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EVALUATION OF RADIUM AND TOXIC ELEMENT LEACHING CHARACTERISTICS
OF FLORIDA PHOSPHOGYPSUM STOCKPILES

By Alexander May ! and John W, Sweeney 2

ABSTRACT

The Bureau of Mines conducted studies to determine if phosphogypsum, a
waste material from the processing of phosphate rock, contains hazardous
toxic materials as defined by the Environmental Protection Agency (EPA)
and whether leaching of these toxic materials and radium may occur,

Samples of the phosphogypsum stockpiled material were evaluated using
the EPA extraction procedure, atomic absorption, neutron activation, X-
ray diffraction, and chemical and physical means. Radiological tests
performed used both the germanium~lithium and emanation methods.

The data show that the phosphogypsum stockpiles are not hazardous tox—
ic waste as defined by EPA criteria, Trace elements and radium are not
leached from the phosphogypsum stockpiles. Absorption of trace elements
and radium by phosphogypsum is the major reason for their not being
leached. The standard error of measurement of radium concentrations was
4,7 pCi/g.

TResearch chemist, Tuscaloosa Research Center, Bureau of Mines, University, AL.
2Supervisory mining engineer, Tuscaloosa Research Center, Bureau of Mines,
University, AL.




INTRODUCTION

The Bureau of Mines has
2-yr research study
environmental effects associated with
phosphogypsum in Florida. Phosphogypsum
and gypsum are both calcium sulfate dihy-
drate. The name "phosphogypsum” is used
to designate the byproduct of phosphoric
acid production, while "gypsum" refers to
the natural mineral. The first phase
(7)3 of the study developed baseline data
to assess whether there were any environ-—
mental problems associated with the stor-—
age of phosphogypsum. The second phase,
the subject of this report, evaluated the
leaching characteristics of the phospho-
gypsum stockpiles.

completed a
assessing potential

The phosphate industry in Florida is
a vital segment of the Nation's econ-
omy and provides a critical mineral re-
quired for fertilizer production, In
1981, Florida and North Carolina supplied
86 pct of the domestic and 33 pct of
the world's phosphate requirement (11).
About 82 pct of the phosphate is convert-
ed into phosphoric acid, which is used to
make fertilizers,

Phosphogypsum is the major byproduct of
wet—-process phosphoric acid production,.
Phosphate rock, which is composed of apa-
tite minerals (calcium phosphates con-
taining varying amounts of carbonate and
fluoride), is digested with sulfuric acid
and water to form phosphoric acid, phos-
phogypsum, and minor quantities of hydro-
fiuoric acid.

rock to
may be illus-

The reaction of the phosphate
form gypsum, CaS0,°2H,0,
trated by

Cao(PO4)gF, + 10 H,80, + 20 H,0

3Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

In the Prayon process, commonly used
in Florida, the phosphate rock, ground
to pass 100 mesh, is treated with 30
to 46 pct phosphoric acid and 55 to

60 pct sulfuric acid. The rock and acid
are circulated through reaction tanks to
maintain the optimum time and temperature
for the reaction and for the growth of
phosphogypsum crystals. The phosphogyp-
sum is filtered, washed with water, and
pumped as a slurry to ponds from which
the phosphogypsum settles to form the
phosphogypsum stacks,

similar but
acid con-

The hemihydrate process is
uses higher temperatures and

centrations in the reaction tanks. This
favors the initial formation of hemi-
hydrate., In subsequent crystallization

tanks the hemihydrate is mixed with gyp-
sum suspensions, where it recrystallizes
as large crystals of the dihydrate; that
is, as phosphogypsum (7).

By 1980 about 335 million tons of phos-
phogypsum had accumulated in Florida in
17 phosphogypsum stockpiles or stacks
(fig. 1). These piles occupied an aver-—
age area of 227 acres each and ranged
from 30 to 140 ft in height. Additional
phosphogypsum is being generated at a
rate of about 33 million tons per year,
and the projected accumulation by the

year 2000 will be over a billion tons
@

The first phase of the Bureau's re-
search (7) showed that phosphogypsum

was not corrosive by EPA criteria. The
study also presented evidence that phos-
phogypsum would not be toxic by EPA cri-
teria and that trace elements and radium
would not be leached from the stockpiles.
These conclusions were obtained from
statistical analyses of extensive quanti-
ties of spectrographic and radiological
data. More direct confirmation of these
conclusions was needed to decisively
answer the question of leaching of toxic
elements and radium from phosphogypsum
stockpiles.
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FIGURE 1. - Location of phosphogypsum piles in Florida.
This investigation took a direct subsurface——to determine if leaching had

approach--that is, sampling and analyzing
phosphogypsum at the bottom of the stock-
piles and the underlying materials in the

the standard EPA
performed,

occurred. In additionm,
extraction procedure was
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SAMPLES

were used from
the environmental

Thirteen core samples
the earlier study of
impact of phosphogypsum production (7).
The sample identifications are the same
as in that work: A through I each repre-
sents an individual stockpile, and 1, 2,
and 3 represent different cores on the
same stockpile, Five additional core
samples were obtained for this study.
The new samples were taken only through
a short section approximately 10 ft above
and 10 ft below the interface with the
ground surface, The samples contained
phosphogypsum or soil, The sample iden-
tifications are the same as before: A,
B, F, and H refer to the same stockpile

as 1in reference 7; 1 and 2 refer to
different cores on the same stockpile,
but the samples are differentiated from

the former samples by "-2,"” for exam-
ple, F2-2, All sample depths are mea-
sured from the tops of the stockpiles of
phosphogypsum.

In obtaining these five cores, the po-
sitions of the interfaces were determined
by test holes. Then the drilling rig was
moved about 20 ft from the test holes to
drill for the samples. In addition to
depending on the position of the inter-
faces, chemical analyses were employed to
verify the nature of the samples.

