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ABSTRACT

The phosphatic strata of the Central Florida Phosphate
District are enriched in wuranium along with all of its
daughters, including thorium230 and radium226. Some of the
surface and shallow aquifer waters have higher than average
concentrations of radium this being especially pronounced
in the down-flow direction of aquifer water novenent
(towards the southwest). However, nost of the shallow and
deep aquifer waters of the mning district, as well as
surface waters, are wthin nornmal range in terns of the
radi oel ement content. W conclude that the phosphate and
associated mnerals tend to imobilize the radioelenents,
with the exception of radium

In the course of mning operations, it appears that the
nat ur al pattern is not greatly altered, except in the
i medi ate pit and spoil areas. The aquifers are not
radi ochem cally disturbed, except possibly to a slight
extent as a result of enhanced drawdown of the deep aquifer.

As a result of mning and processing operations, nost
of the radioelenents accunulate in the waste clays. Radium
and thorium also are present in the gypsum stacks and

uranium is present in the acid products and fertilizer.
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1. | NTRODUCTI ON

1.1 Background

1.1.1 Environmental Relationships

In west central Florida there are extensive phosphate
m neral deposits contained wthin the Bone Valley and
Hawt horn For mati ons. The deposits of this region, the |and
pebbl e phosphate district, occur at shallow depths. The
phosphates are presently exploited by surface mning in the
nort heast portion of the district.

As a result of surface mning, the near surface
physi ographic and hydrologic systens are altered. 1In
addi tion, phosphate ore constituents are redistributed both
physically and chemcally.

Phosphates have been observed to be significantly
enriched in wuranium (Cathcart, 1956). Early workers
described the chemcal fractionation and disequilibrium of
uranium with its daughters as well as its nobilization from
rock to groundwaters (A tschuler, et al. 1958). Urani um
daughters my chemically fractionate due to differing
chem cal properties of the nuclides in the decay series.
Physically, either physical ejection of daughters due to
al pha decay recoil or changes of state as in the formation
of gaseous radon may separate parents from daughters. The
enrichment of wuranium in phosphates, in conbination with the
ability of wuranium and its daughters to fractionate,
suggests that phosphates have the potential to act as a
source of wuranium series nuclides to groundwaters.

Al though a nunber of radiological studies have been
made within the land pebble district, nost have primrily
dealt wth radium and only a few have exam ned the
distributions of wuranium series nuclides as a function of
m ni ng. No systematic uranium isotopic study has been
undertaken to relate water, ore materials, and phosphate



processing fractions.
1.1.2 Phosphorite

The M ocene phosphate deposits of Florida are not
unique in that several simlar deposits are known worl dw de.
However , there are no known contenporary environnments where
such deposits are formng today. At a few continental slope
sites, where intense upwelling occurs, phosphate nodules are
recogni zed which may be young; all other nodules from the
sea floor have been shown, by wuraniumseries disequilibrium
met hods, to be old. (Veeh and Burnett, 1982).

Apparently, peculiar <conditions of ocean currents,
mari ne geochemstry, and climte are required to produce
extensive phosphate deposition. The nodel i nvol vi ng
novenent of deep ocean water up and over shallow shelf areas
must certainly have sone validity, even though certain
geochem cal aspects of +the proposed process have been
r ef ut ed.

Col | ophani t e, the "amorphous” form of apatite in
sedi nentary phosphorites, is nore precisely identified as the
m ner al francolite. Wereas igneous fluorapatite has the
formul a:

francolite exhibits several kinds of 1ionic substitution,
principally ©*” for PQ™ and Na and My for Ca, and

perhaps OH for F. A general formula for francolite is:

Calo_a_bNaaMgb(PO4 )6_X(CO3 )XFYFZ

where a = x-y and x varies from O to 1.5. The operative
substitution appears to be COF for PO, (Mdelland and
Lehr, 1969). Presumably large ions like U™ and Th™

substitute for Ca*2.



1.1.3 Phosphate mning

The phosphate ore in the land pebble district is
excavated utilizing surface mning techniques. The
overburden (Pleistocene sands and portions of the upper Bone
Valley Formation) is stripped away and piled aside for use
during reclamation. The ore, known as "matrix," is
excavated, slurried with water and punped to a beneficiation
plant for concentration of the phosphate-bearing mnerals,
primarily apatite. Using various screens and washers, an
initial size separation is effected between a clay fraction
("slimes"), a sand fraction ("tails"), and a phosphate
fraction ("pebble").

During washing and screening the clays take up a great
deal of water, increasing their volume in the process. As
a result, the clay fractions are punped to large settling
areas to facilitate the de-watering process. The sand
fraction is transported to a flotation plant to separate
fine phosphate from the quartz. The phosphate fraction is
sized and sorted for l|ater chem cal processing.

Flotation is a two step process, both steps involving
surface tension fixing: first quartz, then phosphate.
Initially, quartz domnant sands are reacted and frothed
with a mxture of fuel oil and fatty acids. This process
floats the phosphate fraction and allows nost of the sand to
si nk. The now phosphate-dom nant product is reacted wth
sulfuric acid to renove the organic reagents. The materi al
is then frothed with amnes to float the snmall quantity of
quartz remaining. The fine phosphate fraction
("concentrates”) is then stored for Ilater chem cal
processi ng.

Phosphate pebble and concentrates are transported to a
chem cal plant for processing into super-phosphate or
phosphoric acid. In both processes phosphate mnerals react
with sulfuric acid to produce a nore concentrated product,
super phosphat e:



Cas(PO), + 2H,S0, + 6H,0=CaH,(PQ)2 + 2H,0 + 2(CaSO;2H,0

super gypsum
phosphat e

or, phosphoric acid:

Ca,oF,(PO,) s + 10H,SO, + 20H,0 = 10CaSQ, 2H,0 + 2HF + 6H,PQ,
phosphat e gypsum phosphoric
rock acid

Phosphoric acid is either shipped out directly or sent
first to a wuranium recovery plant. The-waste gypsum is
piled into "stacks" on site.

1.1.4 Previous Investigations

Much published attention has been given to the
occurrence of wuranium in phosphorites. The geochem stry of
uranium in relation to apatite and phosphate rock was
studied by MKelvey (1956) and Altschuler, darke and Young
(1958). The occurrence of wuranium in the phosphorites of
the Bone Valley and Hawthorn Formations was described by
Cathcart (1956), Altschuler, Jaffee and Cuttitta (1956) and
Al tschuler, Carke and Young (1958). Uranium isotopes in
sea-floor phosphorites have been investigated by Kol odny and
Kapl an (1970), Burnett and Conberg (1977) and Burnett and
Veeh (1977). Radi oactivity distributions in phosphate
products and wastes were determned by Quinond and Wndham
(1975) and Roessler, et al. (1980).

Reviews of fractionation of uranium isotopes have been
publ i shed by Cherdyntsev (1969) and OGsnond and Cowart (1976,
1982). Application of uranium isotopic disequilibrium to
groundwat er studies has been discussed by Kaufnan, Rydell
and GOsnond (1969), Cowart, Kaufman and Gsnond (1978) and



Cowart (1980).

Concentrations and nethods of extraction of radium in
natural waters have been studied by Mchel and Myore (1980)
and Moore (1981). Radi um 226 concentrations in groundwaters
of west central Florida were investigated by Kaufman and
Bliss (1977). Radon-222 and Ra-226 concentrations in sea
water off the coast of west central Florida were reported by
Fanning, Breland and Byrne (1982).

1.2 Uranium Series Geochemstry

1.2.1 Uranium Geochem stry

Anong the many substitutions allowed in the francolite
lattice, the trace element uranium is noteworthy. The U™
ion has about the sane ionic radius as Ca*?, and Al tschuler,
et al. (1958) suggest that the incidental replacenent occurs
at the tine of precipitation. The U™ ion also occurs, to a
| esser extent, in phosphorites, but its node of
i ncorporation is wunclear. Normally only the uo, " conpl ex
is available in natural waters, and this ion is too large to
fit into the Ca* sites. Studies suggest that the redox
conditions of the environment may determ ne which cation (+6
or +4) is substituted. Subaeri al exposure of phosphate
deposits may be the nechanism responsible for the oxidation
234U and 238U

associated with the nmulti-valent occurrences suggested to

of +4 to +6. The isotopic fractionation of

Gsnmond and Cowart (1976) that secondary oxidation associated
with alpha recoil processes is the explanation. In rare
instances a separate uraninite phase (UQG,) has been observed
in mnute anmounts in phosphorites (Veeh and Burnett, 1982).
In any event the uranium content of marine phosphorites
is appreciable, ranging up to about 400 ppm for sone sanples



from South Carolina which are stratigraphically equivalent
to the Florida deposits (Menzel, 1968). The nedian value for
Florida land pebble samples is from 100 to 200 ppm The
average values for sanples from Mrrocco, Egypt, South
Anerica, and the Phosphoria Formation of the Rocky Mountains
are simlar. Tennessee brown rock, Russian and Turkish
phosphorites, and Pacific guano deposits are generally |ess
urani ferous (Menzel, 1968).

In the nost reduced form uranium has an ionic radius of
1.05A and an ionic potential of 4. In the +4 state uranium
Is quite imobile and behaves as a large, lithophile cation.
In this form uranium may substitute for calcium |In the +6
state, with a radius of 0.80A and an ionic potential of 7,
uranium is relatively nobile as the wuranyl ion, uo, *2
(Langmuir, 1978). In oxidizing waters uranium forms uranyl
di- and tri-carbonates at pH ranges of 7-8.

u™ + 2H0 = U0 + 4H" + 2e- E° = 0.27 V

Further conplexing can occur depending on pH and the
presence of other ions. The nost stable wuranyl carbonate
conplex in the pH range 4-10 is UO,(CO;), > (Langnuir,
1978). In addition to carbonate, soluble wuranyl conplexes
are also forned wth phosphate, sulfate, fluoride, and
silicate ions.

Uanium is normally nobile in the near surface
environment but may be immobilized by reduction to the +4
oxidation state in humc soils, in anoxic basins, or in the
down dip reducing zones of hydrochemcally mature sandstone
or carbonate aquifers (Cowart, 1980).

There are three naturally occurring isotopes of
uranium 2%y, 2°y, and ***U. The first two of these are
long-lived isotopes which accumulated with original earth
formng materials. They are decaying at slow but differing
rates so that the ratio *°U?®U has changed with geol ogic
time but, because of their identical chem cal properties,



this ratio is everywhere the sanme throughout the earth at
the present tine (except for one anomalous but understood
occurrence). The third natural isotope, ***U , is far too
short-lived to be a remant of the earth's origin. As a
daughter of *®U its abundance is a function of (a) the
abundance of its parent, and (b) its relative decay rate.
Calculation of the Nd/Np relationship predicts a universal
relative **U*®U ratio of 0.000056 by atom count. More
usefully, from our standpoint, the alpha ray activity ratio
should be 1.0. Despite its chemical simlarity to the other
2" shows considerable natural deviation from
the expected abundance and activity ratios, especially in

two i sot opes,

weat hered rocks and natural waters, the subjects of this
resear ch.

1.2.2 Thorium GCeochem stry

Thorium occurs in the two decay series “*U and ***Th.
*Th is a menber of the ?*Th series whereas **Th is a
menber of the *°°U series. Thorium occurs in the
tetravalent state in nature, formng sparingly soluble
organic and inorganic conplexes in aqueous solutions. As a
result of its low solubility, thorium activities in
groundwater are very low Two isotopes of thorium ??°Th
and **°Th, are observed nore commonly in groundwaters than
is *°Th. Both of these isotopes are daughters of nmobile
parents which are soluble in water. Thorium activities in
waters are generally too low to allow interpretations to be
made al though ***Th activities in aquifer rocks may allow
interpretations of previous flow conditions and nmay be an
i ndicator of active |eaching or accunulation of uranium

The 2°°Th/ %%y acti vi ty ratio plays the nost inportant
part in determning the direction and magnitude of uranium
mobi lization in rock. Because °°°Th is immobile in
groundwaters the activity ratio of 2°Th/?®U is diagnostic
of uranium nobilization (high ratio) or accumulation (Iow



ratio) (Gsnond and Cowart, 1982).
1.2.3 Radium GCeochem stry

There are four naturally occurring radium isotopes
found in natural waters. W wll be concerned with only
*Ra of the wuranium decay series in this investigation.
Radi um 228 of the °**Th decay series is not considered
because of the very low concentration of thorium in
sedi nentary phosphorites. Also deened insignificant are the
shorter-lived radium daughters of the two series, *’Ra and
224Ra.

