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ASSESSMENT OF ENVIRONMENTAL IMPACTS ASSOCIATED
WITH PHQSPHQGYPSUM IN FLORIDA

By Alexander May ! and John W, Sweeney 2

ABSTRACT

In its role to provide technology to
prevent or limit adverse environmental
impacts associated with mining or miner-
als processing, the Bureau of Mines has
conducted research at its Tuscaloosa Re-
search Center to asess the environmental
impacts of phosphogypsum produced by the

Florida phosphate industry. Over the
yvears, stockpiles containing 335 million
tons of phosphogypsum have accumulated

and the industry continues to generate an
additional 33 million tons a year., Sam—-
ples from approximately 1,000 feet of
drill core, obtained from nimne stockpiles

were characterized using chemical, X-ray
diffraction, emission spectrographic,
radiological, and physical means. The
data developed indicated that phosphogyp—
sunm is not a corrosive or toxic hazardous
waste as defined by Environmental Protec-
tion Agency criteria. Radium concentra-
tion averaged 21 picocuries per gram and
its content was inversely related to par-
ticle sizes. Thirty-nine elements were
detected in phosphogypsum; concentrations
of these elements did not vary with depth
within the stockpilles.

INTRODUCTION

In the past 20 years there has been
a constant shift in the United States
toward using multinutrient and mixed fer-
tilizers in place of single-nutrient fer-
tilizers. This trend has brought about
the localization, especially in Florida
and along the gulf coast, of large raw-
materials-oriented chenical companies
manufacturing wet—process phosphoric
acid, which is the basic material needed
to produce high-analysis multinuterient
fertilizers. The manufacture of wet-
process phosphoric acid results in the
generation of large quantities of waste
gypsum. In the fertilizer industry this
is wusually referred to as phosphogypsum

TResearch chemist.

2Supervisory mining engineer.

Both authors are with the Tuscaloosa
Research Center, Bureau of Mines, Tus-
caloosa, Ala.

which distinguishes it from the natural

gypsum mineral, As a rule, 5,5 tons of
phosphogypsum are produced for each ton
of phosphoric acid produced.

In 1978, U.S. production of crude

natural gypsum was estimated at 14.9 mil-
lion tons. Annual domestic gypsum con-
sumption in 1978  was 24.4 million
tons (10),3 of which 700,000 tons was
phosphogypsum.

By comparison, the Florida phosphate

industry generates 33 million tons of
phosphogypsum annually and only a small
fraction (about 700,000 tons) is used
for agricultural purposes. In addition,
there are 334.7 million tons of the

3underlined numbers in parentheses refer
to items in the list of references at
the end of this report.



material stacked on the ground in Flor-
ida. Projections indicate that by the
year 2,000 over ] billion tons of phos-
phogypsum will be available in Florida
alone, Figure 1 shows the location of
phosphogypsum stacks in Florida.

Phosphogypsum contains
owing to the large tonnages 1in Florida,
is of environmental concern., The Envi-
ronmental Protection Agency (EPA) pro-
posed in 1978 that phosphogypsum be iden-

radium, and

wastes, but as of July 1981, had deferred
regulation of phosphogypsum. A part of
the Bureau's Minerals Environmental Tech-—

nology research program 1is to assess
these types of problems and develop a
data base so that, through a continuing

research effort, potential environmental
problems can be mitigated. The Bureau's
Tuscaloosa  Research Center conducted
research to characterize phosphogypsum to
determine if it is hazardous or toxie,
and if so, to investigate means to miti-

tified as a potential hazardous waste. gate the situation so that the phospho-
On May 19, 1980, EPA issued 1ts final gypsum could be used in a variety of
regulations of toxic and  hazardous high-volume applications.
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CRITERIA FOR DEFINING HAZARDOUS WASTE

The EPA criteria defining hazardous
waste were used as guidelines in this
study, The EPA criterion for corrosivity
is a pH equal to or less than 2 or equal
to or greater than 12.5 (8). The EPA
criterion for toxicity of wastes is based
on an extraction procedure to identify
toxic wastes 1likely to leach 1into the
ground water. The hazardous nature of
the waste is judged by the concentrations
of specific contaminants in the extract.
The contaminants listed by EPA for toxic
consideration are eight metals and six
chlorinated organic compounds (7). There
are no probable sources of chlorinated
organic compounds in the phosphogypsum or
its precursor reactants, Therefore or-
ganic compounds were not investigated in
this study. The Bureau of Mines consid-
ered the total concentrations of trace
elements in phosphogypsum, rather than
consider only the toxicity due to leach-
able elements. Thus, emission spectro-
graphic analyses of the gypsum solids

PHOSPHOGYPSUM

Phosphogypsum is the major byproduct
of wet-process phosphoric acid produc-

tion. Phosphate rock, which is composed
of apatite minerals (9) (calcium phos-
phates containing varying amounts of

carbonate and fluoride), is digested with
sulfuric acid and water to produce phos~
phoric acid, phosphogypsum and minor
quantities of hydrofluoric acid.

were used to determine trace elements,
both toxic and nontoxic. These analyses
were correlated with the EPA leaching
tests criteria, and also provide informa-
tion for the assessment of the gypsum
under all conditions,

The EPA regulations, proposed Decem-
ber 18, 1978, for the 1identification of
hazardous wastes listed phosphogypsum as
a hazardous waste because it was radio-
active, To be excluded from the list,
the average radium-226 concentration
would have to be less than 35 picocuries

per gram of solid waste or the total
quantity of radium—-226 would have to be
less than 10 microcuries for any single
discrete source (7). The final EPA regu-
lations, issued May 19, 1980, still list
phosphogypsum as & hazardous waste but

defer development of final regulation
for phosphogypsum pending Congressicnal
action (8).

PRODUCTION

The reaction of the phosphate rock
to produce gypsum, CaS0,*2H,0, may be
illustrated by

Cajo(POL)gFy) + 10 HpSO, + 20 Hy0 ———»

10 CaSOu'Z Ho0 + 6 H3POy + 2HF (1)

Gypsum forms monoclinic crystals
that are tabular and diamond-shaped.
Both habits are shown in figure 2.
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In the Prayon  process, commonly
used in Florida, the phosphate rock,
ground to pass 100 mesh, is treated with
30 to 46 percent phosphoric acid and
55 to 60 percent sulfuric acid. The rock
and acid is circulated through reaction
tanks to maintain the optimum time and
temperature for the reaction and for the
growth of phosphogypsum crystals. The
phosphogypsum is filtered, washed with
water, and pumped as a slurry to ponds
from which the phosphogypsum settles to
form the phosphogypsum stacks (11).