TEST PROCEDURES

The leachabilities of
material were determined
extraction procedures (1).
bilities of certain metals
and Na) that are not considered toxic
were also determined. Samples were
stirred 24 hr in water and filtered; then
the water-soluble concentrations were
determined by atomic absorption. These
metals form highly soluble sulfates that
would be very susceptible to leaching and
provide a test of the degree of ease of
leaching within the phosphogypsum stacks.

toxic hazardous
using the EPA
The leacha-
(Cu, Ni, K,

Total concentrations of trace elements
were determined by neutron activation an-
alyses and atomic absorption. Radium
concentrations were determined by the
emanation method and by the germanium-
lithium counting of natural radioactiv-
ity, corrected by reference to a National
Bureau of Standards uranium ore. Chemi-
cal analyses were performed by standard
methods.

The permeablity of phosphogypsum was
also determined to help understand the
effect of rainwater on leaching of trace
elements, The standard variable-head
method was modified in the following man-
ner, One hundred grams of phosphogypsum
was placed, as a slurry, in a glass tube
22.2 in long and 0,71 in. in internal
diameter. After settling and being com—
pacted with a rod, the phosphogypsum
column was 8.37 in long with a density

of 1.85 g/mL. A column of this density

could support a weight equivalent to a
water head of 51 ft, which approximated
the conditions within phosphogypsum

stockpiles. Water was placed 1in the
tube, and as the water seeped through the
column of phosphogypsum, the water levels
and time intervals were recorded.

Since the solubility of gypsum is only
0.2 pct, any rainwater seeping through a
phosphogypsum stockpile would be satu-

rated with gypsum. Leaching of trace
elements, thus, would be due to a satu-
rated gypsum solution, not to water

alone. An X-ray diffraction analysis was
performed to determine the trace elements
present in saturated aqueous solutions of
phosphogypsum, One thousand grams of
phosphogypsum were stirred with 2,000 mL
of distilled deionized water for 24 hr,
The water was filtered and allowed to
evaporate at room temperature. The crys-
tals formed by evaporation were washed
with water, air—-dried again, and then
dried a few minutes at 60° C before being
analyzed by X-ray diffraction.

Neutron activation analyses were per-—
formed at the Oak Ridge National Labora-
tories, for both short- and Ilong-half-
life radionuclides, using irradiation
times of 20 sec and 30 min and counting
times of 15 to 20 min, 1 day, 4 days, and
3 wk.



TEST RESULTS

EPA EXTRACTION PROCEDURE

The EPA criteria defining hazardous and
toxic waste were used as guidelines in
this study. The EPA criterion for tox-
icity of wastes is based on an extraction
procedure to identify toxic wastes likely

to leach into the ground water. The haz-
ardous nature of the waste is judged by
the concentrations of specific contam—

inants in the extract. The contaminants
listed by EPA for toxic consideration are
eight metals and six chlorinated organic
compounds (1).

Table 1 lists the EPA contaminants and
the criteria that EPA has established
to constitute a hazardous toxic waste.
Table 2 shows the concentrations of the

inorganic contaminants in the extract
from the phosphogypsum samples., All of
the organic compounds listed by EPA as
hazardous toxic wastes were tested by
the standard EPA procedure; none were de-
tected. These included Endrin, Lindane,
Methoxychlor, toxaphene, 2,4-D, and 2,4,
5-TP Silvex, All of the metals 1listed
in table 1 were found to be present in
the extract at concentrations lower than
allowed by EPA, as shown in table 2.
Therefore, by EPA definition phosphogyp-
sum is not a hazardous toxic waste mate-
rial. This confirms earlier research
conclusions (7) that the leaching of
trace elements from phosphogypsum is not
significant in introducing hazardous tox—
ic waste materials into the environment,

TABLE 1. = Maximum concentrations of contaminants for characteristics

of EPA toxicity!

Contaminant

ArseniCeccocsseccecccosoncecccocsoscooscossosonscososae 5
Bariumesesesoooovosscsosesscosossoseosoasnscssnassasse 100
Cadmiumeeccececocecssocsosccecssonossosnsosssococsoscess 1.
Chromiumececoososscosssscscosssscoscscssssossnsacssosse 5
Leadessssoccscsonscsnncsnsssensssaconsscossascsosnsns 5
MerCUrYecoosccocssssosocsoscscocsossssssosscossonsssoss .
Seleniumecsescsscescoccsosesoscsosansssascnesonsscssse

Silver...............................................

Maximum
concentration,?

mg/L

°
OCONMNOOO OO

U
°

Endrin (1,2,3,4,10,10~-hexachloro~1,7~epoxy-1,4,4a,5,
6,7,8,8a-octahydro-1,4~endo, endo-5,8-dimethano
naphthalene)......................................-. .02

Lindane (1,2,3,4,5,6~hexachlorocyclohexane, gamma

isomer)............................................. oh

Mathoxychlor (1,1,l1-trichloro-2,2-bis

[p—methoxyphenyl] ethane)ceececessscoccsccscsosnvcssse 10.0
Toxaphene (CIOHIOClS’ technical chlorinated camphene,

67-69 pct Cl)-ooocootc-ooo-o..-ooocoon..o-oounoaoooo oD
2,4=-D (2,4~dichlorophenoxyacetic acideessssssosssssce 10.0

2,4,5-TP Silvex (2,4,5-trichlorophenoxypropionic

acid)‘...0......‘..........O..l..........‘l......... 1.0

From Federal Register L.

2Maximum allowable concentrations in extract.




TABLE 2, - Concentrations of toxic elements in extract from EPA
extraction procedure!
Sample Toxic element, mg/L
As Ba Cd Cr Pb Hg Se Ag
ALcccesoseoss | 0:020| 0.2 | 0.01 | 0.04 | 0.01| 0.000| 0,002 | 0.08
A2ccoss0000as ,019 o2 .01 .05 .03 .000 .003 - 07
A3ccoovesccsn .029 .0 .02 .06 .00 .000 ,005 .10
Blecooessooso 014 .0 .01 .07 .01 .000 .004 .01
B2:osssssossas .011 o2 .01 .01 .00 .001 .003 .04
Clecoossscoss .016 o2 .02 .02 .00 .001 .005 .04
Cleceosssossno .007 oh .03 .05 .00 .001 .003 .10
Dessoossscoon .009 .0 .01 .11 .01 .001 .003 .09
Eoocsssconsocs .005 o2 .03 .03 .03 .001 .004 .06
Focoooososoans .002 ol .01 .01 04 ,001 .002 .05
Geooosososons .005 o3 .01 .01 .01 .001 .002 .08
Hocooooosaooso 018 o3 .01 .05 .00 .001 .003 .04
LIevocsoossoons .019 2 .01 .02 .01 .004 .,002 .07
AVgooono »013 «2 .01 .04 .01 .001 .003 .06
"From Federal Register (1),
PHOSPHOGYPSUM-SUBSURFACE MATERIAL material was less than that of the phos-
phogypsum. Thus, if trace elements were
Major Components leached from the phosphogypsum, their
concentrations should be increased in the
Five phosphogypsum-subsurface samples subsurface material,
were obtained from cores by drilling
through approximately the bottom 10 ft Minor Components
of the phosphogypsum stacks and the top