The abundance of *°Ra in ground water is a function of
the 2*®U and *'U content of the aquifer mterials and
ground waters, the residence tine of the ground water, and
the chem cal characteristics of radium itself.

Hi gh radium concentrations tend to indicate an
enrichment of parent wuranium wthin the aquifer matrix.
However, enrichnent nmay be only a secondary accunulation on
grain surfaces as a result of precipitation under reducing
conditions. The half-life of **Ra is 1620 years, so that
in extrenely transm ssive aquifers or zones the radium may
be transported a considerable distance from its source.

Radium is introduced into solution in part by alpha
recoil and in part by selective l|leaching, the sane as is
234U, The rate at which any radioactive isotope is
introduced into the aqueous phase is dependent on its half-

life. Shorter-lived isotopes will be nmore rapidly
introduced, in terns of activity units.
Gound water in a slow moving, low transmssivity

aquifer or zone has a longer residence time wthin the
aquifer, and wll develop higher concentrations of *2°Ra,
than in a fast noving system wth conparable wuranium
concentrations in the aquifer materials. This is due to the
fact that the slower noving water is in contact with the
source for a longer period of tine, and thus both recoil and



| eachi ng processes have nore opportunity to operate (Section
1.3).

The geochem cal character of the ground water may also
influence ?*° Ra concentrations. The leachability and the
retention of “*°Ra in ground water may be enhanced by a
solution of greater ionic strength, such as ground water
with high total dissolved solids (TDS). In waters with |ow
ionic strength, radium nmay be adsorbed on grain surfaces
more readily than in more mineralized water, where nmany
other ions are «conpeting for adsorption sites.

Radi um exists only as a divalent cation so that redox
conditions do not directly affect its solubility. If
concentrations of radium are high enough it may conplex wth
sulfate, formng highly insoluble RaSQ,. The maxi mum
concentrations of radium in ground waters, however, are nuch
too low to reach the Ky, for radium sulfate of 10 '"*.

H gh sulfate concentrations do not seem to affect radium
solubility unless large anmounts of barium are available for
co-precipitation of the radium wth barium sulfate.

1.3 Uranium Series Disequilibrium

1.3.1 Decay Chains and Radioactive Equilibrium

The three naturally occurring decay chains derive from

the unstable but long-lived parents, 2®U(t"?=4.47 billion
years), °U(t¥?=0.713 billion vyears), and ?**Th(t”=13.9
billion years). Figure |-1 shows the decay schenes in

standard form for 2%%U--%°®pp, 2°°uU--2°Pp, and **°Th--
2%%pp.  some three dozen unstable daughters form tenporarily
during decay; that is, they represent channels of decay
through which pass 99% of the nuclei which cascade from
parent to ultimate stable daughter. Several other
i ntermedi ate daughters which represent mnor alternate decay
pat hs and branching decay are not shown in Figure |-1.

Ten of the main schene daughters are so unstable that



their average lifetinmes are less than 10 mnutes. The nost
stable of all of the daughters is U with an average
lifetime of 350,000 years (t% =250, 000 years). Only three
ot her daughters have average lifetines of a thousand vyears
or nore (**°Th, 108,000 vyears; **!Pa, 50,000 vyears; and
?2°Ra, 2,500 years). Wen these lifetimes are conpared to
those of the nuch longer lived parents, it neans that eleven
of the daughters have absolute abundances which are very
much less than the parent nuclides in the series.

"Chem cal uranium' neglects entirely the mass of all of
the daughters which are inevitably present in varying
proportions due to decay. On the other hand, because of this
same instability, the radioactivity of these daughters
cannot be neglected. In undisturbed systens, the
radi oactivity of each of the daughters is equal to that of
the parent; the alpha radioactivity in old mnerals is 10
times that of 2°®U al one.

The decay rate (\) of 238, for example, is
about 1.5 x 10'° and that of ?*U about 2.8 x 10° The
equilibriumrule for nenbers of a decay chain states:

No3g >‘238=Nz34 >‘234

so that the relative abundance N3/ Nys =5.5 X 10" which is

so small that the concentration of **U in any 'uraniun
anal ysis can be neglected gravinetrically.
Accordingly, in the study of equilibrium conditions,

the radioactivity is generally the paraneter of interest.
The undi sturbed condition, wherein the radioactivity of the
daughter is the sane as that of either an imediate or

ultimate parent, is termed secular equilibrium |If one
considers the earth as a whole, or of large segnents of the
earth's crust, there is actually no such thing as

di sequilibrium However since particular earth systens may
be considered open or partially closed for times
approxi mating or exceeding the half-lives (or average

10



[ifetimes) of certain nuclides they nmay be investigated wth
useful results.

1.3.2 Radioactive D sequilibrium

D sequilibrium occurs when a process acts to nove a
parent or daughter into or out of a system at a rate which
is significant relative to the lifetine of the daughter, and
over a distance which is significant relative to the size of
the system

The degree of disequilibrium produced 1is usually
expressed as some ratio of activity, either Ay A, the
‘activity ratio' (AR), or (A-A)/A, the 'excess ratio
or 'deficiency ratio' where A, and Ay are the radioactivity
of the parent, and daughter respectively.

Once equilibrium is interrupted, decay processes begin
to re-establish the equilibrium state again.
Di sequilibration is a transitory situation, just how
transitory depending on the decay rates of the nuclides
i nvol ved. The general equation is

Ag=(2p_e” Aptrving -a, re” Nat)

where the original anmobunts of parent and daughter can have
any relative val ues.

The verbal equivalent of such an equation is: whatever
the original anmunts of parent and daughter, the equal

activity parts (Ag=A;) will decay away in secular
equi librium fashion controlled by the decay rate of the
parent. Any excess or deficiency of the daughter wll be

reduced, or, 'decay away', at a rate controlled by the decay
rate of the daughter.

The nost conmonly encountered relationship in the study
of natural processes is that of the longer lived parent and
a much shorter |lived daughter. In this case, the equation
reduced to
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Ad/Ap=1—e‘>‘ at

Figure 1-2 shows how the excess or deficiency of the
daughter relative to the parent disappears with tine.

The daughters in the three naturally occurring chains
display a wide range of decay rates, over nany orders of
magni tude. For this reason, the schemes have different
aspects, depending on the time scale of interest (Figs. 1-3,
1-4).

For nost geochemi cal studies, including research on the
mgration of radionuclides near phosphate deposits, the
uranium series decay chain can be regarded as a 5-nenber
chain (Fig. 1-4). The shorter-lived internediate daughters
are, on a 10°® year tinme scale, in equilibrium with their
respective inmmedi ate parents.

1.3.3 Mechanisns of Disequilibrium

Di sequilibrium results from geochem cal sorting
processes, or differentiation, whereby one daughter is nore
mobile than another. Solution and precipitation are
i mportant sorting processes, and the |ocales of
di sequilibrium production are primarily liquid/solid phase
boundaries. However, sone of the differentiation processes
are physical, rather than chemcal, so that isotopic, as
well as elenental, fractionation can also be observed to
occur at solid/gas or solid/solid phase boundaries (Gsnond
and Cowart, 1982).

A common differentiation process is selective |eaching
by ground water as it percolates past the solid mneral
grains in an aquifer or soil. Sonme of the daughters of a
series are nore soluble than others under given conditions
of Eh, pH, ions present, etc. The result is a liquid phase
with excesses of the soluble daughters, and a solid phase
with surfaces which are deficient in them Subsequently,
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di ssol ved species produce daughters by decay, which may be
less soluble than their nobile parent. Precipitation or
adsorption processes then beconme disequilibrium producing
processes. Chemical precipitates often exhibit the extrene
states of disequilibrium which are characteristic of the
hydr ospher e.

The fact that a nuclide occurs as part of a radioactive
series results in an anplification of its potential for
di ssolution. Even if a nuclide itself 1is not alpha
radi ogenic, to have had an ancestor decay in this node is to
increase its chances of residing in an wunstable lattice
site. Furthernore, if any of its precursors had been in
solution, a daughter wll either be forned in the liquid
phase, or on a precipitation or adsorption surface where re-

solution is facilitated.

234 238
U

The large excesses of U over in many ground
waters is a case in point. The internediate daughter, **Th,
is, at least in some instances, not present in solution,
whi ch has been cited as evidence that recoil nobilization is
not the cause of fractionation (Hussain and Krishnaswam,
1980). However, it is appropriate in this situation to
include the once-nobilized but subsequently |I|ightly-absorbed
**Th atonms as a part (essentially) of the aqueous phase.
The lack of 2*Th (t %=24.1 days) in water sanples is not a
critical point.

There is another mechanism which can produce
di sequilibrium at phase boundaries of all kinds: recoil of
daughter products in the process of alpha decay. In the case
of a radioactive series, one can look at recoil displacenent
as a special kind of diffusion, which operates in even the
nost inpernmeable media, but which occurs only in the process
of decay from one daughter to another. The rate of such
"diffusion' then is a function of (a) the nunber of decay
events in the chain, (b) the energy of the individual decay
events, and (c) the concentration gradient of the parent

nucl i des. The distance over which this kind of 'diffusion'
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operates is limted by the cumulative recoil ranges.

In geochem cal systens, recoil displacenent may be a
significant process in <causing disequilibria where phase
domains are small in size, as for exanple in clay soils, or

in the case of radioactive mneral grains in contact wth
ground water. Actually, this situation describes alnobst any
m neral bathed by non-radioactive ground water. The recoil
process nust be taken into consideration, and especially if
one is concerned with the 'nobility' of the later daughters
in the series.

The well-known radon escape process in soils is not
just a matter of true diffusion of one short-lived nuclide;
rather it is the last step in a process that may involve
recoil "diffusion' of two or three preceding daughters.

It is difficult to isolate recoil displacenent as a
mechani sm causing disequilibrium in natural processes
because of the role of conpeting solution nechanisns.
However, in one instance, the role of recoil in producing
di sequi librium nust be inportant. The disequilibrium of 2*U
relative to 2°®U, so universal in the hydrosphere and
weat hered rocks, is difficult to explain in other terns. The
parent and daughter have the sanme chem cal characteristics,
and the intervening daughters, 2>*Th and ?**Pa, are
relatively insoluble and have short half-lives, so that
leaching is an unlikely explanation. Furthernore, the
di sequilibrium in sone cases involves solid phases only, or
solid phases as the adsorbing or precipitating phase, so
that leaching is not involved at all.

One other process has been suggested as the cause of
nat ur al di sequilibrium and is especially difficult to
isolate and identify: The Szilard-Chalners effect. Applied
to the natural series, this translates to a 'vulnerability
to leaching' condition. The process of decay, especially an
al pha event (perhaps also a beta event), greatly disrupts
the crystalline lattice along the path of recoil and in the
nei ghbor hood of the displaced daughter. The daughter nuclide
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itself is apt to lodge in an inhospitable lattice site, and
may, as the result of its nuclear transformation, exhibit an

unstable electronic configuration. In many ways, such a
nucl i de beconmes nore vulnerable to Ileaching than its
nei ghboring atoms, including other longer lived nenbers of

the sanme series, and even other nuclides of the sane
chem cal species (isotopes). This process is especially

. . . . 234 238 228 232
significant in such cases, as u/ U or Th/ Th,
where one of the isotopes has not experienced any decay
event .

1.3.4 Geochem cal Mbility and Range

An inportant determ nant of the |evel of abundance of a
given radionuclide in solution is its half-life. In the case
of unsupported dissolved species, shorter-lived nuclides
will decay away while longer-lived nuclides wll persist.
Even though two nuclides have simlar chem cal properties,
the shorter-lived one wll be scarce unless there is a
continuing supply contributed to the water by the aquifer
rock.

Figure 1-5 shows qualitatively how the various nenbers
of the natural decay series can be ranked according to the

concept of ‘'range'. Range can be defined as a log-log
product of both half-life and solubility (Osnmond and
Cowart, 1982). Uranium radium and radon frequently occur
in natural waters at the pG/Il level, and are thought of as

geochem cally soluble. Thorium and protactinium are seldom
detected in solution and are essentially insoluble in
natural waters. Lead, bisnuth, actinium and polonium nmay be
found in solution wunder <certain conditions. For those
nuclides which are readily soluble, the factor which limts
their occurrence in natural waters can be their average life
times.