The hemihydrate process is similar
to the Prayon process but uses higher
temperatures and acid concentrations
in the reaction tanks. This favors the
initial formmlation of hemihydrate. In

subsequent crystallization tanks the
hemihydrate is mixed with gypsum suspen-
sions where it recrystallizes as large
crystals of the dihydrate; that 4is, as

phosphogypsum,

Figure 3 1is an aerial view of a

typical phosphogypsum stack.

INVENTORY OF PHOSPHOGYPSUM

Seventeen phosphogypsym stacks were
identified in Florida. Data regarding

the inventory were obtained through the
cooperation of the Florida Institute of

FIGURE 3. - View of a typical phosphogypsum stack in Florida.



Phosphate Research, and 13 phosphoric
acid producing companies., The data shown
in table 1, which were current as of

April 1980, showed that 334.7 million

rate of generation greatly exceeds this
average (5) and is now 33,3 million touns
a year. TAt the present rate of genera-
tion, the amount of phosphogypsum accumu-

tons of phosphogypsum have accumulated in lated by 1985 would be 500 million tons

Florida over a 16.8-year average, giving and approximately 1 billion tons by the

an average production rate of 19,9 mil- year 2000.

lion tons per year, However, the present

TABLE 1. - Phosphogypsum inventory
Year Years Annual Cumulative
Gypsum stack Year discon- in Acres production, total,
identification | began | tinued | service thousand tons thousand
per year tons
Aceceeecnnnees| 1965 [ Active 15 250 2,400 22,000
Bevaveososnsoas | 1947 | Active 33 300 3,000 77,000
Cissenveaecaas | 1956 1971 15 123 Inactive 18,900
Deeecsccasssee | 1963 | Active 17 340 3,700 43,080
Eewvaconsonees | 1948 1980 32 50 Inactive 12,128
Foesoeseeoseoe | 1948 1968 20 100 Inactive 5,000
Gevesevssennss | 1966 | Active 14 284 3,500 21,304
Heeeossnonnaas | 1964 | Active 15 360 1,100 16,500
Teseeorasseees| 1975 | Active 5 300 5,500 17,361
Jeeasenasssean | 1976 1980 4 84 Inactive 1,540
Keseaossoeoans | 1961 | Active 19 200 3,500 18,288
Lessecceeennns | 1954 1963 9 250 Inactive 4,000
Meeooeossessnne | 1973 | Active 7 60 1,302 5,860
Neseseovossoss | 1965 [ Active 15 400 3,016 22,709
Ouevessovrvenns | 1955 | Active 25 90 750 5,830
Pecosevnnsssss i 1954 | Active 26 528 4,600 32,200
Qevvsserenenss | 1965 | Active 14 140 900 11,000
Total.... 285 3,859 33,268 334,700

RATIONALE OF SAMPLING AND ANALYSES

0f the 17 phosphogypsum stacks iden-—
tified, nine were sampled; these were
identified as being representative of the
varliety of conditions encountered in
either processing or storage. 0f the
nine sampled, six stacks were active and
three were 1nactive. The rationale of
the sampling program was to establish the
uniformity and components of phosphogyp-
sum in each stack and differences among
stacks. This 1included differences be-
tween active and inactive stacks and
between processes used in the manufacture
of phosphoric acid. Of the active
stacks, one produced phosphogypsum using
the hemihydrate acid manufacturing pro-
cess while the others produced phospho-
gypsum using the Prayon process, The

phosphogypsum from one stack was washed
in a different manner than the others
prior to placing it on the stack, possi-
bly making it atypical. The identities
of the samples, letters (A through I)
which represented the hemihydrate process

and the different wash method were
deleted to ensure company confidential-
ity, Of the nine stacks sampled, stack A

was sampled at three locations; stacks B
and C were sampled at two locations
each; while each of the remaining stacks
were sampled at one location.

The sampling program was designed to
obtain results that would be representa-
tive of all of the phosphogypsum stacks,
to show differences among stacks, and to



from top to bottom
Three types of

show differences
and across the stacks.
samples were obtained,

1. Core samples,--Representative of
the phosphogypsum in the entire length of
a core, There were 13 core samples, one
for each core drilled.

2. Interval samples,--Representa-
tive of the phosphogypsum in 10-foot-
depth intervals of a core, There were
90 interval samples.

3. Sized samples.-~Representative
of wparticle size distributions of the
material in the entire length of a core.
There were seven sized samples.

The rationale of the analytical
tests was to characterize the phosphogyp-
sum to assess its environmental impacts,
The tests included chemical analyses for
major conmponents; pH tests for acidity;
emission spectrographic analyses for
minor elements; radium-226, thorium, and
uranium analyses for radioactivity; X-ray
diffraction analyses for mineralogy; and
size analyses and density determinations
for physical chavracterization,

One chemical analysis was made of
each of the 13 core samples and one X-ray

diffraction analysis was made of three of
the core samples to provide the major
chemical and mineralogical components of
the stacks.

One spectrographic, pH, and radium-
226 analysis was made on each core sam-
ple, interval sample, and sized sample to
provide minor elements, acidity, and
radioactivity data, The analyses indi-
cated differences among the stacks, dif-
ferences from top to bottom across the
stacks, and differences due to particle
size distributions.

The three core samples obtained from
stack A, their interval samples, and
sized samples were analyzed quantita-
tively for trace quantities of uranium
and thorium. The three core samples were
also analyzed for radium, wuranium, and
thorium isotopes. These data were used
to indicate the radicactive elements pre-
sent and their relationships to each
other within the stack.