10 ft of the underlying subsurface soils,
Chemical analyses were used to identify
the nature of the samples and confirm
that subsurface levels had been reached,
The results of chemical analyses for the
major components of the five samples are
given in table 3. The approximate miner-
al compositions of the samples are shown
in table 4. The approximate mineral com~

positions of the samples were derived
from the chemical compositions by calcu-
lating the amount of gypsum, sand and

clay, and phosphate rock present,4

the moisture
material wunder

As shown in table 3,
content of subsurface
the phosphogypsum was greater than that
of the phosphogypsum. This indicates
that the permeability of the subsurface

4Gypsum = pct 803/0.465; the
0.465 = fraction of SOz in gypsum. Sand
and clay = pct Si0Op + acid insoluble.
Phosphate rock = pct P»05/0.33; the fac-
tor 0.33 is the fraction of P05 in typi-
cal central Florida phosphate rock. Per-
centages were converted to the dry basis

for these calculations.

factor

Table 5 gives the concentrations of
minor components in the phosphogypsum
and 1in the subsurface samples. Only
potassium and chromium had greater con-
centrations in the subsurface material
than in the phosphogypsum, possibly indi-
cating that they were leached from the
phosphogypsum,.

Analyses of the subsurface material,
prior to the phosphogypsum being accumu-
lated, were not available. However, the
subsurface material below the phosphogyp-
sum consists of sand, clays, and phos-—
phate rock. The concentrations of trace
elements in the clays and phosphate rock,
shown in table 6, may be used to estimate
the concentration of trace elements pres-
ent in the soil before the phosphogypsum
was placed on top of it, For example,
from table 4, it can be seen that phos-

phate rock comprises 20 pct of the sub-
surface material. The concentration of
a trace element previously present in

the soil, as a result of the presence
of phosphate rock, can be estimated as
20 pct of the value of the trace element
shown in table 6 (column 3).
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TABLE 3. - Analyses of samples as received, major components

Samples..oooo..o-....n..on.to..t.c'.noo [

Al-2

[ Bl-2

| F1-2

F2-2

| H2-2 | Avg

PHOSPHOGYPSUM

Sample deptheccecsscsccscsscosccssoftoes
Analyses, pct:
MOiSturelouoooooooooo-ooo¢ono¢.ooooo.
Combined watereeecocososososscoscsssce
Silicon dioxide and acid insoluble...
Calcium oxideccesescscscsvecoonscvsces
Sulfur trioxid€eeoscosscessesscssoccs
Phosphorus pentoxide@ceccecsscssoscosss
Aluminumececoscoscoocesososssscscscose
ChlorinE@cecesesescccccosescssoccssocsoss
Fluorinececoscscscosssscscccscononcans
IrONoccscsscossccssssccssosssososonnse
Magnesiumeocscoocovoessoscssscoscosson
PHecvooossosceecnceossoscosscsnssssssnses
Ratio, moles calcium oxide/moles sulfur

trioxXid@ecoosessocesonsesncosossvoccescs
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MATERIAL UNDER PHOSPHOGYPSUM

Sample depthoecesccscesosscessssssseftbos
Analyses, pct:
Moisture'eeceoosccsscssscoscosscossss
Silicon dioxide and acid insoluble...
Calcium o0Xid@eeseccccoscscoscosscosoncss
Sulfur trioxidececcsssscsossccesosssses
Phosphorus pentoxidecsscscecocccssnes
Aluminumeecevecsscososccososcccsasscss
Chlorinesceesecccsoccosssccssoccsnsccs
Fluorin€cecoesosscscsccsssscscososooces
IrONeccoccsscesosssssnsossvssossonsoes
Magnesiumoecessossoscoscocccssccsssonse
PHeooooosovosconesssoncsoneocssosocsosscos
Ratio, moles calcium oxide/moles sulfur
trioxide...............-..............

105-113

1
6

PO OCOOFWHFONN
L.
OO WU~ NNO UL W

5.9

150-151

1
8

O~ WrF OF WO WkrF WO
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7.6
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N
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e o o o e e o o

H~PUUUNONOONW®E

98

NAp Not applicable.

IThis is referred to as "free water" in phosphogypsum or gypsum.
2This sample also contained 7.9 wt-pct CO,e
3Without rounding off, this value is 0.02 pct.

4Based on 2.98 pct Ca0 and 0.0l pct SOs.

TABLE 4. - Approximate mineral compositions of samples, dry basis, weight-percent

A2 | Bi=2 | Fl=2 | ¥F2-21 | H2-2 Avg
PHOSPHOGYPSUM SAMPLES
GYPSUMZ eesoscvosensoosossososscsoes 93 71 91 94 90 88
Sand and clay3.cessseccsccsecccccns 3 18 5 5 8 8
Phosphate rock4.cceccscscooncsccos 3 11 2 1 2 4
SUBSURFACE SAMPLES
GYPSUMZ, s oevsecssscsosscsccccossoo 4 2 0 6 2 3
Sand and clay3eeecescescccccscecos | 83 94 86 25 60 70
Phosphate rock4...cece00000s0000se 12 1 7 44 34 20

IThe subsurface sample also contained 7.9 pct CO,,

(CaCO3).

2Gypsum = pct S05/0.465.

3Sand and clay = pct $i0, and acid insoluble.

4Phosphate rock = pct P,05/0.33.

equivalent to 25 pct limestone
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TABLE 5. - Analyses of samples as received, minor components

TAverages, table 5.