Unl ess supplied by decay from parents in solution, or
in the imediate vicinity in the aquifer rock, short-lived
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nuclides wll not be wdely dispersed. Each nuclide,
therefore, has its own geochemcal npobility, which depends
on its elenmental solubility and its node of radiogenesis;
and its own geochem cal range, Wwhich depends on its
elemental solubility and half-life.

Range and nobility, as geochem cal properties of
nuclides, nust be applied with caution inasnmuch as the
solubility of elenental species varies greatly depending on
ground water conposition. Nevertheless, even for very
soluble nuclides, a short half-life is tantanount to a
limted range; conversely, even very insoluble elenents may
be nobilized, although fleetingly, by recoil processes.

1.3.5 Surficial D sequilibrium

It is the geologic processes that occur at or near
the surface of the earth (at the |ithosphere/atnosphere or
it hosphere/ hydrosphere interfaces) which evolve fast enough
to be tinmed or characterized by the decay and disequilibrium
of daughters in the three naturally occurring series (Fig.
1-4).

Deeply buried rocks and mnerals are generally in
equi li brium but where exposed at the earth's surface to
attack by the corrosive agents of water and the associated
di ssol ved species, differential nobility of the wvarious
daughters of the series can cause disequilibrium As a
result, soils typically display the disequilibrium pattern:
230Th>  2%%y> 2%y Even apparently unweathered rocks tens of
nmeters below the earth's surface can be slightly altered by
smal | anounts of percolating water. The best proof of this
has been the occasional instance of marked disequilibrium
shown by fresh-looking granites.

The primary agent of disequilibrium is percolating
water, and all parts of the hydrosphere are out of
equilibrium Soil water wusually shows the reverse pattern to
that of soil: 2 %0 *®°Th. This, of course, nmainly
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reflects the different solubilities of the elenments in
agqueous nedia, and therefore their relative geochem cal
mobilities (Fig. 1-6). However, certain isotopic ratios,
e.g, 2%*U/%%*%U are unexpectedly variable, suggesting that
nmore than sinple solution is involved.

Rivers are the primary nmeans of transport of elenents
through the external parts of their geochem cal cycles, and
the concentrations of elenents in rivers relative to their
abundances in crustal rocks is an indication of the rate at
which they are being recycled. Among the natural series,
uranium and radium are wusually found to mgrate ahead of
thorium and lead in their cycles. Wth respect to the
radi oactive series, as with nost elenents, this disparity in
mobility, and the resulting disequilibria, 1is balanced by
the physical transport of sedinentary particles richer in
the imobile elenents, so that in sedinentary basins the
various states of disequilibria tend to be redressed, both
physically and chemcally.

There are two circumstances of interest in
di sequilibrium research, corresponding to two kinds of
geochem cal problens to be solved.

The first kind of problem is that of age of the
systens, which can be determned only if the tine scale of
the process and the decay rates are simlar within an order
of magnitude. Gven the relatively poor definition of the
systens, and the normal radioactive neasuring techniques,
changes of at |east few per cent relative to equilibrium are
required. For a nuclide with a half-life of 75, 000 years
(**°Th), an excess, or deficiency will disappear by about 5%
in the first 7500 years. In a faster-changing system **°Th
appears as an essentially constant activity species. At the
other |imt, if only 5% of excess or deficiency can be
neasured, this condition wll be reached after about 4 half-
lives, or 300,000 years. On any longer tine scale the
activity of ***Th reflects that of *U.

As a rule of thunmb, we can think of a process or system
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as being datable by the state of disequilibrium of a
particular nuclide if its age, or rate of novenent, is in
the range of 1/10 to about 5 times the half-life of the
nuclide. There are many factors which act to extend or, nore
often, contract this applicability range.

In another kind of problem disequilibrium can be used
as an isotopic characteristic to identify or "finger-print"
a conponent of a system For exanple, the ratios of
di ssolved isotopes of wuranium or radium from groundwater
from a given aquifer will likely be different from those of
another. In such cases, once acquired, the disequilibrium
state should be stable, which neans the isotope of interest
must have a half-life nmuch longer than the tine period of
the process. The rule of thunb for this relationship is the
opposite of that for dating: the nixing or separation
process should be faster, by a factor or 10 or so, than the
half-life of the isotope. For exanple, if diverse ground
waters intermngle over a time period of 25 000 years or
less, then their differing *'U®®U ratios can be used to
calculate mxing volunes. |If the percolation process is
slower, then the evolution of the ratios with tine, and the
‘ages' of the ground water masses nust also be considered.

In the phosphate deposits under study, the follow ng
conditions of disequilibrium are gernmane:

1) The age of the original M ocene deposition, or of

the subsequent reworking to form 'pebble', is greater than
10° years. This neans that any disequilibrium produced by
the depositional process will long since have disappeared.

2) Contenporary weathering of surficial deposits wll
tend to produce disequilibrium conditions. Percolating
ground waters are expected to carry uranium in excess of its
less nmobile daughter #*°Th, and because of recoil-related
processes, U is expected to exceed *®U in activity.
Unless the weathering process is quite rapid or extrene,
*°Ra, because of its shorter half-life, is expected to be
close to equilibrium with its parent 2°°Th in the solid
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phase.

3) In deeper ground waters, the <chemi cal
di sequilibrating processes are |less potent but recoil
related disequilibration is relatively nore inportant. To
the extent that wuranium |eaching mght occur, the direction
of disequilibration would be the sane as in the weathering
envi ronnent .

4) The mning operation produces extreme and abrupt
di sruptions of the natural order, and disequilibration at
several levels can be effected. This includes the
nobilization of radium which can occur wunder conditions
present in surface waters, and perhaps also of |ead and
pol oni um daughters with even shorter |ifetines.

1.4 Area of Study

1.4.1 GCeonorphol ogy

The area of study is located wthin the Polk Upland and
the DeSoto Plain, with a small portion in the @ilf Coastal
Low and. This is roughly coincident wth the |and-pebble
phosphate district and corresponds to Polk and Hardee
Counties as well as the eastern portions of H|lsborough and
Manatee Counties (Fig. 1-7). Both plain and wupland are
marine terraces, the wupland being broad and slightly
di ssected while the plain slopes gently to the south and is
undi ssect ed.

1.4.2 Ceol ogy

Wlls in the area which are developed in consolidated
rocks produce water from |inestones or dolomtized |inestone
of Eocene through Mocene age (Fig 1-8). At nost |[|ocations
in the area these rocks are covered by an unconsolidated
sand- cl ay- phosphate unit which in turn is covered by surface
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sands.

The Avon Park Linestone, of Eocene age, is the |owest
formation in the section in which wells are devel oped. The
Avon Park primarily consists of fossiliferous I|inestones of
varying character, typically containing a dolomtized zone.
Col or, hardness, and texture are quite variable.
Pernmeability varies locally but in the unit as a whole it is
high. It is highly transmssive and is a main producing unit
of the Floridian Aquifer (Stringfield, 1966).

The Eocene Ocala Group, containing the 1Inglis,
Wlliston, and Crystal R ver formations, overlies the Avon
Park Limestone. The 1Inglis Formation consists of partially
to highly dolomtized, fossiliferous |inmestones of variable
conposition. In sone areas sand-filled cavities occur. The
WIlliston Formation is typically a foramniferal coquina
with a chalky calcite matrix. Perneability is poor due to
the nature of the matrix. Neither the |Inglis nor the
WIlliston Formation is a highly transmssive unit although
sonme water can be produced from them The Cystal River
Formation, nore transmssive than the other wunits of the

Ccala Goup, is not as transmissive as the Avon Park or
Suwannee Limestones. A |linestone, the Crystal Ri ver
Formation 1is characterized by the presence of |large
foram nifers, Lepidocyclina, in a chalky carbonate matrix.

Locally sonme dolomtized units are known to occur.

The Suwannee Linestone, of digocene age, unconfornably
overlies the Ocala Goup. It occurs as a detrital |inmestone
locally containing quartz sands, fossils (including bryozoa
and echinoids) and cherts. It has a transmissivity between
that of the Avon Park and the Crystal R ver Formations.

There are two formations within the Mocene Series, the
Tanpa Formation and the Hawhorn Formation. Although sone
workers group these wunits together for rmapping purposes,
others recognize them as being distinct units. In this study
they are considered separately.

The Tanpa Formation is exposed in pits in the northern
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part of the land pebble district, where the Hawthorn
Formation is thin. Throughout nost of the phosphate district
the Tanpa Formation is represented as having two units: a
| ower sandy-clay wunit and an upper |linestone unit. These
units may grade together locally near appearances of
i mestones of the Hawthorn Formation.

The Hawthorn Formation forms the bedrock for the
phosphate deposits. It has a variable [lithology but
generally there is a lower wunit, domnantly |inestone,
underlying an upper clastic, non-calcareous unit (Bergendal,
1956). The Hawthorn 1is predomnantly a sandy, phosphatic
dolomte containing wunits of variable |l|ateral extent
consisting of sands, clays, I|imestones, and dolomtes. The
|ower Hawthorn Formation |inmestones at sonme places are
covered with a thin residual clay (locally known as bedcl ay)
which may be included with the overlying Bone Valley
Formati on. The upper Hawthorn is absent in the northern part
of the phosphate district.

The Bone Valley Formation is described as |late M ocene
in age (Bergendal, 1956). It contains two nenbers: a |ower
phosphate nenber and an upper sand nenber. The |ower unit
has a variable conposition whereas the upper unit is more
uni form throughout the area.

Terrace sands of Pleistocene age blanket the Bone
Vall ey except where cut by mgjor rivers. These sands are
undi fferentiated by npbst workers.

1.4.3 Hydrol ogy

In the area of study there are three, and in sone areas
four, recognized aquifers (Fig. 1-8).

Shallowest is the non-artesian or surficial aquifer.
This aquifer includes the unconsolidated sands and clays at
and just below the surface. It is wunderlain by inperneable
clays of the Bone Valley Fornation. Well depths are comonly
in the range of 3 to 15 neters. Production from these wells
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rarely exceeds 100 gallons per mnute (gpm. Witers from the
surficial aquifer are typically acidic (pH = 4.0 - 6.5) and
have low conductivity (100 mcrosienmen). The aquifer is
generally oxidized but may be reduced locally due to the
presence of organic materials or activity of iron-reducing
bacteri a.

The aquifer thickness varies from 0 to 80 neters,
t hi ckening near geonorphic ridges. The hydrologic properties
vary laterally and seem to be a function of sand and clay
content. The aquifer is recharged locally by rainfall and
di scharged by gravity flow to |akes and streans, recharge
wells, percolation to wunderlying aquifers, punping and
evapot ranspi rati on.

The uppernost artesian aquifer is located only in Polk
County (Stewart, 1966). It is confined above by clays of the
Bone Valley Formation and below by clays of either the Bone
Valley or Hawthorn Formations. The aquifer thickens and the
grain size beconmes greater in the southern portion of the

| and pebble district; the upper confining beds beconme nore
porous and perneable towards the south so that they cease to
be confining. Waters of the uppernost artesian aquifer tend
to be simlar in chemstry to those of the surficial

aqui fer.
The secondary artesian aquifer, |l ocated in the
carbonate nenbers of the Hawhorn Formation, is confined

above by wupper Hawthorn (or |ower Bone Valley) Formation
clays and below by clays of the Tanpa Formation. This
aquifer generally has a lower potentionmetric head than the
Floridian Aquifer, which it overlies. It occurs in the
southern Polk, Mnatee, Hardee, and portions of eastern
Hi | | sborough Counties. The secondary artesian aquifer nmay
hydrol ogically connect with the Floridian Aquifer where the
underlying clays of +the Tanpa Formation are breached by
faults, joints, sinks, or areas of low clay content. WIson
(1977) referred to this aquifer as the "upper unit of the
Floridian Aquifer", connected with the lower (principal
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artesian) aquifer through a |leaky aquiclude system The
aquifer is referred to as the secondary artesian in this
investigation to conform wth US. Geol ogi cal Survey
nonmencl ature. The pH of the secondary artesian aquifer is
nore alkaline than that of the surficial aquifer. Values
tend to range from 6-7. The waters are generally nore
m neralized due to the carbonates present. In addition H,S
is present in the aquifer waters producing sonme reducing
condi ti ons.

The Floridan Aquifer exists within a series of Eocene
to Mocene linestones. It was originally referred to as the
Principal Artesian Aquifer. The term Floridian includes, "the
Lake Gty Linestone, Avon Park Linestone, Ccala G oup,
Suwannee Linmestone, Tanpa Formation and perhaps the Hawt horn
Formation where hydrologically connected" (Stringfield,
1966) .