Thirteen core samples were cbtained

from approximately 1,000 feet of phos-
phogypsum core, Approximately 800 anal-
yses and tests were performed, which
vielded nearly 2,400 individual data
points,

TEST PROCEDURES

To establish the free water content,
samples were dried at room temperature to
constant weight and then at 45° C for an
additional 2 hours. The dried samples
were then analyzed for chemical, radio-
logicél, and trace elements. The pH mea-
sured was that of moist phosphogypsum.
Water was added to phosphogypsum to pro-
duce very thick slurries into which the
pH and standard electrodes were immersed
and measurements taken. Except for pH
and densities, the chemical and radiolog-
ical results were then calculated back to
the weight basis of the samples as re-

ceived. The particle size distribution
was determined on the dried samples.
Emission spectrographic results were re-

ported on the basis of the dried samples.

Chemical analyses were performed in

accordance with American Society for
Testing and Materials, Standard
Methods for Chemical Analysis of Gypsum
and Gypsum Products, ASTM C471-76 (1).
Fluoride and phosphorus  were deter-
mined by the Asscciation of Florida
Phosphate Chemists Methods (4). Uranium
was determined by the fluorometric

method, ASTM D2907-70T (2), and thorium
by the colorimetric method, ASTM D2333-68
(3). Radium was determined by the radon
emanation method (6) and wuranium and
thorium isotopes were determined by a
chromatographic and radiolegical tech-
nique developed by the EPA.



TEST RESULTS

Tables 2 and 3 present the chemical distribution data. Tables 7 through 10
analyses data, Table 4 shows the free  address radium, uranium, and thorium
water and table 5 shows the pH for in- results and table 11l lists emission
crement samples. Table 6 gives size spectrographic analyses.

TABLE 2. = Chemical analyses1 of core samples of phosphogypsum,
: ma jor components

Core Depth Samples as received, wt-pct
number of core, | Free | Combined | $i0, and HC1 | 2A1,03 3ca0 | $s03

feet water | water insclubles | and Fe,03
Alevseassoes 70 16.3 15.78 3.46 3.31 24,51 | 37.30
A2eerennnnns 70 17.2 15,55 4,92 3.48 23.69 | 36.92
Adeenveveses 70 18.7 14.66 4.86 3.56 23.15| 35.62
Bleceseoenss 100 14.9 13.53 5.34 4.27 22.60 35.30
B2ivessesnns 100 14.8 12.74 13.67 2.49 20.82 ¢ 31.71
Cleceasesess 50 16.7 15.24 4.76 3.29 24.44 | 38.31
Cleesserseens 80 15.1 9.70 34.15 7.51 14.04 | 23.48
Devesvesenns 70 14.1 12.02 11.01 6.31 18.66 | 28.55
Eeveesncenna 90 20.7 14.29 6.66 3.41 22.47 | 35.64
Fovesosnnsns 30 17.6 15.73 4,48 4.38 23.321 36.17
Gevasoavosns 60 18.9 13.19 9.57 4.07 19.22 | 30.54
Hevevsnnones 80 17.2 14,18 8.99 3.74 22.26 | 34.58
Teveosvennns 30 16.0 10.72 12,90 7.48 15.61 1 27.55
Average 69 16.8 13.64 9.60 babl 21.14} 33.21

lainalysed by ASTM C471-76, Part 5-13, Methods.

“Material soluble in HCl and insoluble in NH,OH.

3Material soluble in HCl, soluble in NH,O0H, and insoluble in oxalate
solution = Ca0 in phosphogypsum.

TABLE 3. - Chemical analyses of core samples of phosphogypsum,
minor components

Core Samples as received, pH, 1 Density, g/ml Radium,
number wt-pct ~log [H+] As Dry at | 2pCi/g
NaCl | P05 F received | 110° C

Aleieseesnee] 0,01} 0.67 | 0.49 2.30 1.57 1.08 18
A2 0iennnnes .01] .50 J41 2.50 1.69 1.14 17
L 01} .77 40 2.55 1.63 1.12 19
Blessessessns .03 .89 +60 2.55 1.32 1.20 20
BZeesvsvaons 02| .51 .64 2.65 1.40 1.22 18
Clevevosvsens 01| .67 .38 2.65 1.42 1.06 20
Clevsssnonsne .01 2.97 «50 3.75 1.57 1.35 17
Devevsovoses .01} 1.85 | 1.05 2.85 1.49 1.31 30
Evvevvrsvses 01| .52 .60 2.10 1.53 1.05 21
Foeosnovnons 01 .37 .85 3.35 l.44 1.05 38
Givansnsnnnn 01 .32 | 1.81 2.70 1.56 1.19 8
Hesosoosonse .01] .83 .64 2.35 1.49 1.14 23
| S .01 ] 2.48 .87 3.00 1.65 1.28 16
Average .01]1.03 71 2.72 1.52 1.17 20

1pH of moist phosphogypsum,
2picocuries per gram of composite samples, as received,



TABLE 4, - Free water of 10-foot~interval samples of phosphogypsum

Depth interval, feet

Sample as received, wt—-pct

Al A2 A3 Bl B2 Cl1 C2
O— 10ee2ssssessasssanans| 16.0 15.8 15.7 17.5 11.0 16.1 15.5
10= 200eseeaassonnsceases | 15.9 | 114.9 | 217.6 15.0 11.6 | 115.8 14.2
20~ 30iivassesansssceanas | 15.3 15.3 13.1 15.0 | 110.9 16.9 13.7
30 40uussssessssnssnsnsss | 21644 15.0 15.3 14.9 11.3 17.0 13.2
0= 50ueussssssssssansses | 15,1 16.0 14.4 14.6 13.3 | l18.1 1.2
50 60uvessnssessasnnnnss | 111.7 | 216.5 16.2 14.8 12.5 NAp 13.7
60~ 70seoasnsonsssnsensss | 15,1 | 15.2 | 12,6 | 218.1 | 215.0 | Nap 21,4
7O~ 80ususssesesssssessss | NAp NAp NAp 113,2 13.8 NAp 222.0
80- 90,..... seerasssss .es NAp NAp NAp 15.4 11.9 NAp NAp
90-100cecacecans ceecsrace NAp NAp NAp 14.4 12.7 NAp Nap
COre average....oo..| 15.1 15.5 15.0 15.3 12.4 16.8 15.6