2Maximum values in references

cited.

SAmpleS.eeseoseccosseocsssessessonssses | Al-2 | B1-2 | Fl-2 [F2-2 | H2-2 | Avg
PHOSPHOGYPSUM
Sample depthecssecssssescsescossecossfts. 86-88 | 136—-138 | 20-21 | 20-22| 67-72 NAp
Analyses, pg/g:
ArsenicCecscscescsssescscessccnscscons 3 2 3 2 8 4
BariuMeeososoosossososensacssscesnons <10 <10 <10 <10 <10 <10
CadmiuUmeeosococoseosossssccsnscncnccs 3 3 4 4 3 3
Chromiume.sscecsoscoccscecssssoscsscsones 15 20 19 21 30 21
COPPerecessscoscsssscsecosssosossossosas 7 11 11 7 5 8
Leadesecesosscccsossoseosesosccccccoccscss 12 13 9 7 2 9
Mercurysescececssscocosocsosscoossssssco <0.5 <0.5} <0.5| <0.5 <0.5 <0.5
Nickel.cocosososeosososoensoconososccsses 17 13 12 10 12 13
PotassiUMeesoscooscossocoscosscscssscsoe 86 42 24 20 63 47
Seleniumsccececososssssssssocssscssns 1 <0.5 2| <0.5 1 <1
Silverceecssescoosecsesssssscccoscsosa <3 <3 <3 <3 <3 <3
S0diUme 00000000 scscoscssssccscoscsoass 4,500 1,300 180 150 490 1 1,300
MATERIAL UNDER PHOSPHOGYPSUM
Sample depthecsssocessccscsocsssscssftes | 105-113 | 150-151 | 40-42 | 50-52 | 82~87 NAp
Analyses, ug/g:
ArseniCececscsccosssoscosscssscsssase 3 2 2 3 5 3
Bariumeesososssoscososossoocesscoosscos <10 <10 <10 <10 <10 <10
Cadmiumescocoosoccosocsoncoscssooscoa 3 2 2 4 3 3
Chromiumesoesescosocosscssocsososssanse 410 150 160 89 140 190
COppPerocecsoccsccsccosssssssosssscnsons 2 1 1 5 5 3
7 1 Y 13 5 13 9 2 8
Mercuryeesocosssscesocescoscocssosocse <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nickelocsooooooosaosossonoosososoosnonsons 8 9 2 19 14 10
Potassiumesesocosccossosscssccssosscss 490 510 180 430 460 410
Seleniumecoscsoscosssoscscsovsoscssosns <0.5 <0.5| <0.5 1 1 <1
Silverecosscocsssossccsosocscsscsssse <3 <3 <3 <3 <3 <3
SO0diUMeossosoooscossocsssssssososssscs 400 130 4101 1,800} 1,900 930
NAp Not applicable,
TABLE 6., — Trace element concentrations in subsurface samples,
phosphate rock, and clay
In subsurface | In phosphate rock? In clay?
Trace element samples, ! Conc. , Reference Conc., Reference
ng/g ugls ug/g
ArsenicCsceses 3 20 8, p. 55 13 8, p. 55
Bariumesoeoos. <10 70 8, p. 55 580 8, p. 55
Cadmiumececss 3 30 8, p. 71 318, pe 55
Chromiumassesoe 190 100 8, p. 55 750 9, p. 226
COpPerescccss 3 10 | 8, p. 55 45 | 8, p. 55
Leadesesoooss 8 50 | 8, p. 71 20 |8, p. 55
Mercuryeoeesss <5 7 | 8, p. 55 319, p. 226
Nickelooooos. 10 15 8, p. 55 68 8, p. 55
Potassium.... 410 2,000 | 8, p. 71 |30,000 |9, p. 226
Seleniumesooo <1 7 8, p. 71 6|8, p. 55
Silveresessos <3 5 | 8 p. 55 .18, p. 55
Sodiumscsesos 930 5,900 8, p. 71 10,700 9, p. 226



The values in table 6 are the maximum
values reported in the references cited.
The results show that the actual concen-
trations of As, Ba, Cd, Pb, Hg, K, Se,
Ag, and Na in the subsurface samples are
lower than the concentrations of these
metals estimated to be present with phos-
phate rock. Since these metals also are
present in the clay, their estimated to-
tal concentration in the subsurface soil
would be even greater. Therefore, these
elements have not been leached from the
phosphogypsum stacks. Copper also shows
no significantly increased concentration,
but nickel and chromium do. The nickel
concentration is increased from 3 to 10
ug/g and the chromium from 20 to 190 ug/g
in subsurface samples compared to the
background estimates for phosphate rock.
Therefore, the chromium and nickel con-

tent of the clay also must be accounted
for.
The same type of comparative projec—

tions can be made for the trace elements
contained in the c¢lay fraction, The
amount of clay present is not as easily
or as accurately determined as the phos-
phate rock. It can be estimated from
the Fe, Mg, K, Si, and Na present, remem-
bering that much of the Si exists as sand
(Si0,) and must be excluded from the
estimate, The clay fraction was esti-
mated by dividing the concentrations (on
a dry basis) of Al, Fe, Mg, K, and Na
(tables 3 and 5) by the concentrations of
each of these elements in normally occur-
ring clay (table 6). This produced an
average value of 16 pct clay in the sub-
surface samples.

Taking 16 pct of the background con-
centrations (table 6, column 4) gives
7 ug/g Cu and 11 pg/g Ni. This exceeds

the actual 1level found in the subsurface
samples. Therefore, Cu and Ni have not
been leached from the phosphogypsum. The
total chromium background (using col-
umns 3 and 4 in table 6) was estimated to
be 140 yug/g. Actually, 190 upg/g was
found in the subsurface sample, but the
difference, 50 pg/g, was not considered
significant because it was less than one

standard deviation of the average of the

subsurface chromium analyses.,

none of the
leached from

It was concluded that
metallic elements would be
the phosphogypsum.