An area of recharge to the aquifer is located to the
north of the study area (Fig. 1-7). Qher sources of
recharge include; sinkholes, fissure opening, recharge wells
and sone leaking from the secondary artesian where its
potential is greater then that of the wunderlying Floridian
Aqui fer.

In sone areas, the Floridian Aquifer behaves as a single
unit. In others, low perneability zones nmay restrict
vertical water novenents. The Floridian Aquifer is the nost
transmssive aquifer in the area and the nost extensively
devel oped. In Manatee, Hardee, and Polk Counties it behaves
as two units separated by a leaky aquitard, either |ower
Hawt horn or wupper Tanpa Formation clays (Stewart, 1966). In
H | | sborough County the upper unit is not recognized because
the Tanpa Formation does not act as a confining unit there.

Waters of the Floridian Aquifer flow toward the
southwest, trending wth the dip of the units. These waters
becone nore reducing and conductive toward the southwest as
the ground water undergoes hydrochem cal evolution in a
Chebot arev sequence. GCenerally pH tends to be nore alkaline
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than in any other water wunits (7.0-8.5). Conductivity 1is
also high, a function of the total dissolved solids reaching
| evel s of 1000 ny/l or nore.
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GEOLOGY and HYDROLOGY of WEST CENTRAL FLORIDA
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Fig. 1-8 Relationship of aquifers to stratigraphy in Central Florida.



2. METHODS

2.1 GCeneral

Anal ytical nmethods for geochemcal studies of the
uranium series elements are characterized by sinplicity and

accuracy. The diagnostic elenents in the series are
separated from other constituents, and from each other
with relative ease. Also relatively sinmple is the
measurement by alpha ray methods, including isotope
di [ ution.

More detailed descriptions of the field and anal ytical
procedures used in this investigation can be found in Wagner
(in preparation) and Hunphreys (1984).

General discussions of analytical techniques for
uranium and thorium are also available in Gascoyne (1982)
and Lally (1982).

2.2 Field Collection

Groundwater sanples were collected from donestic,
industrial and nunicipal wells in mneralized regions from
both mned and unmined terrains as well as wunnmneralized
regions. Phosphate recharge and production wells were also
sanpled in mned terrains.

Surface waters were sanpled by hand bailing from the
center of stream channels.

Sample sizes of 17.5 liters and one liter were
collected for wuranium and radium analyses, respectively.
Field measurenments of Eh, pH and specific conductivity were
made at the site. Wells were punped for a period of tine
before sanpling, depending on the size of the holding tank
and the depth and diameter of the well, to assure
representative neasurenents.

If sanmples appeared turbid they were filtered using
Vhat man #1 Qualitative filter paper. At the time of
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collection, or after filtration if needed, each sanple was
acidified and spiked with a known amount of 2°U, an
artificial isotope of uranium used as an internal tracer.

Solid sanples, including natural materials and mne
products, were <collected from mning sites and phosphate
chem cal pl ants. A nunber of cores from the Florida Bureau
of Geology were also sanpled and anal yzed.

2.3 Laboratory Procedure for Wter Sanples

2.3.1 Uranium Analyses in Water

Recovery of wuranium from natural waters requires that
three basic steps be followed.

Pre-concentration: this my be acconplished in the
| aboratory or the field and is necessary due to the

extrenely low concentrations of uranium in natural waters.

After spiking, sanples were allowed to equilibrate for
48 hours. The sanples were placed in a water bath and boil ed
for 8-10 mnutes to renove dissolved gases such as CO,. In a
basic solution any CO, would be present as CQ'Z and m ght
react with uranium to form a uranyl -carbonate conpl ex.

Each sanple was renoved from the bath and transferred
to a mgnetic stirrer to ensure conplete mxing as
concentrated NH,OH was slowly added, until Fe(OH),
floccul ated. After decanting, the precipitate was then
dissolved in 8N HA. Concentrated HNO, was added to break
down any organics and the sanple was evaporated to dryness.

Separation: This step involves solvent extraction and
ion exchange to separate wuranium from chem cal species or

radi onuclides that may interfere with analysis.

Sanples were redissolved in 40 mM of 8N HO, heated to
boiling and added to a separatory funnel containing 50 m of
i sopropyl ether. The funnel was shaken and vented until the
bui |l dup of pressure ceased. The acid and uranium portion was
drained off and the extraction repeated. The acid phase was
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then evaporated to dryness in preparation for the ion
exchange procedure.

lon exchange columms were filled with Dowex AG 1-X8,
ani on exchange resin, 100-200 mesh, chloride form which had
been imrersed in 0.1N HCO. The colums were then |oaded wth
8N HAO and the sanple. The wuraniumbearing elutant was
evaporated to dryness and any renmaining iron was renoved by
a second ion exchange using 8N HNG,.

El ectrodeposition: Uanium is reduced to a thin source
by electroplating onto a stainless steel planchet. The
sanple was dissolved in 10 m 2M NH,d solution and poured
into an electroplating cell. The cell consisted of a glass
chimmey fastened to a 2.5 cm dianeter stainless steel
pl anchet by rubber cenent and an el astic band.

The wuranium in solution was electro-deposited on the
pl anchet for 30 mnutes at 12 volts and 1 anpere. At the
end of this tine, a few drops of concentrated NHOH were
added to the cell to inhibit the reaction. The solution was
di scarded and the planchet rinsed with distilled water. The
pl anchet was flaned to drive off any remaining NH,CO and to
harden the urani um deposit.

The uranium isotopes are identified and counted using a
2.5 cnf silicon barrier detector in a 10° torr vacuum
chanber connected to a 100 channel pulse height analyzer.
Count rates are typically on the order of a count per mnute
in the peaks of interest so that counting tinmes are a day or
so (solid sanples may require |ess) (Figs. 2-1, 2-2). As
many as four sanples nmay be counting sinultaneously.

2.3.2 Radium Procedures for Water Sanples

The ?*®Ra in water sanples was concentrated by co-
precipitation with BaSQ. Two m of BaSO, (16 ng/nm)
solution were added along with 25 m of concentrated HO to
a one liter sanple which was stirred and heated to boiling.
At this tinme, 20 m of 18N H,SO, were added to the sanple to
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form a precipitate. The sanple was allowed to stir for 5-10
mnutes longer to aid in the formation of the precipitate

The precipitate was allowed to settle overnight and the
supernatant discarded. The precipitate was centrifuged and
washed in 0.1N H,SO,. Twenty-five m of a 0.25 M basic EDTA
solution and several drops of 6M NaCH were added to the
precipitate. The sanple was then placed in a water bath on a
magnetic stirrer/hot plate and heated and stirred until
di ssolution of the precipitate occurred.

The concentrated sanple was |loaded into a bubbler
apparatus and de-gassed with helium to renove any residual
?2Rn.  The sanple was allowed to remain in the bubbler for
at least 96 hours for sufficient ingrowth of **°Rn to occur
(Fig 2-3).

Af ter Rh had grown to partial equilibrium with its
parent °*°Ra it was purged from the sanple using the radon-
emanation technique. This nethod involved de-emanating the
sanple with helium which transported the radon to a cold
trap filled wth brass filings. The filings were then
heat ed, rel easing the radon gas which was further
transported by helium to an evacuated scintillation cell.

The scintillation cell was stored for 4 hours to ensure
equilibrium between *Rn and its daughters *® 21%p
(Fig 2-3). The alpha scintillations were counted using a
photomul tiplier tube.

The radon system was calibrated frequently wusing a
a standard acquired from the National Bureau of

222

Po and 0

226
R

St andards. An over-all efficiency is measured which
enconpasses the efficiency of the collection systemitself in
addition to the counting efficiency of the scintillation
cell.

2.4 Laboratory Procedure for Solid Sanples

Ur ani um
Al solids were powdered, dried, weighed and dissolved
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in concentrated HO, HNO, and HO Q. The insoluble residue
was filtered using a 0.45 mcron mllipore filter and
| eached with 8N HO .

A hydroxide precipitate was formed by adding
concentrated NH,OH and adjusting the pH to 7. The
supernatant was discarded and the precipitate centrifuged
and washed using distilled water. The precipitate was then
prepared for ion exchange by dissolving in 8N HJ.

Uranium is separated from thorium using AGL-X8, 100-200
mesh, <chloride form anion exchange resin. The uranium
bearing elutant is evaporated to dryness, picked up in 8N
HC and extracted with ether until no color is remaining in
the acid fraction. The sanple is evaporated to dryness,
picked up in saturated A (NO3); in 4 N HNO,, extracted in
ethyl acetate and back extracted into distilled water.

The sanple was evaporated to dryness, extracted in
ether twice and evaporated again. The dried sanple was
picked up in 2M NH,d and el ectropl at ed.

Thorium

Thorium accompanies uranium through the
preconcentration and solvent extraction steps of the
radi ochemi cal procedure (Section 2.3.1 above). During the
ion exchange step thorium passes through the resin bed in
8N HO solution whereas the uraniun attaches to the resin.
Thorium is further purified by a subsequent ion exchange
separation using 7N HNO,. The electrodeposition of thorium
onto stainless steel planchets was effected in the sanme
manner as was uranium

Radi um

After powdering, drying, weighing and dissolving the
solid sanple, each was filtered to renove insolubles. The
sanple was evaporated to dryness, picked up in 20 M 0.1 N
HO and loaded into a bubbler for ingrowth of **Rn. At this
point the procedure was the sane as followed for water
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sanpl es.

2.5 Data Reduction

Uncertainty in the reporting of disequilibrium data has
two sources: statistical and analytical.

Statistical uncertainty is always a factor in reducing
radionetric data. It depends on the nunber of decay events
counted, which depends on the duration of the counting
period and the count rate. The later, in turn, depends on
the concentration of the radionuclide in the sanple, the
sanpl e size, analytical vyield, and counting efficiency.

For a single isotopic count rate neasurenent:

dA = 100 VN/N

where dA is the percent uncertainty of the count rate, and N
is the total nunber of counts registered.

In the case of wuranium and thorium ratio data, the
uncertainty of the ratio depends on conbining two counting
uncertainties. This is calculated by:

dR = ( (dA)? + (dB)? )*
where dA and dB are the uncertainties of the two isotopic
count rates, and dR is the calculated uncertainty of their
rati o. Because isotope dilution procedures are used,
extraction and counting efficiencies are cancell ed.

A simlar argunment applies to concentration values as
well as to ratios, in the case of uranium and thorium This
is because isotope dilution analyses depend on a sinple
ratio of natural versus spike isotope count rates (Figs 2-1,
2-2).

These statistical calculations are all nade using net
count rate, i.e., with background counts subtracted. If the
sanple count rate is not appreciably greater than the
background count rate, then the background uncertainty nust
also be taken into account. For npbst phosphorites and
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associ ated waters sanpled for this study, this was not a
pr obl em

In the case of radium analysis, isotope dilution was
not used because there are no convenient tracer isotopes.
Instead, the extraction and counting efficiencies for °**Ra
(actually the daughter, % Rn) nust be deternmined by
replicate analyses of standards. W attenpted to achieve a
consi stent wuncertainty level by (a) checking standards at
frequent intervals, and (b) varying counting tines so as to
achieve a fixed count total.

In the data tables, wuncertainty ranges are reported
for uranium and thorium based on counting statistics only,
with systematic errors assunmed to have been conpensated for
by the isotope dilution procedures. An average uncertainty
value for nobst uranium and thorium analyses was about 5 per

cent. A few samples of |ower concentration had
uncertainties somewhat higher. Radi um 226 data are
generally reported wthout uncertainty values. One can

assune for these data an uncertainty of 5-10% based on the
consi derations described in the previous paragraph.

The uncertainty of the radiumuranium ratio is governed
primarily by the fixed radium uncertainty; consequently, a
standard ratio wuncertainty value of about 10-15% can be
assuned.

In the study of disequilibria in the phosphate strata
and associated waters, the variations in concentration and
Isotope ratios anong suites of sanples are significantly
greater than the calculated uncertainty of any individua

sanpl e. This neans that inferences regarding the processes
of disequilibration and geochem cal balances are generally
not limted by analytical uncertainties.
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3. RESULTS

In the course of this investigation we collected 114
rock sanples, 150 water sanples, and 29 mne product and
effluent sanples. Figures 1-7 and 3-1 show the region where
these sanples were taken. In the |aboratory nost sanples
were analyzed for nore than one elenent; 335 separate
anal yses were made for 2°°U and ?%*'U, along with 110
anal yses for “*Th and 152 for **Ra.