Depth interval, feet Sample as received, wt-pct Depth aver-

D E ¥ G H I age, wt-pct
0= 10uesevsseosonsnensse| 12.0 | 115.6 17.8 | 110.8 15.9 13.0 14.8
10 20ueuiesescensnssanses | 10.5 16.7 | l17.4 12.3 14.9 | 215.4 14.8
20= 30uusscsscesansceneas| 11.6 16.5 | 218.2 11.9 14.7 | l11.9 14.2
30~ 40uannns teeeeevesases| L 8.5 15.8 NAp 13.7 | 113.8 NAp 14.1
40~ 500s0nennonnncnnesens | 12,1 15.8 NAp 11.3 14,0 NAp 14,2
50 60vevssenrnnccnenanns | 213.5 | 221.8 NAp 214.1 14.9 NAp 15.0
60~ 700vvnsesnvrnsesensess| 13.8 16,1 NAp NAp 216,9 NAp 16.0
7O= 80esecrensovossscvece NAp 17.6 NAp NAp 16.8 NAp 16.7
BO0- 90.uciececeesncnccacn NAp 17.4 NAp NAp NAp NAp 14.9
90-1000eesevnsannss tecees NAp NAp NAp NAp NAp NAp 13.6
Core average..sesses | 11.7 17.0 17.8 12.4 15.2 13.4 14,8

NAp Not applicable, no sample obtained.
IMinimum in core.
Maximum in core.
3Grand average, all data,



10

TABLE 5, — pH of 10-foot-interval samples of phosphogypsum

Depth interval, feet Samples, pH
Al A2 A3 Bl B2 Cl C2
0- 10...... eevevesrvrsses | 2,15 2.45 2.45 2.85 3.25 4.35 3.89
10= 20ceeeevecrsnnrvossnsns| 2,15 2,35 2,45 2.80 3.40 3.85 3.60
20— 30eseeecrcosnsesosaasns | 2.25 2.40 2.50 2.95 3.15 2.80 3.85
30~ 40ueeccocrocovrsnasene | 2410 2,40 2,50 2,60 3.05 2.60 3.40
40= 50eererevesescsnnnnses| 2,20 2.40 2.35 2.80 3.05 2.60 3.65
50~ B0uevccoscovsscrsreees | 2,20 2,50 2,40 2.75 3.05 NAp 4,40
50- 70uesacncesssscorassse | 2425 2.55 2.50 2,80 2.95 NAp 5415
70- B0uevessssssasseesssss | NAD NAp NAp 2.70 2.95 NAp 5.50
80— 90.ceerseecansssscsass | NAp NAp NAp 2.80 3.10 NAp NAp
80-100seesevvrareseesesess | NAp NAp NAp 3.00 3,20 NAp NAp
COTe aAVerage,..... eee ] 2,19 2,44 2.45 2.80 3.11 3.24 4,17
Depth interval, feet Samples, pH Depth aver-
D E F G H I age, pH
0= 10ceeeeencenconnens ees | 2.85 2.55 3.70 2.80 2.65 2.75 2.97
10- 200euvvovsevosenssness| 2475 2,40 3.75 2,90 2,60 2.40 2.88
20~ 304esssssssssss0eesese| 2,80 2,40 3,50 2,90 2,40 2.65 2.81
30- 400cserercasvsnncreres | 2,45 2,60 NAp 2.35 2,60 NAp 2,60
40= 500000000200 ssssssssss| 2455 2,60 NAp 2,70 2.50 NAp 2.67
50~ 60usseessssssssansssss| 2.50 2.60 NAp 2.50 2.65 NAp 2.75
60= 70s0sesrsssssssssssess| 260 2.40 NAp NAp 3.20 NAp 2.93
7O= 80ssesesssasanssssssss | NAp 2,40 NAp NAp 4,00 NAp 3,51
80— 90.cuersnsssssnssnssnns NAP 2.50 NAP NAP NAP NAP 2.80
90-100sesesvssssseesssssss | NAD NAp NAp NAp NAp NAp 3.10
COTE 3VETaZ8Lssssenses | 2,64 2.49 3.65 2.69 2.82 2.60 12.85
NAp Not applicable, no sample cobtained.
lgrand average, all data.
TABLE 6, - Particle size distribution of sized samples of phosphogypsum!
Sample
Sieve opening, mm Al A2 A3 Bl B2 C2 G
Coarse:
Plus 0e7100sss0ss0ss00s 4,6 10.4 6.6 2.0 1.9 7.2 4,6
Minus 0.710 plus 0.500. 3.6 9.1 5.3 4.6 5.1 75 4,5
Minus 0.500 plus 0.250. 6.4 12,0 9.1 15.1 35.8 20.1 11.9
Totaleessesssssssnss | 1446 31.5 21.0 21.7 42.8 34.8 21.0
Medium:
Minus 0.250 plus 0.180. 3.6 4,2 5.0 11.9 27.6 8.3 7.8
Minus 0.180 plus 0.125. 4.9 9.8 6,3 13.0 12.9 25.5 8.9
Minus 0.125 plus 0.063.1 15.6 11.8 15.6 24,2 11.5 12.5 24,9
Minus 0.063 plus 0.045.{ 12.0 13.1 13.8 11,0 3.0 8.0 6.7
Totalessssveoscsnnes | 36,1 38.9 40.8 60,1 55.0 54,3 48,3
Fine: Minus 0.045....... | 49.3 29.6 38.2 18.2 2.2 16.9 30.7
Cumulative:
Plus 0.710cesecccccccns 4.6 10.4 6.6 2.0 1.9 7.2 4.6
Plus 0.500veesseesesevs 8.2 19.5 11.9 6.6 7.0 14.7 9.1
Plus 0.250..cc000c0eses]| 14.6 31.5 21.0 21.7 42.8 34.8 21.0
Plus 0.180..ccccscncens | 18,2 35.7 26.0 33.6 70.4 43,1 28.8
Plus 0.125.000c0ceessss | 23,1 45.5 32.3 46.6 83.3 68.8 37.7
Plus 0.063..0s00s0000ss | 38.7 57.3 47.9 70.8 94,8 81.1 62.6
Plus 0.04500000s0000s0s | 50.7 70.4 61.8 81,8 57.8 89.1 69.3
lpried to constant weight at 45° C.