Radium Analyses

Results of the radium analyses are
shown in table 7. The samples tested by
the two different laboratories were iden-
tical. EPA analyzed its samples by the
emanation method, while the 0ak Ridge
National Laboratory used the germanium—
lithium counting technique, The radium
concentration in the phosphogypsum aver-
aged 22.1 pCi/g, and the radium concen-
tration in the subsurface material aver-
aged 8.6 pCi/g.

Statistical analysis of the radium data
is shown in the analysis of wvariance
(ANOVA), table 8. At the 99-pct confi-
dence level, these results show a signif-
icant difference between the radium con-
centrations in phosphogypsum and in the
subsurface material. They show no sig-
nificant differences among the cores or
between the 0Oak Ridge and EPA results,
The standard error of measurement was
4,68 pCi/g for 20 analyses. This is near
the standard error of 4.52 pCi/g for 89
radium analyses previously reported (7).
These standard errors are both very near
the 5 pCi/g proposed by the EPA as a max-—
imum for radium in hazardous wastes and
would be difficult to accurately assess
in practice,

The background concentrations of radium
in the subsurface material, prior to the
creation of the phosphogypsum piles, can
be accurately estimated since long-term
data are available (8, 12). Interest in
radioactivity in Florida dates back to
1942-48, when there was an urgent need to
find domestic sources of wuranium. In
addition, there has been environmental
concern about radium in Florida for the
last 20 yr, and considerable data have
been published, some of which are shown
in table 9.
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TABLE 7. — Radium analyses, dry basis

SampleSeeesescesess | Al=2 | Bl-2 [F1-2 | F2-2 | H2-2 | Avg
PHOSPHOGYPSUM
Sample depth...ft.. 86-88 | 136-138 | 20-21 | 20-22 | 6/-72| NAp
Radium, pCi/g:
ORNL'.vevsesoooas 18.2 9.2 | 41.3 19.8 24,6 | 22.6
EPAZ. .. 0ee00sosos 15.7 10.4 54,1 16.6 11,3 21.6
AVgcesaoososcon 17,0 9.8 47.7 18,2 18.0 ] 22.1
MATERIAL UNDER PHOSPHOGYPSUM
Sample depth...ft.. | 105-113 | 150-151 | 40-42 | 50-52 | 82-87 | NAp
Radium, pCi/g:
ORNL!.seeovencose 11.2 1.5 2.1 20.6 11.0 9.3
EPAZ . 0eovecosnes 9.9 1.7 2.7 13.9 11.4 7.9
AVgZooeaosonaan 10.6 1.6 2.4 17.3 11.2 8.6
NAp Not applicable,
lAnalyzed by the Oak Ridge National Laboratory, Oak Ridge, TN.
2Analyzed by EPA Radiation Facility, Montgomery, AL.
TABLE 8. — Analyses of variance of radium data
(Standard error = 4,68 pCi/g)
Source of variation! Degrees of| Sum of Mean F
freedom squares squares | ratio
G/Secesscscsososvssosas 1 913.952 | 913,952 | 41,71
COREccocosooosossssosas 4 784,053 | 196.013 | 8.95
LABoooaososssssosoossss 1 6.962 6.962 032
G/S:COREZ,.s0eoso00ssss 4 1,292,803 | 323,200 | 14.75
G/S:LABZ.0cccoccccccncs 1 2162 2162 01
CORE:LABZ.cs0scessossss 4 108.133 27.033 1.23
|5 o oo 5 4 87.643 21,910 NAp
Totalesssoosocscans 19 3,193,708 NAp NAp

G/8

In phosphogypsum versus material under phosphogypsum.

CORE Among cores Al-2 through H2-2,

LAB

NAp Not applicable.

Oak Ridge analyses versus EPA analyses.

IComparisons of radium concentrations.
2Interactions among main factors.

TABLE 9. - Representative radium concen-
trations in Florida phosphate materials

Material Radium, pCi/g
Background s0il.ceccocccnss 1.5
SilCevosoccososnsooccacsocons 1.1
Beach sandecoccosscsoccscosce .9
Reclaimed s0ileccescosccscs 10 -30
Overburden (excluding

leach zone)eecoscoccosscocos 10
Leach zone materialecceose 40
MatriXeecoeososoocoscsessss 40 -60
Wet phosphate rockescessse 29 -42
Dry phosphate rock!escaoso 38 -48
Sand tailingSeeccocccccsse 6.2- 8.8
GYPSUMe s ovosososossocsnsos 21 -33

"Source: National Academy of Sciences (8,
p. 71); all others from EPA (12, p. 1.53).

The material wunder the phosphogypsum
piles consists of sand, clay, and phos-
phate rock. From the percentages of each
of these materials (table 4) and concen-
trations of radium in each material, the
concentrations of radium in the subsur-—
face material may be calculated. This
is shown in table 10, This method is
analogous to the one used above to de-
termine the background concentration of
trace elements., These data were sta-
tistically analyzed (ANOVA and F-tests)
for the background versus the measured
radium concentrations under the phospho-
gypsum piles. No significant differ-
ences were found, and it was concluded
that radium was not leached from the
phosphogypsum.



TABLE 10.
piles, dry basis, pCi/g

~ Radium concentration in
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material under phosphogypsum

Source of radium Samples Avg
Al- Bl1-2 | Fl1-2 | F2-2 | H2-2

From gypsum!eesececcscossoosssns| O 0.2 0.0 1.0 0.3 | 0.4

From SandZ.ceeeessccsccscescsss .8 .8 o2 «5 .6

From phosphate rock3.esccossoss | 4o oh 2.7 | 16.7 | 12,9 | 7.5
In material under phosphogypsum

piles:
Background4.cesecsccsccosccss | O 1.4 3.5 | 17.9 | 13.7 | 8.5
Observed seceosovossssscssoos | 10 1.6 2.4 | 17.3 11.2 | 8.6

IPercent gypsum (table 4) + 100 x (pCi/g Ra in gypsum, table 7).

2Percent sand and clay (table 4) +
3Percent phosphate rock (table 4) ¢+ 100 x (pCi/g Ra in

rock = 38).

100 x (pCi/g Ra in sand = 0.9).
dry phosphate

4Sum of radium from gypsum, sand, and phosphate rock.

5From table 7.