Prior to the time of this investigation, nearly fifty
ground water sanples from the Floridian Aquifer of the
central Florida phosphate district had been analyzed for
uranium concentration and wuranium isotope ratios. These
data, generated by the F.S. U uraniumthorium geochem stry
group , are presented in Table 3-1. Though not obtained wth
the objectives of the present study in mnd, such data do
help present a regional background basis wth respect to
urani um occurrences. Several of the sanples cited in Table
3-1 would be classified, in terns of this study, as from
"m ned" areas.

About 20 groundwater sanples were taken from the
phosphate mning district (Figures 3-2 through 3-6); of
these, many were |abeled 'proximate' to operations (Table
3-2) (Figures 3-7 through 3-15).

More than 100 ground water sanples from the mning
district were analyzed for both uranium and radi um isotopes.
In table 3-2 and Figures 3-7 through 3-15 the proximty to
mning operations is indicated. Fourteen surface water
sanples were also analyzed for wuranium and radium isotopes
(Table 3-3).

The correlative water quality data for nost of these
groundwat er and surface sanples is shown in Table 3-4.

Over 100 rock sanples were obtained from five cores
collected by the Departnent of Natural Resources (Tables 3-5
through 3-9). In Figures 3-16 through 3-25 the stratigraphic
position and the uraniumthorium isotopic character of these
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sanples is shown. El even other rock sanples were taken from
two cores in Sarasota County and a stratigraphic section in
Pol k County; these were analyzed for both uranium and radi um
i sotopes (Tables 3-10 and 3-11).

Seven m scellaneous solid sanples from near the WR
Grace property at Hooker's Prairie were analyzed for uranium
and thorium as listed in table 3-12. Another 14 sanples of
various mne products were analyzed for radium and uranium
and also listed in Table 3-12, while the radium and uranium
isotopic data in eight mne water sanples are presented in
Tabl e 3-13.
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Table 3-1 Uranium Isotopes in Floridan Aquifer Water (Previous Data)

Sample No. Location Depth (A) Activity Ratio Concentration Reference (B)

440 City of Lakeland (#10) CSG 323' 2.38 = .37 .009 t .001 2

TD 1216’

441 Kaiser (Mulberry) (2775'- 2788') 2.05 + .15 .040 = .003 2

442 Kaiser (Mulberry) (1254'~ 1264') 3.22 ¢ .35 .036 + .004 2

443 City of Lake Wales 1.23 + .18 .040 t+ ,.004 3

444 City of avon Park TD 1200 1.31 ¢+ .16 .045 t .004 3

446 Sarasota Alameda Way CSG 300°' 1.76 t .21 116 +  ,012 2
TD 570!

501 Pinellas Co. Well Field TD 330°' 1.24 + .21 .041 + .005 2

701 Tropical River Groves CSG 164’ 2.14 + .32 .031 & .004 2
TD 1361°

702 Tropical River Groves CSG 150' .89 + .05 .326 + .018 2
TD 300

703 Arcadia CSG 200' TD 1410 1.61 + .29 .037 + .006 2

711 Riverview CSG 210' TD 750' 2,75 + .50 .008 + .00l 2

712 Sun City CSG 240' TD 700' 1.57 & .35 .011 t+ .002 2

715 Gibsonton (Claude Tanner) CSG 32’ .88 t .04 .688 + .04 2

™0 250!
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Table 3-1 (Cont.) Uranium Isotopes in Floridan Aquifer Water (Previous Data)

Sample No. Location Depth Activity Ratio Concentration Reference (B)
719 Gen., Dev. Corp. DeSoto Co. CSG 1326°' 2,01 =+ .24 .022 + .002 2
TD 1411°
720 Oscar Scherer St. Pk. 1.54 + .18 .130 + .015 2
721 Sarasota-Verna Field #38 CSG 173’ 1.09 + .13 .023 + .002 3
TD 602
309 Sulphur Spgs Spa .88 + .04 1.91 + L,12 3
910 Sulphur Spgs (Mineral Spg) .88 t .04 .781 + .040 3
2517 City of Lakeland (#1) 1.09 + .41 .036 + .010 3
2518 City of Lakeland (#3) 1.24 + .18 -429 ¢ .062 3
2992 Blue Sink - Pinellas Co. 0.77 + .05 2.44 t .23 3
956 Crystal Spgs - Pasco Co. 0.72 + .05 0.50 + .03 3
489 Warm Mineral Spg., Sarasota Co. 1.49 + .05 0.12 + .01 2
912 Lithia Spg., Hillsborugh Co. 0.67 + .04 0.71 t .04 3
1259 Health Spg., Pinellas Co. 0.7 t+ .03 1.73 - .11‘ 3
152 Winter Haven #2 CSG 138 1.58 + 1.34 013 = .009. 1
TD 816°'
122 Brewster (Amer. Cyn.) CSG 337' 3.33 t 1.15 .019 '+ .006 1
TD 950' '
442 ‘Mulberry CSG 330' TD 833" 1.34 .46 .014 + .004 1
132 Wauchula CSG 404' TD 1103' 4.07 + 1.30 .016 + .005 1
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Table 3-1 (Cont.)

Uranium Isotopes in Floridan Aquifer Water (Previous Data)

Sample No. Location Depth (A) Activity Ratio Concentration Reference (B)
2993 Private well, Clearwater TD 15! 1.05 ¢ .15 .175 t+ .021
4811 Hot Spa ~ Charlotte Co. CSG 648! .94 .024
TD 1900'
4821 Herren State Nursery Charlotte Co. 1.19 .038
CSG 648' TD 1454'
7061 "0ld Faithful" Charlotte Co. 3.68 .010
CSG 124" TD 1454’
8871 Anderson Groves, DeSoto Co. 3.15 .038
TD 1540'
8891 Burtscher Ranch, DeSoto Co. CSG 100' 2.73 .077
TD 1325°
8901 Avant - DeSoto Co. CS8G 1100' 1.82 .039
TD 1447
4901 Sarasota USGS 1118'-1232' 1.40 .388
6941 Sarasota USGS 2008'-3513" 2.39 .065
6541 McKay Creek Monitor - Pinellas Co. 2.06 .043
820'-840"
6551 McKay Creek Monitor - Pinellas Co. 2.15 .056
990'-1010"
4921 McKay Creek Monitor - Pinellas Co. 1.99 . 043

1250'-1730"
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Table 3-1 (Cont.) Uranium Isotopes in Floridan Aquifer Water (Previous Data)

Sample No. Location Depth (A) Activity Ratio Concentration Reference (B)
5411 South Cross Bayou - Pinellas Co. 3.58 .035 2
960'~1080"
5101 South Cross Bayou - Pinellas Co. 2.59 .017 2
1850'-3260"

{A) TD= total depth of well CSG= depth of casing

(B) References: l. Osmond, Kaufman and Cowart, 1974
2. Osmond and Cowart, 1976
3. Unpublished, FSU Laboratory
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Table 3-2 Uranium and Radium Data for Groundwater Samples

Sample Uranium Conc. Ra-226 U-234 Ra-226 Aquifer1 Proximity2 Location
Number ppb pCi/l1 pCi/1l U-238 U-238 to Mining

3008 .178 + .016 .060 .254 1.04 ¢ .11 4.27 s U Hardee Co.
3011 .036 .01 .012 .299 1.45 + .48 24.8 s U Manatee Co.
3013 .053 + .008 .018 9.67 2.74 + .47 545.88 s U Hardee Co.
3018 .008 + .003  .003 .658 1.70 + .90 246.08 sA u Hardee Co.
3037 .014 1 .002 .0057 3.46 4.90 £+ .94 739.43

3042 .008 + .004 .0037 .380 727+ .647 142.12

3045 .670 % .111 .224 1.80 2.94 ¢+ .34 8.04 sSA M Polk Co.
3047 .129 + .019 .043 5.25 1.85 + .30 121.76 F M Polk Co.
3050 1.13 + .007 .378 1.40 1.51 + .07 3.71 F M Polk Co.
3080 1.43 + .14 .478 8.80 .747+ .005 18.41 s M Polk Co.
3141 .327 + .041 .109 1.18 + .15 SA M Polk Co.
3143 1.08 t .0l14 .361 .338 1.33 ¢+ .01 .936 S M Polk Co.
3144 2.36 + .21 .789 7.95 1.99 ¢+ .09 10.08 s M Polk Co.
3146 .146 ¢ .014 .048 .425 1.04 £+ .12 8.892 F M Polk Co.

3147 2.55 .34 .852 4.14 .947: .074 4.857 F M Polk Co.

i+
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Table 3-2 (Cont.) Uranium and Radium Data for Groundwater Samples

Sample Uranium Conc. Ra-226 U-234 Ra-226 Aquifer1 Proximity2 Location
Number ppb pCi/1 pCi/1 U-238 U-238 to Mining

3148 .058 + .027 .019 .321 2.65 ¢ 1.36 16.56 F M Polk Co.
3150 .0126¢% .QO5 .004 3.49 5.50 + 2.50 878.7 F M Polk Co.
3151 .017 ¢+ ,023 .057 1.2 + .02 SA U folk Co.
3155 .042 + .072 .134 1.05 ¢+ .072 S U Polk Co.
3156 .103 + .024 .034 i.70 + .46 F U Polk Co.
3158 .612 + ,008 .205 1.00 #* .0981 F U Polk éo.
3lel .392 + ,127 .131 1.12 + .37 | 5 M Polk Co.
3163 .173 ¢ .025 .058 3,11 + .45 SA M Polk Co.
3164 .044 = ,015 .015 1.94 1.44 + .63 131.9 F U Polk Cd.
3166 .106 £ .02 .035 2.07 #* _.45 s U Polk Co.
3167 .032 + ,008 .011 2.32 1.33 + .45 214.9 SA U Polk Co.
3168 .043 ¢ ,012 .014 4.54 .615+ .271 315.9 SA LU Polk Co.
3172 .475 + ,067 .159 2.18 1.16 + .16 13.73 SA ‘ﬁ Polk Co.
3173 .185 + ,014 .062 4.29 1.40 ¢+ .016 69.38 ] M Polk Co.
3174 .067 + .011 .022 .121 1.93 + .36 5.403 S M Polk Co.
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Table 3~2 (Cont.)

Uranium and Radium Data for Groundwater Samples

Sample Uranium Conc. Ra-226 U-234 Ra~-226 Aquiferl Proximity2 Location

Number ppb pCi/1 pCi/l U-238 U~-238 to Mining

3175 1.88 i .014 .627 .169 1.30 £ .009 .2690 s M Polk Co.

3179 .009 = .004 .003 2.56 * 1.48 F U Polk Co.

3180 .020 £ .004 .007 1.76 1.02 + .31 263.3 sa U Polk Co.

3181 .074 £ .002 .025 2.16 1.85 t .66 87.33 F M Polk Co.

3184 .OiO .003 3.46 1.30 1035.2 Sa U Polk Co.

3185 .005 + .003 .002 7.83 ¥ 6.65 s u Polk Co.

3186 .239 t ,054 .080 1.21 £+ .31 F U Polk Co.

3231 .009 + .004 .003 .753 2.57 + 1.59 250.3 s U Polk Co.

3232 .475 + .150 .159 .175 .907+ ,298 1.102 8 U Manatee Co.

32§3 047 ¢ ;622 .016 .952 2.63% 1.39 60.60 8 U Manatee Co.