TABLE 7. - Uranium, thorium, and radium analyses of sized

as—-received samples of phosphogypsum

{Picocuries per gram)

11

Core number and size ly 2Th 3Ra Core number and size gy [2Th 3Ra
of sample of sample
Core Al: Core B2:
Coarse seeersvrseeses | 4.3| NA 23 COATSCuvnvrecvesnnses | 9.5| 3,915
Medium®eeesereesasses | 3.4 NA | 21 MediuMesssecceensesss | 6.0| 3.9 21
Fine®.iieeoeeennnnes | 4.3 3.8 27 FiN€eeeeveeecenssssss | 6.0 NA | 22
Average’ .vvseseees | 4.0 NA 24 AVeTage.secesssnrs | 145 NA | 18
Core A2: Core C2:
(61 F- 1 of -7- JA 8.4 NA 19 COBYSCeaeesrasevnsnsne S.4 | 27.0 121
MediuMesonvoevconnnes 3.6 NA 22 Mediumeceeeeeosecnnse | 20,7 7.7 | 16
FinCuosnssnrervensons 3.4 | NA 30 FinCesosovonvosconsoens 9,5 NA | 30
AVerageeeserssssses 5.0 NA 23 AVerageeecesessees | 14,2 NA | 19
Core A3: Core G:
COArSEaecacesctnsancs 4.4 3.7 23 COarSeaceccsscssnpane 4.7 1 14.7 8.9
Mediumecossessnesanes 4.7 NA 15 Mediumeeseesnoeoannas 2.5({25.8] 6.7
Fin€siseovoovonnancnes 6.1 ] NA 24 FinCeeosoovoonsoaonnas 2.5 7.4 | 10.5
Averageeessesseese 5.2 | NA 20 Averagesesscessens 3.0|17.8 | 8.3
Core Bl:
CoarsSeiessscronnssnne 5.8 3.9 20
Mediumeeooeoneresonse 8.7 | 11.6 26
Finfseeeeeceeocnnrnosne 5.8 3.9 26
AVerageecccecscens 7.5| 8.5 25

NA Not available.
lAnalyses by ASTM D2907-70T fluorometric method.
2Analyses by ASTM D2333-68 colorimetric method.
3Analyses by radon emanation method.
“Plus 0.250 mm.

SMinus 0.250 plus 0.045 mm.

bMinus 0.045 mm.

7Averages are weighted based on amount in each fraction, in percent, and the amount

of the elements in each sample, in picocuries per gram.

TABLE 8. - Radiological isotopic analyses of as-received

core samples of phosphogypsum

(Picocuries per gram)

Isotope Core

Al A2 A3
Radium.seveeesescesaees | 16.10 13.50 13.30
Uranium=234.esceveecass 2.14 1.47 2.44
Uranium=235ccseeesssans .17 .13 .15
Uranium—238..c0cccances 2.13 1.61 2.41
Thorium—227.cscesncoene .61 47 .59
Thorium—228.eesecsnacne .03 .03 .06
Thorium—230seavescenses 3.30 1.95 3.91
Thorium=232cevsecvosnes .13 .07 .11
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TABLE 9., - Radium analyses of 10-foot—interval as-received
samples of phosphogypsum

(Picocuries per gram)

Depth interval, feet Sample
Al A2 A3 Bl B2 Cl C2

0= 10¢eveavoseacenness | 19 26 28 13 20 19 21
10- 204eececessosesens | 25 26 21 18 16 24 26
20 30.ceeecancennnnee | 23 27 18 15 17 20 20
30~ 40.cciinnnnceananns | 18 19 17 20 20 22 18
40= 50cesecennsssseses | 23 18 16 15 16 25 10
50= 60ueasecsnssvanses | 19 24 18 19 18 NAp 12
60= 7T0eseeeecerrnoeoes | 18 24 16 24 16 NAp 17
70— B0uesssnveccecssss | NAD NAp | NAp 14 21 NAp 1 0.9
80— 90eveveroessreness | NAD NAp NAp 25 19 NAp NAp -
90~1004seeessnessssess | NAD NAp NAp 24 24 NAp NAp

Core average 20,7 23.4 19.1 18.7 18.7 22,0 |. 17,7
Depth interval, feet Sample Depth average

D -E F G H I

0= 10isueuucansnsenaa | 22 18 37 8.9 17 24 21.0
10- 200iaesssccrsssenss | 24 20 45 8.8 20 30 23.4
20— 30iessasansenessas | 34 24 44 9.7 16 23 22.4
30- 400cesnceccecenene | 22 21 NAp 11,2 24 NAp 19.3
40= 500eeesscennencnes | 34 26 NAp 8.9 27 NAp 19.9
50= 60cesnssccccsnceee | 20 20 NAp 10.3 26 NAp 19.2
60= 70uervovveeeeseess | 33 24 NAp NAp 24 NAp 21.8
70— 804svesvesnnvsscess | NAP 21 NAp NAp 11 NAp 16.8
BO— 90cseeccesessenses | NAD 15 NAp NAp NAp NAp 19.7
90~100,cesvsesvesvress | NAD NAp NAp NAp NAp NAp 24.0

Core average.....| 27.9 | 21.0 | 42,0 9.6 20,6 25.7 220,91

NAp Not applicable, no sample obtained.
INot included in averages.
2Grand average, all data.

TABLE I10. - Uranium and thorium analyses of 10-foot-interval
as-received samples of phosphogypsum

(Picocuries per gram)

Sample Depth average
Depth interval, feet Al A2 A3 G U Th
U Th U Th U Th U Th
20=30u400sassasssssas | 4.0 | NA 3.1 NA 4.1 3.7 2.4 14.7 3.4 | NA
30-40ciceaisesacanes | 4.0 | NA 2.9 | NA 3.7 | NA 3.2 14.7 3.5 NA
40-504sssasenssnnnas | 3.7 3.8 3.1 3.7 5.0 | 3.7 3.9 25.8 3.9 9.2
50=60uscassassnsssss | 4.8 | NA 3.1 NA 5.1 3.7 2.3 18.4 3.8 | NA
60=7000s0sssaavssees | 4.3 | NA 3.1 | NA 5.9 | 7.4 NAp NAp 4.4 1 NA
Core average...| 4.2 | NA 3.1 NA 4,8 NA 3.0 18.4 3.8 | NA

NA Not available because thorium was detected in amounts too small for quantitative
results,
NAp Not applicable, no sample obtained,