PERMEABILITY
Table 11 gives the permeability data
for seepage of water through phospho-
gypsum. The data were fitted by
least squares linear regression to equa-
tion 1:
Inh=a+bt, (1)

in which h is the water height in inches
at time, t, in hours, and a and b are co-

efficients determined by the linear re-
gression. The results gave

a = 3,098 in In (inches)

b = ~-1.,120 x 10=2 in hours-!,

The correlation coefficient of the linear
regression was 0.9999. The permeability,
P, of the phosphogypsum, derived from
equation 1 and Darcy's law (14), is giv-
en in equation 2:

P = -bL, (2)
in which b is the coefficient in equa-
tion 1 and L is the length, 8.37 in, of

the phosphogypsum column. The permeabil-
ity was 0.094 in/hr of seepage.

X-RAY DIFFRACTION

The X-ray diffraction analyses of
water—-soluble material from phosphogypsum
showed only the presence of gypsum and
a trace of hemihydrate, The sensitiv-

ity of this analysis was not sufficient
to  identify compounds of the trace
elements.

TABLE 11. — Permeability data for water
seepage through phosphogypsum

Water height
(h)," in

Time (t), hr

22,05
18.07
13.82
10.91
71e25c000000s00sss0c0000ann 9.92

00lo'O0.00.'...QOOO..Q....Q
18.53'0.00...l.l......'....
42.6700500.0.oo.ooo..l.ooc.

63'44.......0‘0.......'...!

Height of water from bottom of phos-—
phogypsum column.

NOTE.=-Length (L) of phosphogypsum col-
umn = 8.37 in.
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NEUTRON ACTIVATION ANALYSES

Five phosphogypsum

lyzed by

samples
activation

were
neutron

ana-
analysis.

This yielded quantitative results and the

standard deviations
tions of 44 elements.
presented in table 12,

for the concentra-
These analyses are

TABLE 12. - Neutron activation analyses of phosphogypsum!

from Florida, ug/g

Element

Average

Std. dev., of avg

Aluminumesocoscescosssssace
Antimonyecscesccsoscscccss
ArsenicCscocsosccccsccccsss
BariuMecosscesesscsssssnsoe
Brominecosssscccscassoscse
CalciUMoessessssosssoesoocons
CeriuMescsesccssesscsscsnae
CesSiUMoecocococossooccecssonce
Chlorineecesecsscosssscssse
Chromiumeccscocoscocsscoss
Cobaltecescsssccassasonscs
CoOppPeracssescoccocesescessae
Dysprosiumescscccoscoscososs
Erbiumecessscocooscsccsosces
Europiumecocssoesccocscoss
GadoliniumMeesoscocoscscocss
Galliumsocsoseoscsosonsssose
GOldeosoecescosssscsscsocoscca
Hafniumeeesocooscosscscsos
IndiuMoeocescsoscssecsososss
Iodin€esssecscssccsosossces
IroNecsescoessossseoscsnssos
Lanthanume cccescescssosscs
Magnesiumscscssossossooose
Manganese..osecscsssecsssscs
Mercuryesoscsscosossssssos
Molybdenumeeosoeocccoasoess
Neodymiume ceoocosasvsosase
PotassiUMecocvoscososcsccsos
Rubidiumeecesscsesosocssoocs
Scandiume cooossococsssssns
Seleniumececossosocvocoscas
Silvereosocsosscsssacsscas
SodiUmMecsooscssoccccoseces
Strontiumececocscocsocsscons
TantaluMescsesoeecosonscoscocs
Terbiumeeccossscoccossoonse
Thoriumeoeosossscssosssssss
Titaniumeecoscossssocoassscsocs
TungsteNescsssccssosssscsoaoe
Uraniume coocoscoossscososs
Vanadiumeesoosscossssosaocs
Ytterbiumeocooooocosscsoass

Zinc-o.o’o.o.l.oooono.'ooo

2,000
«20
.94
<210
<.92
21,000
49
.03 - .07
<150
6.0
«58
<82
<3.5
<330
1.5
170
<3.0

0.76 —

.002-~ .013
1.9
<.14

.90 - 3.8

1,000
39
<940
25

.28 - «40
2,2 = 11
33
200 - 230

3.2
<40
2.1
<1.3
520
600

<340

540
.03
.32
<24
<.12
5,700
5.4
.02
<47
1.4
.15
<9.6
<.20
<9.7
017
51 - 59
<.26

0.26 -

.001- .002
1.0
<.005

020 - .90

600
4.6

<27

14

.16
072
<.64
79
67
.042
.14
.65
140
<.060
2.9
1.8
°45
<21

.50 -

15 gsamples, each a composite of cores of the depths shown:

Al,

0-70 £t; Bl, 0-100 ft; E, 0-90 ft; F, 0-30 ft; and H, 0-80 ft.
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FACTORS INVOLVED IN LEACHING

To help explain the results of this
study and to aid in predicting the future
stability of phosphogypsum stockpiles,
the hydrology associated with the piles
and the solubility and absorption of
trace elements and radium were consid-
ered. How well the objectives of this
investigation were met is also briefly
considered.

HYDROLOGY ASSOCIATED WITH
PHOSPHOGYPSUM PILES

Phosphogypsum stockpiles in Florida are
50 to 528 acres in area, averaging 227
acres (7). The piles are formed by pump~
ing phosphogypsum slurries from phos-

phoric acid plants to a system of ditches
which direct the slurry within the piles.
The slurries are directed to subdivided,
phosphogypsum

diked areas where the

rapidly settles. When the phosphogypsum
builds up in an area, the dikes are ad-
justed to redirect the slurry to another
area. In this manner terraces of phos-
phogypsum are formed. Figure 2 shows an
interior-diked phosphogypsum pile. The
clear supernatant water from the slurries
of the phosphogypsum flows by gravity to
holding ponds and is then reused.

These slurry areas make up only a
small part of the phosphogypsum stockpile
areas, and most of the remaining pile
areas are fairly dry. Leaching in the
settled portion of the pile would be due
to rainwater passing downward through the
pile.

