the activity ratio 21oPb/226Ra versus depth in the same core.
The last two data points represent samples of soils underlying the gypsum stack.

3.3. Phosphogypsum analyses

Core PP 1-1, drilled on the west side of the old stack at Piney Point (Fig. 2), was found
to contain substantial amounts of phosphatic pellets and cobbles in the soil below the stack,
consistent with the observations of Miler and Sutcliffe [5]. Plots of the radiochemical
distribution as a function of depth show that 238U and 210Pb (Fig. 9) have relatively uniform
concentrations down to about -60 feet below the surface where there is a huge 210Pb spike.

00 f*

The concentration of Ra (not shown on the diagram for clarity) is even higher at this level
(1098 dpm/g). This layer is composed of a dark, laminated material which appears to be
organic-rich and thus appears very similar to the high-radium gypsum material from another
stack in Florida (CF Bartow) described in Burnett et al. [15]. The 238U is also higher at the -60
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foot level but displays a stronger peak further downcore at about -63 feet depth below the
surface of the stack. The fact that the uranium spike was a few feet further downcore may
imply that uranium is at least somewhat more mobile in the stack solutions than radium. Also
note that there is a secondary 210Pb peak just above the bottom of the core. That secondary
peak corresponds to an analysis of soil at the base of the gypsum stack, i.e., the topmost soil is
significantly enriched in 210Pb. If the enrichment of these radionuclides is secondary, i.e.,
occurring as the solutions move through the stack, these observations suggest that substantial
amounts of radionuclides are redistributed within the stack and sequestered within the soil at
the base of the stack before entering the underlying aquifer.

The distribution of the 210Pb/226Ra activity ratio with depth in the core shows that the
ratio varies within a relatively narrow range of about 0.5-2.0 through much of the core until
near the bottom where it rises first to about 4.3 (an organic sand soil horizon at the very base
of the stack) and then to 14.1 in the lowest sample (which consists of sediments from the
surficial aquifer). Apparently the 210Pb, which migrates preferentially to the 226Ra in the stack
solutions, precipitates very rapidly when the underlying soil horizon is encountered. The
incorporation of 210Pb from stack solutions into the soil may be by adsorption, coprecipitation
with iron hydroxides, or other secondary process. This observation is very significant in terms
of potential migration of radionuclides away from the stack into the underlying shallow
aquifer.

Activity, dpm/g 210pb/226Ra
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Figure 10. Plot of238U (open squares) and 210Pb (circles) activities (dpm/g) versus depth in stack core
PP 2-0. The right hand drawing shows the activity ratio 210Pb/226Ra versus depth in the same core.
This core penetrated the bottom of the stack — the lowest 5 samples are from the soils and sediments
directly underlying the gypsum stack.
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Core PP 2-0, drilled in the central area of the old stack at Piney Point, has a distribution
of radionuclides within the core similar to that described for core PP 1-1. There is a dark
colored, organic-rich, laminated layer at 56 feet below the stack surface which is greatly
enriched in radionuclides. This layer shows clearly as a spike in a plot of U and ^Pb
versus depth (Fig. 10). Again, both nuclides show a secondary maximum lower in the core,
just at the point where the gypsum is in contact with the underlying soils. Since core PP 2-0
was drilled completely through the stack (the well was actually screened in the underlying
aquifer), we had the opportunity to collect more samples under the stack and get a more
complete picture of the radionuclide distribution with depth. Since 210Pb is apparently
behaving much differently than 226Ra in the stack fluids, the 210Pb/226Ra activity ratio shows a
dramatic increase right at the base of the stack with a quick return to values near secular
equilibrium. This is excellent evidence that 210Pb, although very high in the stack solutions,
precipitates quickly upon encountering the higher pH groundwaters and is incorporated into
the shallow soils. The observational evidence suggests that there is little radionuclide transfer
from the stack solutions to the aquifer.

4. SUMMARY

This study was initiated to investigate the processes responsible for controlling the
interaction and release of radionuclides from phosphogypsum from an actual phosphogypsum
stack. Our approach used samples from monitor wells placed both around and directly into the
Piney Point gypsum stack. Samples of fluids drawn from these wells showed that in general,
the stack solutions are acidic with high ionic strength, containing high total dissolved solids
(TDS) of 18,700±2300 ppm and a pH of 2.43±0.10. The waters from the monitor wells
surrounding the stack have a much lower average TDS of 3,300±3200 ppm and a pH of
6.33±0.65. Qualitative relationships between dissolved PO43" and F" and F" with SiC>2 are
thought to imply solution controls by the solid phases carbonate fluorapatite and alkali
fluorsilicates. A plot of pH versus SO42" ion concentration was shown to resemble a classic
acid-base titration curve.

Radiochemically, the stack wells are exceptionally high in activities of uranium
(generally 600-1000 dpm/L 238U) and 210Pb (generally 400-4000 dpm/L). Activities of 222Rn
are also elevated (range from about 20,000-70,000 dpm/L) although this is not surprising in
view of the radium-rich nature of the surrounding phosphogypsum. One very significant result
is that the activities of 226Ra in the stack fluids are only slightly elevated (range about 5-10
dpm/L) above normal groundwater values and are, in fact, less than most of the monitor well
concentrations measured around the Piney Point gypsum stack. These consistently low
specific activities of 226Ra in the gypsum stack fluids argues against the stack as a source of
radium to the aquifer.

Geochemical modeling showed that the increased concentrations of many ligands results
in significant changes in predicted equilibrium speciation. Most pronounced are increases in
metal and radionuclide complexes with sulfate and phosphate, resulting in uncharged or
negatively charged solution species which would likely be more mobile in the aquifer than
positively charged metal or radionuclide ions. Fluoride from the stack solutions can
significantly affect the speciation of aluminum, silicon, iron and possibly uranium. The
second major effect of stack solution inputs is to cause oversaturation of a variety of solids.
The low pH of the contaminated solutions would generally indicate few solids would
precipitate in most fresh waters. However, the dissolved solids content and some specific ion
concentrations are sufficiently high to cause oversaturation. Although the model results should
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not be considered comprehensive in consideration of various potential solid phases that could
form, the general trend of predicted precipitation reactions does indicate precipitation
reactions are likely for certain components. Silicon containing solids are particularly likely
since it is oversaturated in the uncontaminated solutions and much more so in the
contaminated solutions. Precipitation of quartz was predicted in both contaminated and
uncontaminated solutions, as well as other solids with silicon in the contaminated solutions.
Other predicted solids formed included the components iron, aluminum, phosphate, calcium,
manganese, barium, fluorine and uranium. Precipitation of various and probably
multicomponent solids should be expected in and directly below the phosphogypsum stacks.

Observations in solid phase materials from the two cores in the Piney Point stack, are
consistent with the results from the fluid analyses and modeling. Results suggest that
substantial amounts of radionuclides are sequestered within or just below the stack before
entering the underlying aquifer. One of the strongest lines of evidence is the 210Pb data in the
cores. The 210Pb/226Ra activity ratios are near or below equilibrium throughout the entire stack
until the underlying soils are encountered. At this point there is a large excess amount of 210Pb
observed (210Pb/226Ra activity ratios as high as 60) in the soils indicating precipitation of 210Pb
when the low pH stack solutions are buffered by the underlying soils and sediments. Although
many of the sediments under the stack are enriched in U-series radionuclides, concentrations
below the upper surficial sands appear to be associated with the natural phosphatic minerals in
those strata. The bulk of the observational evidence suggests that there is little radionuclide
transfer from the stack solutions to the underlying aquifer.
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