TABLE 11. - Emission spectrographic analyses of phosphogypsum

Element detected

Average,’ ppm

Number detected in

Cores | Samples
AlUminuUmecevseeesssaccscocssasones 1,360 13 110
ANtimONY.eecesescsasccssscascnses 111 2 10
ArsenicCisccecsceacssasasssnsnasas 42 7 37
BAriUMessecoscanrescensnsvansccsece 7 2 8
Bismuthesseeoasevresesssssrceenss 1 2 6
57 3 oo 3 8 37
BerylliuMesuseovrrsnsssscssaranne 1 1 1
Cadmiumeeereeerseseeessssosnsessse 7 1 1
CobaAltesesrrsorrvrerrssssscsscsnne 2 7 33
COPPe eeessrssssscorcacscoscsananas 8 13 106
IrONeeessessesorsssnsccssssansocns 670 13 110
Leadessessosssosssosaccsnssancoas 1 6 6
MagnesitumMeseeosssceocsescsscsncns 1,220 13 110
ManganesSeeeesrrerrrrrssscessssnns 15 13 72
MolybdenUmeeseesesvscesscasescans 16 3 13
Nickeliveisoostsoateonancosacasnans 2 11 57
PlatinuMeceacesccsacsasoccccncens <1 2 5
POtasSSitUMesesesccceacncscaccscnns 11 9 56
RhenitM.eseceesenssoscsssssassereees 11 6 23
SilVeresecesesaseansessasnssncens <1 4 6
Sodiumessececesesesscsansssansans 252 13 91
StrontiUmMaesessessssecsscsnsannans 10 11 79
TantaluM.eseessseosessnssnssssanse 2 2 5
TiNessoosoecssonsenvsescrnsnrsanes 4 5 13
Titaniumeescessoerscnsccnnasennae 4,020 13 110
TUNESteNaesesssscessssosssssssssse 29 3 9
Vanadiumeeseesesevrvecssssscsnens 19 13 110
Yttriumeseseoroesorvecsnsscnccnsns 2 3 9
ZiNCessevrenncreravrsascssorannes 9 10 50
ZirconiuMecevsvevevescenssnoosvnrve 10 8 12

1A.verage in cores in which element detected, from analyses of core

samples, sized samples, and interval samples.

The X-ray diffraction analyses were
performed on cotre samples Al, Bl, and F.
All gave the same results. Only gypsum
and alpha-quartz were detected. The
limit of detection was about 5 percent
of a mineral present, Fluorides and

phosphates were present, as well

pounds of aluminum, magnesium,

other elements.,
pounds were

However,
present at less

cent and were not detected by

diffraction.

13

as com-
iron, and
com-
than 5 per-
the X-ray
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DISCUSSION

The chemical analyses given in ta-
bles 2 and 3 1lists quantities of the
major components of phosphogypsum, The
analyses In table 2 and that of sodium
chloride in table 3 were performed by the
Standard Methods for Chemical Analysis of
Gypsum anf Gypsum Products (1). Although
standard analytical metheds were used,
phosphogypsum differes sufficiently from
gypsum to require scrutiny of the
results, In the standard gypsum analy-
sis, iron and aluminum are determined by
removing silicon and acid-insoluble mate-
rial and then precipitating the iron and
aluminum as thydroxides, The hydroxides
are ignited to form oxides and the iron
and aluminum oxldes are then weighed.
However, phosphogypsum contains phos-~
phates and fluorides which accompany iron
and aluminum hydroxides in their analyti-
cal determination. These precipitate as
calcium phosphates and calcium fluorides.
Titanium oxide may also contaminate the
iron and aluminum  hydroxides. The
results for "iron and aluminum oxides,”
as designated in reference 1| were thus
higher than the actual quantity of iron

and aluminum oxides present, Calcium
content 1s determined in the filtrate
remaining after removing the silicoen,

acid-insoluble material, iron, aluminum,
and calcium phosphates and fluorides.
The calcium content determined in this
manner represented that which was present

in the phosphogypsum. The other analyses

were not affected.

A typical phosphogypsum composition
is shown in table 12. The results in
table 12 are from the analyses of the
core samples, excluding samples C2, D,
and I, The core for sample C2 was taken
from part of a phosphogypsum stack that
had been placed in a phosphate rock
mined-out area. The base of phosphate
mine pits are uneven 1in elevation and
contain overburden spoil. The wunusual
results for sample C2 were checked
with three different composite samples,
Also, the €2 interval samples from
10 to 20 feet and from 70 to 80 feet were
analyzed petrographically. These analy-
ses showed that the greater depth had
high silica and low gypsum and at shal-
lower depth content was reversed, Re-
sults for €2, namely high silica, ironm,
aluminum, phosphorus, uranium, and pH,
and low calcium, sulfur, and combined
water, plus petrographic analyses; indi-
cated that the core penetrated overburden
spoil. Sample D was from a stack placed
below ground level and sample I from a
new stack. The analytical evidence indi-
cates C2, D, and I results were not com-
pletely typlcal of phosphogypsum due to
possible contamination by overburden at
the gypsum=-ground interface.



TABLE 12. - Typical composition of phosphogypsum from Floridal

Component Average | Low | High
Composition of sample, as received, wt—pct:
MOIStUICeceannnesesisoscesnssassssssssssssosnss 17.30 14.8 | 20.7
Combined wateriuissssessssssssssasssssssssanaa 14.49 12.7 15.8
Silicon dioxide and acid insoluble.isisseessas 6.67 3.5 5.6
Acid soluble, NH,OH inscluble...cceennnnencan, 3.60 3.3 4.4
Calcium 0Xideeuesssiveessesssnnnssacssssssosssn 22.65 19.2 | 24.5
Sulfur trioxide.seesceseecesssnssessssanncnnnas 35.21 30.5 38.3
Sodium chloride,.eveeressrrrsssrssrrenseconas .01 .01 .03
SUMusueeesscscnrercscnssusssssnssassnansesssns 99.93 NAp NAp
HCl soluble, NH,0H, insoluble fraction, wt-pct:
Phosphorus pentoxide...cecscesesssssesscesnns 0.61 0.32| 0.83
FlUOTIiNe, s senseavsecssrsnersorrosnsscnncassnae .68 .38 1.81
Aluminum oxide?, . sseeesssnrsssssnnnnssccnonns .29 .00 .50
Ferric oXideZ.iussvesesssssssnsosassncsencsns .10 .00 1,00
Titanium dioXideZ.iessussasesseonssnnssnsanns .63 .00} 1.00
Calcium oxide equivalent of P05 and Flooiaa, 1.24 691 3.00
SUlle v snusssasssstoessosnntsssssisassnncoas 3.55 1.33! 8.14
DENSitYessevsnsssnassssassssrsssssssnnnsesZ/mly, 1.51 1.321 1.89
PHeosroosenssronnnssnsoscsssssannrassssnsnssenss 2.57 2,101 3.35
RadiumMeeessesnsesosssanessssnessnssscnsesPCi/gee | 20.2 8.00| 38.00
CYPSUMeosenssrsanosssvssnsassnreasessssssWE—pCt,, 69.23 | 60,67 | 75,48