Rainfall at Lakeland, FL, for 1974 was
44 in, Of this amount, 26 in fell during
a 72-hr period. There were 24 periods of

FIGURE 2. - Interior-diked phosphogypsum pile.
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rain of 3-hr duration each, averaging
1.07 in of rain (15). The Soil Conserva-—
tion Service (SCS) method (3) of estimat-—
ing the quantity of runoff water was ap-
plied, resulting in 7 in/yr of runoff.
Thus, the net amount of rainwater availa-
ble to infiltrate the phosphogypsum was
37 in. in 1974. However, 1974 was an
unusually dry year. Normal annual rain-
fall in the phosphate region 1is about
55 in. Using the same runoff for a nor-
mal year results in a net available rain-
water of 48 in,

Evaporation usually exceeds rainfall on
an annual basis in the Florida phosphate
region (15). However, the infiltration
rate of water into dry soil or phospho-
gypsum is about 0,50 in/hr (3). This
greatly exceeds the evaporation rate.
Once moisture has penetrated into the
piles, there is little evaporation from
any appreciable depth. Taking a conserv-
ative viewpoint, evaporation was consid-
ered to be zero, so that the net water
available to percolate through the phos-—
phogypsum remains 48 in/yr for a normal
year.

The sample used in the laboratory per-
meability test had the same characteris-
tics as the phosphogypsum in the piles.
It was formed by settling a phosphogypsum

slurry, followed by compaction, which is
the same way the stockpiles are created.
The permeability figure that resulted

from the tests was the saturated hy-
draulic conductivity since the sample
was completely immersed in a column of
water during the test., However, phospho-
gypsum in the piles is not saturated with
water but contains an average of about
15 pct moisture, Permeability decreases
drastically with decreases in moisture
content because of the loss of water
head. The unsaturated hydraulic conduc—
tivity would be 10 pct or 1less of the
saturated value (13), or approximately
0.009 in/hr (6.6 ft/yr).

Seepage of water through the
is not wuniform. It is greatest during
a rain but almost ceases during dry
periods., This results in irregular mois-
ture profiles in the piles, with wet and
dry layers alternating within the piles.

piles

This moisture pattern has been observed

previously (Z).

The solubility of gypsum is 0.26 pct,
and its density is 2.32 g/mL. From this,
the amount of phosphogypsum dissolved by
rain was calculated to be a layer only
0.054 in thick for each 48 in, or year,
of rain. At this rate it would require
6,600 yr of normal rainfall to dissolve a
30-ft pile of phosphogypsum.

The mnormal annual amount of rainfall
and the rate of seepage are sufficient to
leach radium and the trace elements,
However, this does not occur, The rate
of movement of radium and trace elements
is much less than the rate of seepage.
The U.S. Nuclear Regulatory Commission
reported (13) that radium moves at 1/215
times the Egépage rate, This was radium
from a wuranium tailings pond seeping
through alluvium soil, The factor of
1/215 is directly dependent on the ab-
sorption of radium by the soil, Radium
sulfate has a solubility of only 2.1
x 10-6 pct, is in the same crystal system
as gypsum, and would be strongly absorbed
by gypsum. Its rate of movement through
gypsum would be at least as slow as its
rate of movement through soil, or less
than 6.6/215 or 0.03 ft/yr. It would re-
quire 2,300 yr for radium to migrate
through a 70-ft phosphogypsum stack, and
by then the radium would have disinte-—
grated to 37 pct of its original concen-
tration, or 7.8 pCi/g. For comparison,
EPA regulations on uranium tailings allow
a maximum concentration of radium--226 of
15 pCi/g averaged over 15-cm-thick layers
of soil more than 15 cm below the surface

).

SOLUBILITY OF COMPOUNDS OF
TRACE ELEMENTS

of the 1leach water from
1,000 g of phosphogypsum and X-ray dif-
fraction of the resulting crystals did
not identify any compounds of trace ele-
ments, Trace elements may exist as
sulfates, such as mercuric sulfate, or as
calcium salts, such as calcium selenate,
in equilibrium with a saturated solution
of calcium and sulfate ions from gypsum.
Further disolation of trace elements by

Evaporation



ion exchange,
this equi-

extraction, precipitation,
or other means would so alter
librium that the original amounts and
types of compounds present would not be
determined. Literature studies of phase
equilibria in saturated gypsum solutions
were used to identify possible trace ele-
ment compounds.

Many compounds may be present in
phosphogypsum piles, such as silicates,
fluorides, phosphates, or chlorides.
However, sulfate and calcium compounds
would predominate because of the large
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calcium and sulfate ions from
the phosphogypsum. The specific com-
pounds considered in this report are
listed, by their formulas, in table 13,
These are all sulfates except the cal-
cium compounds of arsenate, chromate,
and selenate, which are the most proba-
ble compounds of these elements present.
Potassium is considered as K,S0,°CaS0,
*H,0 (syngenite), identified as the sol-
ids phase present in saturated K,S0,
*CaS0, solutions (4). Most of the solu-
bilities were taken from Seidell (10).

excess of

TABLE 13. — Comparison of total and leachable trace elements in phosphogypsum

Average, ug/g! Leached, | Absorbed,
Element Total Leached pct of pct of
total total?
ArseniCeccsccscescscoososses 50.85 40.24 28 72
BariuMeeeoseosocosssccocccosae 3105 43,2 3 97
Cadmiume sesessocssssscssosse 50.59 40.28 47 53
Chromiumessseecoscosocoscoscs 36.0 40.80 13 87
COPPE@Tocossconcsssccososssos 54.9 50.25 5 95
Leadesessecssccescsossncccscs 51.3 40.36 28 72
MerCUIrYoesocoooscscoossssoss 30.34 40,012 4 96
Nickeleveooooooossoosossssse 56.3 50.97 15 85
POtassSiuMeecesossscecccccscoss 590 547 52 48
SeleniUmMeceeoscscscccssossosnse 31.4 40.060 4 96
S1ilVeTesseessosasssosscoannse 30.67 40,96 (6) (%)
SOdiUMe coeoessosesocssscosss 3404 5204 50 50
Solubility, Compounds whose
Axial ratios, pct as axial ratios and
A/A gyp.’ element8 solubilities were
considered
ArseniCecscsccscccscsccscsss 1.0 0.13 CaHAsO, *2H,0
Bariumececcceccccosecscscocs 2.0 00023 BaS0,
Cadmium..................... 3-0 24 CdSO4'8/3H20
Chromiumecccoecoocococscoscces 1.7 5.6 CaCr0,°2H,0
COpPPErecesessscssscsscoccnsnse 1.6 7.4 CuS0,*5H,0
Leadesesccoeccocesoscccceone 2.0 .00031 PbSO,
Mercuryeeccecccescscsccscces 1.8 3.40 HgSO,
Nickel............-......... 2-4 11 NiSO4'7H20
PotasSiuMeceovssocsncocncsone 3.3 1.4 K,50,°CaS0,°H,0
Seleniumececsccecccocsccccos 1.0 3.0 CaSe0,*2H,0
Silverecccoccsscoccssconnssns 2.0 56 Ag,S0,
Sodium...............-...... 300 7.1 Nast4'lOH20