3234 .507 £ .065 .170 19.1 2.13+ .23 112.7 S M Hillsborough Co.
3235 .154 # .024‘ .051 4.86 2.85+ .46 94.42 s M Hillsborough Co.
3237 .305 £ .067 .102 1.44 1.39¢ .31 14.13 F M Hillsborough Co.
3238 @ ---—- —— .362 ——— e S M Hillsborough Co.
3240 .007 + .002 .002 4.11 1.92x .91 1756.7 F/SA U Sarasota Co.
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Table 3-2 (Cont.) Uranium and Radium Data for Groundwater Samples

Sample Uranium Conc. Ra-226 U-234 Ra-226 Aquiferl Proximity2 Location
Number ppb pCi/l pqi/l U=-238 U-238 to Mining

3339 .032 t .012 .011 2.48 2.00:x .90 231.9 SA U ‘sarasota Co.
3340 .164 + .021 .054 «243 4.433 SA U Sarasota Co.
3342 .008 .003 .460 4.36 172.0 SA u Sarasota Co.
3343 .005 + .004 .002 8.25 4,20 .41  4936.7 SA U Sarasota Co.
3344 .10 + .005 .003 1.49 4,13+ 2.33 459.42 SA U Sarasota Co.
3347 .072 ¢t .511 .024 1.11x .22 SA U Sarasota Co.
3348 .038 + .010 .013 17.78 5.84% 1.64 1399.0 SA U Sarasota
3349 .009 + .004 .003 4.64 2.68 S U Sarasota Co.
3350 .015 £ .002 .005 11.59 5.27¢+ .99 2311;8 SA U Sarasota Co.
3351 .017 £ .006 .006 13.17 2.37+ 1.07 2317.9 SA U Sarasota
3352 .213 + .029 .071 .545 1.93x .27 7.655 SAa M Polk Co.
3353 .015 * .006 .005 8.23 3.09+ 1.45 1641.6 SA M Polk Co.
3355 .007 ¢ .003 .002 3.50 3.81+ 1.64 1495.9 éA M Polk Co.
3358 .002 ¢+ .001 .001 —— SA U Sarasota Co.
3368 .011 + .007 . 004 7.14 3.56% 2.63 1942.0 F/SA U Sarasota Co.
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Table 3~2 (Cont.)

Uranium and Radium Data for Groundwater Samples

Sample Uranium Conc, Ra-226 U-23 Ra-226 Aquiferl Proximity2 Location

Number ppPb pCi/l  pcCi/l U-23 U~238 to Mining

3369 7.70 F U Sarasota Co.
3370 .005 £ .001 .002 2.24% 1.05 SA U Desoto Co.

3371 .003 + .001 .001 8.46 2.27+ 1.61 8437.2 S u Manatee Co.

3372 .087 + .016 .029 4.09 1.20¢ .27 140.7 F/SA U Manatee Co.

3373 -.004 + .003 .001 1.41 1.50+ .015 1054.6 SA U Manatee Co.

3429 .091 + ,025 .030 .634 1.44x .47 20.84 F M Polk Co.

3430 .031 t .006 .010 .109 1.42+ .36 10.52 S M Polk Co.

3434 .088 = .014 .029 1.09 1.17¢ .25 37.06 s M Polk Co.

3435 .551 + .065 .184 1.15 2.87x .27 6.244 s M Hardee Co.

3437 .0019+ ,007 .001 1.34+ .65 SA M Hillsborough Co.
3438 .054 + .015 .0l18 1.31+ .49 F 4] Hillsborough Co.
3439 2.34 + ,274 .782 1.03x .071 S 6] Hillsborough Co.
3440 .027 + .013 .009 8.52 2.06% 1.19 944.1 SA U Manatee Co.

3441 .239 + .023 .080 1.83 1.53% k.16 22.91 S U Manatee Co.

3443 .381 + .052 .127 4,43 2.29+ .28 34.79 ] U Manatee Co.
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Table 3-2 (Cont.) Uranium and Radium Data for Groundwater Samples

Sample Uranium Conc. Ra-226 U-234 Ra-226 Aquiferl Proximity2 Location
Number ppb pCi/l pCi/1 U-238 U-238 to Mining

3445 .460 = .047 .154 1.84 .90z .09 11.97 S M Polk Co.
3446 .049 + .014 .016 2.05 1.98+ .67 125.2 F M - Polk Co.
3448 .104 + ,033 .035 3.89 .95+ .39 111.9 S M Polk Co.
3449 .444 & .147 2.92 .833% 19.86 s M Polk Co.
3450 .016 + .006 .005 1.96x .94 SA M Hillsborough Co.
3451 .546 + .068 .183 1.31 .96 .11 7.178 s U Manatee Co,
3452 .007 &+ .003 .002 .354 3.88% 2.13 151.3 S M - Hardee Co.
3454 .019 ¢ .006 1.62 2.20¢ 255.1 S M Hardee Co.
3455 .302 t .021 .101 .309 1.23+ .09 3.06 S M Polk Co.
Notes

1. P: Floridan,
2. Proximity to

SA: Secondary Artesian, S: Surficial

Mining., U: Unmined M: Mined
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Table 3-3

Uranium and Radium Data for Surface Water Samples

Sample No. Uconc ppb U-234,/U-238 Ra-226 pCi/l Ra-226/U-238  Iocation

FLW 3192B .042 + .008 1.18 * .29 Peace River

FLW 3196B .126 + .008 1.18 * .09 .350 8.31 Peace River

FIW 3456 .344 + .028 1.10 £ .09 .236 2.05 Alafia River

FIW 3457 .052 + .023 1.05 * .62 .228 7.22 N. Prong Alafia

FIW 3458 .088 + .006 1.12 + .09 .306 10.31 S. Prong Alafia

FLW 3459 .173 + .017 1.09 £ .13 .279 4.83 S. Prong Alafia

FIW 3460 .025 + .006 1.30 + .42 .167 19.99 Little Manatee River
FIW 3461 .200 + .013 1.29 # .09 .603 9.02 Payne Creek

FIW 3462 .014 + .009 1.60 + .47 .576 86.74 Payne Creek

FIW 3463 1.43 ¢+ .11 1.16 + .06 .416 .870 Little Payne Creek
FLW 3464 11 £ .022 1.37 £ .32 .105 2.38 Saddle Creek

FIW 3465 .891 £ .125 1.02 £ .12 .465 1.56 Peace River

FLIW 3466 .002 + .0006  1.61 * .69 .279 4.83 S. Prong Alafia

FLW 3467 .038 £ .005 1.89 £ .30 Little Manatee River
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Table 3-4- Water Quality Data

-Sample # Eh Ph Conductivity Temperature Sample # Eh Ph Conductivity Temperature
millivolts siemen °C millivolts siemen °cC
3141 +200 7.0 210 27 - 3230 -210 7.7 -—- 23
3143 ——— 4.7 270 23 3231 -240 7.4 - ‘ 25
3144 _— 5.2 280 26 ' 3232 -35 7.1 -—- 24
3145 ———— 6.9 400 31 3233 -90 6.9 -—— 130
3147 -_—— 7.1 480 26 3235 -100 4.39 140 -
3148 ——— 7.4 560 27 3237 -——— 7.6 340 27
3149 ———— 6.8 650 - 3238 ——— 5.27 60 -
3150 -260 7.5 200 27 3240 -250 7.4 570 25
3151 -280 7.2 170 24 3339 -280 7.9 350 25
3155 +155 4.8 200 25 3340 -163 7.3 300 24
3156 +160 6.9 130 28 3342 -80 7.7 660 22
3158 -200 7.1 320 25 3343 ~250 7.9 420 22
3161 +128 7.1 100 25 3344 =250 7.9 380 24
3163 +173 7.8 220 26 3347 ~-260 7.5 - 25
3164 +190 8.0 160 25 3348 -230 7.2 600 26
3166 +400 4.1 250 25 3349 -140 5.2 ——— 27
3167 -75 7.4 200 27 3350 -260 7.5 ————— 25
3168 -80 7.3 230 25 3351 -230 7.3 ———— 24
3172 ——— 5.4 210 24.5 3352 +69 8.0 190 21
3179 +200 7.3 310 25 3353 58 7.7 340 22
3180 ~240 8.0 160 26 3355 =100 7.6 380 24
3181 ——— 7.6 380 25 3356 30 7.7 280 23
3182 -——— 7.0 480 - 3357 -70 7.7 360 24
3183 ——— 7.1 540 - 3358 =100 7.5 300 26
3184 -150 7.5 290 25 3359 -220 7.6 800 24
3185 -120 7.6 200 26 3360 -265 7.4 800 24
3186 -50 7.7 210 27 3365 -248 7.2 1000 23
3188 ——— 2.4 430 - 3366 -278 7.2 470 24
3189 —— 6.8 500 . - 3367 ~120 7.5 ——— 23
3192B +170 9.0 350 25 3368 -240 7.3 740 26
31968 +200 7.1 210 24 3369 =230 7.3 —_——— 25
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Table 3-4 (Cont.) Water Quality Data

Sample # Eh Ph  Conductivity  Temperature Sample # Eh Ph  Conductivity Temperature
millivolts siemen . °c millivolts siemen °c

3370 -250 7.1 ~— 24 3460 +300 6.4 120 23

3371 -220 7.1 —— 24 3461 +260 7.2 160 28

3372 ~-250 7.2 - 25 3462 +270 7.3 180 23

3373 -200 7.3 320 22 3463 +260 7.5 240 25

3429 -170 7.8 —-— 24 3464 +225 7.4 280 23

3430 -80 5.7 —-—— 24 3465 +220 7.4 300 25

3434 +150 5.6 -— 26 3466 +210 7.2 700 34

3435 +100 5.5 - 24 3467 +270 6.8 110 25

3437 -125 7.6 210 24

3438 -200 7.4 360 24

3439 +100 5.7 100 24

3440 -200 7.5 290 25

3441 +150 5.1 100 26

3442 +90 7.7 240 25

3443 +215 4.9 82 26

3444 ——— 6.2 140 23

3445 —— 5.7 100 24

3446 e 7.8 310 26

3447 ———— 7.6 410 260

3448 ——— 5.6 140 24

3449 - 5.6 220 23

3450 +100 7.7 -— 22

3451 -70 4.7 —-—- 24

3452 -50 5.2° -~ 24

3453 +18 7.8 - 22

3454 +120 5.4 —— 23

3455 -50 5.6 —-—— . 28

3456 4220 7.6 350 24

3457 +220 6.8 160 22

3458 +220 8.0 160 23

3459 +250 7.1 260 25
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Table 3-5 Uranium and Thorium Isotopes in Core W12942

Sample # Depth (ft) U-234/U-238 Uconc (ppm) Th-230/U-238
192 35-40 1.29 + .61 13.6 £ 6.6

193 40-45 .99 t .05 61.7 * 4.4

194 45-50 1.01 + .06 63.9 £ 6.0

195 50-55 .93 £ .25 1.53 £+ .29  3.89 + .97
196 60 1.03 + .12 18.5 £ 1.9 1.27 .46
197 65 1.04 + .11 13.1 £1.3 1.18 * .15
198 70-71 1.04 £ .06 36.8 * 2.9 1.45 t .18
199 76 1.04 t .05 24.1 £ 1.7 1.17 + .11
200 80 1.01 + .10 11.5 + 1.2 1.34 + .19
201 121 1.07 + .08 19.1 + 1.6 .34 ¢ .11
202 125 .96 + .08 12.9 + 1.0 .92 + .11
203 130 1.03 ¢ .08 22.8 £ 1.9 1.14 + .15
204 140 .99 + .04 15.1 # 8 .08 + .06
205 145 1.03 & .12 8.32 £ .79 .93 & .14
206 150 .98 + .05 16.8 + .9 .82 + .15
207 155 .94 + .09 21.8 # 2.9 .86 £ .14
208 160 .93 + .10 9.1 * .9 .51 £ .29



69

Table 3-6 - Uranium and Thorium Isotopes in Core W13078

Sample # Depth (ft) U-234/U-238 Uconc (ppm) Th~230/U-238
217 5-10 1.16 = .13 7.55 .75 .76 £ .44
218 20 .90 = .06 24.9 t 2.5 .87 £ .13
219 30 .95 + .04 29.1 + 2.3 .82 + .14
220 40 .98 £ .08 11.9 + 1.0
221 50 .92 £ .10 7.64 + .85
222 60 1.00 £ .07 15.8 =+ 1.2
223 70 .99 ¢ .05 38.0 = 2.2
224 80 .96 + .05 23.7 + 1.3 1.29 £ .43
225 90 1.08 = .05 8.99 * .48 1.29 + ,17
226 100 .95 ¢ .05 3.0 = 2.9
227 110 .96 + .06 16.5 + 1.42 1.44 = .20
228 120 .99 + .05 8.75 * .67 .79 = .56

I+
.