NAp Not applicable.

lcalculated quantities from data for sample Al, A2, A3, Bl, B2, Cl, E,

F, G, and H.

2Mluminum, iron, and titanium analyses from emission spectrographic

results.

3As calcium dihydrogen phosphate and calcium fluoride,
“Calculated from percent combined water. For the average, this gives
0.10 percent calcium oxide and 3.02 percent sulfur trioxide not in

gypsum,
The bulk densities shown in table 3 core B]l, the 60- to 70-foot
indicated that so significant differ- the wettest and the
ence existed among the stacks in compac- the driest.

tion of the phosphogypsum. The pH and was 1like

mud ,

15

interval was
70~ 80-foot interval

In core Bl the first

the

second like

radium results in table 3 are those Analysis of variance (ANOVA) of
of the core samples, Discussion of pH  showed that there was no significant dif-

and radium follows in conjunction with ference in
tables 5 and 9. there was a significant

cores,
Free water, shown in table 4, repre-
sented moisture not bound as water of The

water content for each core occured at samples

depth intervals from 10 to 80 feet, but greater than

free water

pH values,

given in
2,0 and 1less

sample
rock.
the data

among depths and
difference among

shown in table 5,
crystallization, No pattern for the were all greater than 2.0 and less than
seepage of water through the stacks was 12.5. Every individual pH measurement on
apparent from the data, The maximum free  all 10-foot-interval samples and the core
3 were also

table

than

12.5.

also the minimum occurred at depth inter- This is significant because EPA defined a
vals from 0 to 80 feet. The wettest and hazardous waste by the criterion of cor-
driest depth intervals even occurred rosivity as one that had a pH equal to or

adjacent to each other, For example, in less than

2 or

equal to or

greater
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than 12.5. Therefore, all phosphogypsum
samples obtained in this investiga-
tion were not hazardous wastes by the EPA
criterion of corrosivity.

Analysis of variance of the pH data
showed that differences among cores and
among depths were significant. This was
also found when the atypical samples C2,
D, and I were excluded. However, when
ANOVA was applied to Al, A2, A3 and also
separately to Bl and B2, nc significant
difference was found in pH with depth or
with cores, The highest pH values were
for samples Cl, €2, and F. All of these
are from inactive stacks; the C stack had
been 1inactive 9 years and the F stack
12 years. The pH values, 4.40, 5.15, and
5.50 for C2 may be due to this core pene-
trating overburden spoil, as previously
mentioned, Excluding these high C2 pH
values, the remaining pH wvalues for C2
average 3.66 which is still the highest
pH value of the cores. The higher pH
values for these inactive stacks indicate
rainwater may leach hydrogen ion and thus
lower the acidity of the stacks.

Particle size distribution 1is shown

in table 6, Three size distributions
were used for uranium, thorium, radium,
and emission  spectrographic analyses,
These were the total coarse size

(retained on 0.25-mm sieve), total medium
size (passes 0.25-mm sieve, retained on
0.045-mm sieve) and fine size (passes
0.045-mm sieve), The coarse, medium, and
fine fractioms are also convenient sum-
maries of the data, The cumulative per-
cent distribution is a linear function of
the logarithm of the sieve opening.

Uranium, thorium, and radium analy-
ses of sized samples are shown in ta-
ble 7. The uranium and thorium analyses
were for total uranium and total thorium
and the original data were measured in
parts per million. The parts—per-million
uranium was multiplied by 0.6781 and the
parts-per-million thorium by 4.,5423 to
convert them to picocuries per gram, for
comparison to radium data, The factors
used in the conversions were based on

abundance
About

assuming the natural isotopic
of uranium and thorium isotopes.
one~half of the thorium data were
reported as “less than 1 ppm.” Since
these data could not be  accurately
analyzed, they were included in tables 7

and 10 as not availlable.

The average concentrations of ura-
nium and radium for the coarse, medium,
and fine fractions are shown in table 13,

Radium was most concentrated in the
fine fraction and ANOVA verified that a
significant difference existed among

the sizes, The results in table 13 also
indicate differences 1in uranium concen-
trations with size functions. However,
ANOVA indicates these differences are
not  significant. Insufficient data
were avallable to statistically analyze
thorium data.

TABLE 13. - Average uranium and radium
contents of sized as-
received samples
of phosphogypsum

(Picocuries per gram)

Size Samples
Ut Ra
rcoarse"I...'..'l"""""‘ 6 19
zMedil]m"l....'."...“..'Q'. 7 18
3Fine...l."!..".I".......' 5 24

lpius 0.250 mm.
2Minus 0.250 plus 0,045 mm.
3Minus 0,045 mm.

Table 8 shows the isotopic analyses
of radium, uranium, and thorium 1in three
samples. These results indicated that
uranium-238, uranium-234, and thorium-230
were about in equilibrium, Radium was
not in equilibrium and was more concen=-
trated in the phosphogypsum than the
radiological equilibrium with thorium-230
would allow,

Table 9 shows the analyses of the
10~-foot-interval samples for radium. The
average of these data and comparison with
the composite samples average are shown
in table 1l4.