TAverages from samples D and F for

Na, K, Cu, and Ni.

ples Al, Bl, E, F, and H for all other elements.
3Analysis by neutron activation.
5Analysis by atomic absorption.

2100 minus percent leached.
4EPA extraction procedure.
6Indeterminate.

’Crystallographic ratios A-axial ratio/A-axial

= 0.413.

8Solubilities of compounds in

the

(in the first column) in the compounds.

ratio

Averages from sam-

of gypsum. A gyp.

last column times fractions of elements




16

The percent leached 1is determined by
taking the quantities of each trace ele-
ment leached, times 100, divided by the
total quantities present, These quanti-
ties are also presented in table 13.
There is excellent linear correlation be-
tween the solubilities of copper, nickel,
and cadmium sulfates and their respective
percentages leached. The correlation co-
efficient was 0.9998. Increasing solu-
bility correlated highly with a greater
percentage leached. The anions arsenate,
chromate, and selenate yielded a linear
correlation coefficient of -0.64, and Ba,
Cd, Cr, Cu, Hg, Ni, and Se gave a coeffi-
cient of 0.89. Except for barium and
lead, whose sulfates are very insoluble,
the moisture content of phosphogypsum
would supply sufficient water to dissolve
all of the trace elements listed in ta-
ble 13. Solubility would not be a limit-
ing factor in leaching trace elements,
although barium and lead would require
water seeping through the phosphogypsum
stockpiles to supply sufficient water to
dissolve their sulfates.

ABSORPTION OF TRACE ELEMENTS
ON PHOSPHOGYPSUM

Absorption of ions from a
a solid in contact with the
enhanced if both the solid
phases contain the same ions.
absorption may occur if the
solution will fit into the
tice of the solid.

solution, by
solution, is
and liquid
Molecular
molecules in
crystal lat-

All of the compounds in table 13 con~
tain either calcium or sulfate 1ions, in
common with gypsum. The crystallographic
lattice dimensions and axial ratios of
each of these compounds were compared to

those of gypsum. Data were obtained from
the Powder Diffraction Standards Data
File (6). The conventions stated by Dana
(5) were used in selection of axial
Ighgths corresponding to the a, b, and c
axes. For orthorhombic and triclinic
systems, the c axis is shorter than the a
axis, and the a axis is shorter than the
b axis, or ¢ < a < b, For monoclinic
systems, the c axis is shorter than the a
axis dimension, or ¢ < a. The A axial
ratio 1s the quotient of the a axis
dimension divided by the b axis dimen-
sion, In this report the A axial ratios
of the compounds of the trace elements
were divided by the A axial ratio of gyp—
sum to give a number for each compound,
indicative of the extent to which the
crystal lattice of the compound matched
that of gypsum. These numbers are listed
in table 13 under the column "Axial ra-
tios, A/A gyp." The percent absorbed is
defined as 100 minus the percent leached
and is also given in table 13. These
data were fitted to equation 3

S = 48-7 + 53.3 R - 16-7 RZ, (3)

in which S equals percent absorbed and R
equals the axial ratio relative to gypsum
as defined. The correlation coefficient
was 0.88, and the standard error of esti-

mate was 10-pct absorption. This data
indicate that absorption is a major
factor.,

Radium sulfate has an axial ratio rela-
tive to gypsum of 1.93., From equation 3,
the absorption of radium by phosphogypsum
would be 89 pct of the amount of radium
originally present. This indicates that
very little radium would be leached,.

DISCUSSION

The three objectives of this inves-—
tigation were to determine (1) if the

phosphogypsum piles were hazardous tox-
ic wastes, (2) if toxic elements were
leached from phosphogypsum, and (3) if

radium was leached.

The first objective involved performing
the standard EPA extraction procedure and

comparing the results with the EPA allow-
able concentrations. The findings showed
that the phosphogypsum was not toxic.

The second objective involved comparing
the estimated background concentrations
of trace elements with the concentrations
found in the subsurface samples. A dif-
ficulty encountered was in establishing



the background concentrations, A firm
estimate of these background concentra-
tions was afforded through P,0; analyses
of the samples., This established the
amounts of phosphate rock in the samples,
Since concentrations of trace elements in
phosphate rock and the amounts of phos-
phate rock in the subsurface samples were
available, the trace element concentra-
tions in the background could be esti-
mated. On this basis alone, only nickel
and chromium may be leached. The same
method of estimating background concen-
trations was applied wusing clay. It
showed that nickel and chromium were not
leached. It was concluded that toxic
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element concentrations were below EPA
standards and were not being leached from
phosphogypsum stockpiles.

The third objective was to determine if
radium was being leached. Background
concentrations of radium in many materi-
als present in the phosphate mining area
have been previously determined. Using
these data, it was found that radium con-
centrations in phosphogypsum significant-
ly exceeded those in the subsurface sam-
ples. Also the radium concentrations in
the subsurface samples were only equal to
background. This indicated that radium
was not leached.

CONCLUSIONS

1. Phosphogypsum stockpiles in Florida
are not hazardous toxic wastes.,

2. Trace elements are not leached from
phosphogypsum stockpiles,

3. Radium is not leached from phospho-
gypsum stockpiles.

4, The standard error of measurement
of radium concentration was 4.7pCi/g.

5. Absorption of trace elements and
radium by phosphogypsum is the major rea-
son for their not being leached.
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