—
o

2.3 1.37

-

22.5 .20

H+

229 130 1.03
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Table 3-7 Uranium and Thorium Isotopes in Core W13107

Sample # Depth (ft) U-234/U238 Uconoc (ppm) Th-230/U-238
230 3-5 .99 t .12 6.44 + .84

231 5-10 99 ¢ .12 8.13 + .89

232 16 97 .07 l4.4 £ 1.2 1.43 + .65
233 20 .94 & .08 14.1 £ 1.2 91+ .15
234 25 .96 t .08 6.09 t .6l .99 & .45
235 30 .97 £ .50 1.72 £ .65

236 35 l.48 t .66 2.77 *1.04

238 45 .58 t .45 4.68 * 2.30

239 50 .96 * .08 11.9 1.3

240 60 .98 + .09 9.73 t .9 .92t .30
241 70 1.01 *+ .09 12.2 + 1.4

242 80 1.02 + .09 15.6 =+ 1.5 .85 + .16
243 90 1.03 + .12 2.48 = .24

244 95 l1.01 + .07 9.12 + .61

245 100 1.07 + .03 15.3 + .5 1.26 + .27
246 105 97 .06 12.2 = .7



To

Uranium and Thorium Isotopes in Core W13107

Sample # Depth (ft) U-234,/U238 Uconoc (ppm) Th-230/U-238
247 109 .95 * .06 43.9 t 4.0 .83 & .12
248 120 .99 + .09 17.3 £ 1.5

249 130 1.02 + .09 15.4 1.5

250 135 1.03 + .04 19.7 £ 1.0 79 .24
251 140 1.03 + .08 39.9 £ 3.2

253 150 1.00 + .05 9.51 + .51

256 180 1.05 + .06 23.5 t 1.4 1.06 + .19
257 190 1.08 * .15 1.72 + .19 1.02 £ .20
258 200 .97 = .07 4.22 t .32
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Table 3-8 Uranium and Thorium Isotopes in Core W13237

Sample # Depth (ft) U-234/U-238 Uconc (ppm) Th-230/U-238
146 15-20 .96 t .06 129 t .14 1.23 + .21
147 20-25 .97 + .03 54.9 t 2.5 1.09 * .44
148 25-30 .99 t .09 43.8 * 5.2 1.88 £ .28
149 30-35 91 £ .04 29.1 + 1.2 1.40 £ .13
150 35-40 97 t .07 40.5 * 3.6

151 40-45 .96 t .05 3.3 + 2.0

152 45 .98 .04 18.7 + .76

153 50 1.01 + .06 28.0 * 2.3

154 53-56 91 & .05 30.7 t 2.0

157 70 .99 + .07 26.8 t 2.2 1.12 £ .36
158 80 1.10 + .06 54.1 £ 5.1 1.09 = .17
159 90 .99 £ .06 34.2 + 2.8 .94 t .18
160 100 1.13 + .09 3.4 + 3.6 1.05 £ .24
162 120 1.00 * .06 25.7 t 2.2

163 130 1.00 + .06 12.9 + .78

164 140 1.05 t .04 27.4 * 1.0
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Table 3-8 (Cont.)

Uranium and Thorium Isotopes in Core W13237

Sample # Depth (ft) U-234/U-238 Uconc (ppm) Th-230,/U-238
166 160 1.10 + .14 3.78 £ .43 .52 t .14
167 170 1.0l + .03 108. t+ 7. 1.52 t .20
168 175 1.04 + .17 28.5 t 6.4  1.67 * .43
169 180 .98 + .11 15.7 ¢ 1.9 1.02 ¢ .19
170 190 1.10 + .13 15.7 + 1.9 75 % .29
171 200 .98 + .08 94.3 + 17.6
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Table 3-9 Uranium and Thorium Isotopes in Core W13331

Sample # Depth (ft) U-234/U~-238 Uconc (ppm) Th-230/U-238
172 15-20 .95 & .12 8.89 £ .95

173 20-25 .81 + .04 89.1 * 6.2 1.16 + .31
174 25-30 .99 + .07 29.1 * 2.0 1.29 + .59
175 30-35 1.14 + .34 2.24 + .50 4.42 + 1.73
176 35-40 1.13 + .17 17.0  + 2.7

177 40-45 91 + .15 10.5 + 1.4

178 55 1.09 + .09 23.7  + 2.2 .94 + .37
179 64 .95 + .14 .70 + .08

180 71 1.00 * .09 12.0 * .9

181 75 1.03 £ .07 10.4 + .7

182 80 1.31 + .07 5.29 + 1.38

183 85 1.07 + .08 26.3  * 2.4 27+ .07
184 90 .99 + .05 27.9 + 1.4 1.13 + .39
185 100 .97 £ .07 8.14 £ .53 2.10 + .24
186 110 .97 £ .08 5.46 * .35 1.03 + .18

I+

.23 2.46

I+
I+

187 118 .90 .45 4.43 1.47
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Table 3-9 (Cont.) Uranium and Thorium Isotopes in Core W13331

Sample # Depth (ft) U-234/U-238 Uconc (ppm) Th-230,/U-238
188 130 1.32 & .47 8.74 * 2.80 2.32 + .77
189 140 .96 + .07 10.9 + .9 1.06 + .12
190 150 1.02 + .04 18.8 £ 1.1 .28 t .03
191 160 .95 + .07 46.2 t .07 .86 t .24
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Table 3-10 Uranium and Radium Data for Two Cores
in Sarasota County
Sample No. Uconc U-234/U-238 Ra-226 Ra-~226/U-~238 Depth Well No.
ppm Ueq. and Formation
FLR 307 378.38 1.02 131. 0.349 16-20" W-11908
Bone Valley Fm
FLR 308 73.27 .885 27. 0.370 25¢ W-11908 .
Hawthorn Fm
FLR 309 139.95 .988 133. 0.964 328" W-11908
Hawthorn Fm
FLR 310 16.28 .972 le. .97 1i1-114" W-12983
Hawthorn Fm
FLR 311 19.21 .997 13.6 0.715 148-152" W-12983
Hawthorn Fm
FLR 312 33.56 1.01 13.8 0.417 170-176" W-12983

Hawthorn Fm
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Table 3—11 ' Uréﬁium and Radium Data for Solid Samples
F ., from a Stratigraphic Section at
ey USS Rockland Mine

Sample No. U-234 Ra-226 Ra-226 - - Stratigraphic
3 TR U-238 Ueq.:: U-238 Horizon .
PLR.289 » 476 = .203 4.9 1.03 Upper, Bone. Valley
Leached Sandstone
FLR- 291  : ,‘116.60 S 1.01 167.20 1.43 Middle Bone Valley
FLR 292 .7 :.:189.39 .- .955 196.96 1.04 Lower :Bone Valley
FLR 293  261.54 .951 157.97 ' .604 Upper Hawthorn

Leached.

FLR 294  65.51 1.02 67.4 1.03  Upper Hawthorn
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Table 3-12 Uranium Thorium and Radium Isotope Data for Mne Products

Uconc. U 234 Th- 230 Ra- 226
Sanpl e # ppm U 238 U 238 U 238 Sanpl e Type M ne
FLR 132A  52.25 1.034 1. 531 Mat ri x VWR Grace
14. 00 +.09 +. 342 Hookers Prairie
FLR 134 31.04 .991 . 159 Debris Feed WR Gace
2. 30 +. 05 +.036 Bonni e Lake
FLR 136 2.43 1. 086 Organi c WR Grace
+. 36 +.18
FLR 137 65. 40 1.035 . 934 d ay WR Grace
16. 25 + 04 +. 146 Organi c Hookers Prairie
FLR 138 24.19 1. 087 . 140 Unmi ned VR Gace
+2.48 +. 06 +.033 Organic Hookers Prairie
FLR 140 57.53 1. 029 5.392 Primry VWR Gace
+3. 68 +.03 £1.779 Slime Bonni e Lake
FLR 286 15.03 .99 Mat ri x I MC Noral yn
+.50 +.02
FLR 298 6. 66 .94 Matri x Mobil Nichol s
+. 30 +.04
FLR 296  208. 89 .981 1.04 Pebbl e USS Rockl and
+3.59 +.015 +.02 60 BPL
FLR 288 65. 56 1.05 Pebbl e I MC Noral yn
+1.0 +.02
FLR 299 138.53 .92 Pebbl e Amex Big Four

I+
N
o
I+

.02


Gary Albarelli
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Table 3-12 (Cont.) Uanium Thorium and Radium |sotope Data for Mne Products

U- 234 Th- 230 Ra- 226

Sampl e # Uconc. U 238 U 238 U238 Sanpl e Type M ne

FLR 297  105.53 1.04 .31 Concentrate USS Rockl and
2.0 +.02 +.02 68 BPL

FLR 300 88.70 .99 .53 Concentrate Amax Big Four
2.0 +.02 +.03

FLR 290 5.62 .99 1.09 Cver bur den USS Rockl and
+2.54 +.10 +. 17

FLR 287 61.31 1.00 Cver bur den I MC Noral yn
2.0 +0. 02

FLR 303 79. 45 .81 Stinme | MC Noral yn
2.0 1. 02 (from pond)

FLR 304 66. 49 .96 Sline | MC Noral yn
2.0 1. 02 (from pond)

FLR 305  301.66 .48 Stinme USS Rockl and
5.0 +.01 (from pond)

FLR 301 5.08 29.5 Phosphogypsum | MC New Wl es
+.35 1.5 (from stack)

FLR 302 34. 40 2.55 Phosphogypsum USS Rockl and
+1. 63 +0. 70 (from stack)


Gary Albarelli
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Tabl e 3-13 Mne Wters
Urani um and Radium |Isotope Data for Mne Waters
Sanpl e No. Uconc U 234 Ra- 226 Ra- 226 Sampl e Type M ne
ppb U238 Ueq U238
FLW 3145 2.35 6. 62 .56 .24 Slime Water I MC
1. 32 +.41 (fromreturn Phosphori a
ditch)
FLW 3177 1.43 1.15 1.4 .99 Slime Water Mobi |
+. 07 +.09 (fromsline Ni chol s
pond)
FLW 3236 1.05 1.45 1.56 1.51 Slime Water Amax Big
+.13 +.13 (fromslime Four
pond )
FLW 3182 36. 68 .62 Slime Water UsS
+1.50 1. 02 (from plant) Rockl and
FLW 3149 1.25 1. 47 1.36 1. 105 Slime Water I MC
+.10 +.12 (from plant) Nor al yn
FLW 3176 4.22 1. 04 3.69 .89 Recircul ating Mobi |
+.91 +.10 Wt er Ni chol s
FLW 3183 1.16 1.08 .54 .48 Recircul ating USS
+. 17 +.021 Wat er Rockl and
FLW 3447 1.32 1.12 Recircul ating Mobi |
+.09 +. 05 Wt er Ft. Meade



MEXICO

3-1 Distribution of samples collected for this study.

Dots: waters; triangles: rocks.
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4. DI SCUSSI ON

4.1 Oes and Rock Sanpl es

O the rock sanples analyzed for this project, nearly
all  were collected from cores or from stratigraphic
sections. As a result, in addition to a general collection
of various horizons, we have a basis for draw ng concl usions
regarding radioelement mobilizations resulting from
groundwater infiltration.

O the five cores analyzed for thorium and uranium
(Pol k and Hardee Counties), the majority of sanples were in
the Hawt horn Formation; four cores were drilled through the
Bone Valley Formation, and four included the overlying
Terrace Sands. Considerable variation in uranium and thorium
concentrations and isotopic ratios is apparent (Figures 3-16
t hrough 3-25).

There appears to be no consistent trend of isotopic
ratios in these cores, although sonmewhat higher wuranium
concentrations are apparent in the Bone Valley Formation
relative to strata above and below. This supports the
general view that the Bone Valley is an accunulation zone in
whi ch phosphorite is leached from above and redeposited
below. To the extent that wuranium is indicative of
redi stribution, we nust conclude that the process is not
uni form various sections and various horizons have
accumul ated nore uranium than others, in what appears to be
an unpredictable manner.

In a general way, redistribution of uranium is
indicated by the *°Th/?®U ratio. Thorium230 being the
i mobi | e daughter of parent uranium a high ratio (greater
than wunity) denotes wuranium leaching, and a low ratio
urani um accumnul ation. (Mre precisely, the ratio of thorium
daughter to its imediate parent uranium 234 should be used;
however, the much greater variation between thorium and
uranium as opposed to the variation between the two uranium
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i sotopes nmakes this point sonmewhat academ c.)

Because >'U has a long half-life and is nore nobile
than U (because of recoil-induced nobilization, discussed
earlier) a low *U?®U ratio may be taken to mean that
there has been long-term stability in a zone of slight
| eaching, whereas its counterpart, a zone of slight
accumul ation, is indicated by a high **U®®U ratio. A low
24y *®y ratio may also occur in a reducing environnent if
24U is being recoiled into solution.