TABLE 14. -Average radium concentrations
of as-received phosphogypsum
samples

(Picocuries per gram)

Samples Average
Composite.scenseenrensrovensnssnes 20.4
10-foot interval...cceeecenaceee 20.9
Composite (excluding C2, D,

ANd T)eeeeevescooescncesnrones 20.2
10~foot interval (excluding C2,

D, and T)eevesssercenscccenenes 20.3
All data: Core, 10-foot inter-

val, and sizedescsesscvseresse 20.5

The EPA proposed regulations of
December 18, 1978, stated that 5 pCi Ra/g
or greater would cause a waste to be a
hazardous waste because of radioactivity
(7. However, on May 19, 1980, EPA
deferred radiation 1limits on phospho-
gypsum (§), so at this time it cannot be
stated that the phosphogypsum was a radi-
ation hazard based on EPA criteria.

Sample G was low in radium compared
to the other phosphogypsum stacks, This
low content occurred because the phos-
phate rock that produced the phosphogyp-
sum in stack G contained about one-third
the uranium and radium that the phosphate
rock that produced the phosphogypsum in
the other stacks contained. Sample F is
higher in radium than the other samples.,
It is not known at this time why this
oCcCcurs.

ANOVA calculations were performed on
the data in table 9. Using all of the
data, the ANOVA showed, among cores, a
significant difference in radium content
at the 99-percent—-confidence 1level, and
showed that the difference in radium con-
tent was not significant with depth., The
same was found when samples C2, D, and I
were excluded. When samples Al, A2, and
A3 were examined no significant differ-

ences were indicated among samples or
among depths. The same was true with
samples Bl and B2, This statistical
analysis indicated that radium is

uniformly distributed in each stack,
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Table 10 shows wuranium and thorium
analyses of 10-foot interval samples,
Analysis of the data  indicated that
uranium is also uniformly distributed in
each stack, Thorium data were insuffi-
cient for an accurate statistical

analysis.

Emission spectrographic analyses
were performed on 13 core samples, on
90 10~-foot~interval samples and on
7 sized samples, This yielded 1,780 in-
dividual amnalytical results for semiquan-
titative concentrations of 30 elements.
These results are summarized in table 11.

The averages shown in table 11 are
the sums of all concentrations detected
for a given element divided by the total

number of analyses of the cores in which
the element was detected, Thus the data
summarizes concentrations only in cores

in which elements were detected. For
example, 57 analyses of nickel in
11 cores gave an average concentration of
2 ppu. Two cores contained no nickel but
these zero values were not included in
calculating the 2-ppm average.

In addition to the emission spectro-
graphic data summary in table 11, the
concentrations of each of 30 elenments

were tabulated by core versus depth.
These tables are not included in this
report because of the quantity of data.

The emission spectrographic data, so tab-
ulated, were statistically analyzed for
23 of the 30 elements listed in table 11
by ANOVA at the 99-percent-confidence
level. The seven elements not analyzed
by ANOVA were detected in less than eight
samples and their data precluded the use
of analysis of variance.

In every case the ANOVA indicated
that there was no significant differ-
ences 1in concentrations of the elements
with depth. Eleven elements, aluminum,
arsenic, iron, magnesium, molybdenum,
potassium, sodium, tin, titanium, tung-
sten, and vanadium showed a signifi~
cant difference 1in concentrations among
cores. The other 12 elements showed no
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significant difference in concentrations
among cores., When considering a single
phosphogypsum stack, B, and the 1! ele-
ments that showed a significant differ-
ence among cores, the ANOVA indicated no
difference in concentrations with depth
or between cores Bl and B2,

These results indicated that trace
elements were uniformly distributed in
the phosphogypsun stacks. A uniform dis-
tribution of trace elements in the stacks
would occur 1f the same quantities of
trace elements were added to the stacks
as were removed through leaching. How-
ever, three stacks, C, E and F are inac-
tive. Stack C has been idle 9 years,
stack E has been idle several months, and

stack F has been idle 12 years., In spite
of about 40 inches of rainfall a year
(12 P. IV) for 9 and 12 years, stacks C

and F also showed no significant differ-
ence in concentrations of trace elements
with depth, Thus, the results indicated
that trace elements were not only uni-
formly distributed in the stacks, but are
not leached from the stacks im any signi-
ficant amount. This also applied to
sodium, potassium, copper, and nickel
whose sulfates are soluble,

The elements, arsenic, barium, cad-
mium, chromfum, lead, mercury, selenium,

and silver are listed as contaminants for
characteristics of toxicity by EPA (8).
Chromium, mercury, and selenium were not

detected in the phosphogypsum. The
detection limits for direct-current arc
emission  spectrographic analysis are

0.001 percent for chromium, 0.05 percent
for mercury, and 0,10 percent for sele-
nium, Barium, cadmium, lead, and silver
were detected at concentrations far less
than allowable by EPA requirements, even
assuming that 100 percent of these ele-
ments would be extracted by the EPA pro-
cedure, The average arsenic concentra-
tion was also less than allowable by EPA
requirements, However, two cores,
F and H, contained 124 and 113 ppm
arsenic, respectively, If 100 percent of
the arsenic present were extracted by
the EPA extraction procedure (8), the
extracts from these cores would contain
6.20 and 5,65 ppm arsenic which exceeds
the EPA allowable  concentration of
5.0 ppm arsenic, However, the analysis
of the data indicated that the trace ele-—
ments would not be leached from the phos—

phogypsum, Therefore, the phosphogypsum
would not be a toxlc hazardous waste,
Further work 1is in progress to perform

the EPA extraction procedure and confirm
this conclusion. The results will be
reported in a subsequent publication.

CONCLUSIONS

Based on the research conducted at
the Bureau's Tuscaloosa Research Center,
phosphogypsum was generated at a rate of
33 million tons a year in Florida. The
amount of accumulated phosphogypsum in
Florida was 335 millions tons, and this
quantity 1s projected to reach over
1 billion tons by the year 2000,

Phosphogypsum was not a corrasive
hazardous waste, 1Its pH was greater than
2.0. '

The radium concentration in phospho-
gypsum in Florida averaged 21 picocuries
per gram and 1its concentratlon was
greatest in the fine sizes,

Thirty-nine elements were detected
in phosphogypsum; 30 by emission spec-
trography, three radiologically, and six
by chemical analyses,

The concentrations of elements
listed by EPA for toxic elements each
average less than the allowable toxic
elements criteria for toxic hazardous
waste,

The concentrations of elements in
phosphogypsum stacks did not vary with
depth.
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