Therefore a self-consistent pattern nmay be exenplified
by zones of high *°Th/®*u with low ***W?®U (I eaching),
and other zones of low 2*°Th/**®U with high **u ?*®u
(accurul ation). Plots of these ratios for the five cores
(Figures 3-16 to 3-25) and for the aggregate (Figure 4-1)
show no such consistent pattern, except in isolated zones.

The many sanples in the 'inconsistent sectors' of the
isotopic plots (Figure 4-1) nust have a nore conplicated
history. For exanple, sanples in the lower left sector (low
2340r2%%y  and low ?°°Th/?°®U) may have experienced a
relatively recent (on a time scale of 10 * years)
accunul ation of wuranium which had previously experienced a
long period (on a tinme scale of 10° vyears) of slight
| eachi ng.

Gven the climte, geonorphology, and stratigraphy of
the central Florida phosphate district, such a history, or

its converse, long term accunulation followed by nore rapid
| eaching, 1is to be expected.

Simlar scenarios are indicated by conparing the
urani um concentration data with **U?®U plots. In a |ong-

term stable, slightly 1leaching system recoil-enhanced
mobi | i zation of 234U would be the dominant factor in uranium
isotopic variations, W would expect, in such a case, that
the higher concentration phases would tend to have |[|ower
activity ratios, whereas the I|ower concentration phases
would tend to have higher activity ratios. In other words,
recoil-related processes should tend to cause the daughter
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to be nore evenly distributed than the parent. |In core
WL3078 (Figure 4-2) such a pattern is approximted, but at a
relatively low confidence level. In the other cores a nore
i nconsistent pattern is displayed; this is not so nuch an
i ndication of randommess, but rather changes in the general
geochem cal |eaching conditions at any one zone during the
|l ast 10" years.

In other stratigraphic sections (Tables 3-10 and 3-11)
radium data as well as wuranium data were obtained.
Consi derabl e disequilibrium is observed, in part because of
the differing |eaching characteristics of radium and
uranium and in part because of the imobility of the
intervening daughter, *°Th.

Low **°Ra/**®U ratios occur in sedinents from the Bone
Vall ey and Hawthorn Formations in Sarasota County in
conjunction with high <concentrations of uranium
D sequilibrium may be expected on sedinent surfaces while
the interior would be expected to be in secular equilibrium
Wiole rock analyses were performed on noderately-and-well
i ndurated carbonates from these two formations. A sand-sized
phosphate fraction was present in the sanples but never
exceeded 5% Uranium concentrations in these sedinments
averaged 110 ppm and ranged from 16 to 378 ppm
Concentrations of this magnitude are seldom found
incorporated within primry carbonates and the small
phosphate fraction would not be expected to mnmke such a
| arge contribution. High wuranium concentrations, coupled
with extreme radiumuranium disequilibrium (**°Ra/?*®U
average is 0.551, suggest that the uranium has been adsorbed
onto sedinent grains as a secondary accumulation. Radium
generated by decay of this accumulation is then recoiled
into solution, or is preferentially I|eached. The **u?*u
ratios for these sedinments are very close to unity,
averagi ng 0. 98.

Sedi nents analyzed from the Bone Valley and Haw horn
Formati ons obtained from a mne face at U S S. Rockland m ne
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in Polk County (Table 3-11) show that approxinmate secul ar

equi librium exists between radium and uranium and between
24y and 2%y, with activity ratios averaging 1.04 and 0.99
respectively. One sanmple from a |eached zone in the upper

Hawt horn shows marked radiumuranium disequilibrium
(**°Ra/ **®U=0.60). This zone is local and is not nined due

to intense weathering. Another sanple taken from the mddle
Bone Valley shows a radium excess with a *°Ra/***U ratio of

1.43. Uranium concentrations average 130 ppm for these
sedinments, and are attributable to phosphate m neralization.

That sanples showing both radium deficiency and excess are
found suggests that both nobilization and adsorption of

?°Ra are occurring in this area.

4.2 Chenmical Characteristics of G oundwater

The main factors controlling the chem cal character of
groundwater are the conposition of soils, sedinents and
rocks that the water nust pass through while recharging the
aquifer or while flowing through the aquifer. The
solubilities of these materials as well as the residence
time of the water in the subsurface are other major factors.
The presence of sonme constituents nmay also be attributed to
human activities.

The length of tinme water is in contact with the aquifer
mat erial, the residence time, affects the anount of
di ssolved mneral constituents or total dissolved solids
(TDS) in the water. Wter just entering an aquifer or
traveling through a highly transm ssive portion of an
aqui fer, such as a cavernous zone, wll not have been in
contact with the aquifer materials |ong enough to develop a
high total dissolved solids concentration. Wter traveling
downflow for a long distance from the recharge area in a

slow flow system wll show higher concentrations of
di ssol ved chem cal constituents. Water with a TDS
concentration of over 500 nyg/l is generally considered
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unpot abl e.

The Eh or oxidation-reduction potential of groundwater
is mainly influenced by the rate of introduction of oxygen
to an aquifer system in addition to the anount of
circulation of oxygen and consunmption of oxygen by
bacterially controlled reactions. The rate of oxygen
introduction depends on the oxygen <content of recharge
waters. |f water enters the aquifer by percolating through
an organic-rich soil it may be oxygen-poor by the tine it
reaches the aquifer. Because bacterially nediated reactions
tend to occur very slowy, the circulation rate or residence
time is inportant. In general, longer residence tines nean a
| ower Eh.

D ssolved solid (TDS) concentrations in the surficial
aquifer vary due to the open nature of the system and al so
due to its variable conposition., It can generally be said
that TDS concentrations are less than 200 ng/l in the
northeastern portion of the study area and surficial waters
exceed 200 ng/l TDS in the southwest. Near the coast and in
tidally affected streans, concentrations my be quite
el evat ed. Eh values are also quite variable depending on
the nature of the soil; organic-rich soils or wetland areas
produce reducing conditions in the surficial aquifer.

G oundwater within the secondary artesian aquifer shows
an increase in total dissolved solids from northeast to
southwest. TDS range from about 100-300 ng/l in Polk County
and increase to between 300-1500 ng/l in Sarasota County. Eh
values also vary from northeast to southwest. The nmajority
of wells show oxidizing conditions wthin the aquifer in the
northeast and oxidizing waters are less frequently found in

the southwest. In Sarasota County all wells sanpled in the
secondary artesian aquifer show reducing conditions wth
nost measurements giving readings of less than -200
mllivolts.

The Floridian aquifer is, in general, nore mneralized
than overlying aquifers (Stewart, 1966). Total dissolved
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solids increase wthin the aquifer wth depth. In Polk
County, concentrations range from about 50 to 350 ny/l.

Concentrations increase towards the southwest away from
areas of direct recharge. In Sarasota County the Floridian is
highly mneralized with total dissolved solids ranging from
about 600 to over 2000 ng/l (Stewart, 1966).

Eh values in the northeastern part of the area where
substantial recharge occurs show that oxidizing conditions
exist in the upper zones of the Floridian. Waters becone |ess
oxidizing with depth. As water travels down dip to the south
and southwest away from areas of direct recharge the upper
zones of the Floridian becone reducing. In Sarasota County,
Floridian water is very reducing showing Eh values |ess then
-250 mllivolts.

4.3 Uranium and Radium in Gound Witers of the
Phosphate District

The general pattern of uranium series nuclides in
groundwater is sonewhat variable, depending on particular
geochem cal conditions. However, a 'standard pattern is
wel | known:

1. Uanium itself tends to becone |ess abundant in deeper
aquifers and in the down-flow direction, primarily because
of increasingly reducing conditions.

2. Insoluble daughters, such as thorium are rarely present
in solution in detectable anounts. (The accunulation of
secondary thorium daughter down-flow, resulting from decay
of nobile parent is of course not precluded.)

3. Soluble daughters such as ***U and ?**°Ra, tend to

increase in relative abundance down flow, This is only
partly the result of solubility differences. An inportant
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factor in daughter nuclide solubility is what mght be
termed "recoil enhanced mobilization" (See earlier
di scussions, 1.3.3).

Gven that the various nenbers of the uranium series,

i ncl udi ng 238y

itself, tend to have a nobile history, much
of their accumulation in aquifer rocks is located on grain
surfaces. At such a site the alpha decay process tends to
"propel’ a proportion (up to fifty per cent) of daughters
into the aqueous phase. In the case of ?**U, the magnitude
of this effect is quantified by the ?*U?®U activity
ratio, which in the absence of such recoil effects, would be
1. 00.

Previous studies (Gsnond and Cowart, 1976; Cowart, et
al., 1978) have shown that the concentration and isotopic
variations of wuranium in groundwater are affected by the
recharge rate of the local region. In highly transm ssive
areas, uranium concentration values decrease sonmewhat while
the 2°*'U/?°°U ratio remains near equilibrium (The
mobi | i zati on of previously ?**U-depleted uranium is
indicated.) In less transmssive areas, the diagrammtic
trajectory of wuranium isotopes on a diagram like that of
Figure 4-3 is toward |lower concentration values and nuch
hi gher A R values. Under such conditions, the recoil
effects are nore pronounced than the solubility effects.

The phosphate mning district is for the nost part
representative of a less transmssive region, as indicated
in Figure 4-4. In fact, it appears that the nore phosphatic
the rocks ('mned region') the less transm ssive the
groundwat er regine. In Figure 4-4 what appear to be
anomal ously low AR values for surface waters in both mned
and unm ned evolutionary curves are actually nor mal
relative to statewde surface waters in low transmssivity
regi ons. It is the deeper sanples which exhibit a
conmbi nation of somewhat higher than average A R values and
hi gher than average concentration val ues.

The mning process itself appears not to have had a
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profound affect on the wuranium nobilization system as
revealed by the isotopic trends. The exception to this
statement mght be with regard to the Floridian Aquifer in
the inmmediate areas of phosphate nmining, where enhanced
concentration values appear to occur, both with respect to
the general low transmssivity curves, and with respect to
the secondary confined aquifer in the same areas. A possible
explanation for this mght be that general potentionetric
draw-down, prevalent in the mning districts, has caused
enhanced lateral flow and a corresponding increase in
| eaching of the aquifer rocks (not particularly phosphatic).

One way to look at the curves of uranium activity ratio
versus uranium concentration is as an evolutionary system in
which the daughter-to-parent ratio increases. This may be
the result of recoil effects as the parent concentration
decreases, the result of lesser solubility in less oxidized
parts of the aquifer. Another way to look at the pattern is
as a mxing system 1in which the proportions of two end-
member waters vary, these two being (1) the |ow
concentration, high A R conponent, ever present in ground
waters, and (2) the high concentration, low A R conponent
produced by |eaching where the waters are |ess reducing.

In Figure 4-5, where AR is plotted against reciprocal
concentration, three flow systens exhibit simlar patterns
which fit precisely the mxing nodel. The curves of Figure
4-5 would appear as straight Jlines on arithnetic graph
paper, thus satisfying the two-conmponent mxing nodel
equation. (Gsnond et al., 1974).

However, the mxing and the evolutionary nodels are not
mutually exclusive. In each of the three systens graphed,
West and East Pol k systens, and the Manatee-Sarasota system
there is sone tendency for the down-dip sanples to have the
| owest concentration and highest A R values, consistent
with the evolutionary nodel.

Radi um concentration values in the phosphate areas
exhibit nore extreme variations than do uranium values
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(Table 3-2). One generalization that can be nmade is that the
anount of radium in groundwaters of this area is on average
hi gher than normal, although not by any neans extrene.

Figure 4-6 shows how both 2*®U and %*°Ra increase
relative to “*®®U in the down flow direction. The effect is
nore pronounced for radium than for 2**U . This is in
accordance with the standard daughter-parent nodel described
previously, and can be taken to be indicative of a |ong-
standing flow system in strata wth dispersed phosphorite,
especially in the surficial and secondary artesian aquifers
The variations in activity ratios displayed in Figure 4-6
are nore affected by decreasing ?*®U concentrations down
flow than by increases in the daughter isotopes. The ?*Ra
contents vary from 12 to 120 picocuries per liter.

Radi um concentrations in the surficial aquifer average
3.5 pG/I for mned areas in Polk County as conpared to 2.5
pCi/l for mneralized/unmned areas and 5.3 pC/l for
unm neralized/unm ned terrains. In the secondary artesian
aqui fer values average 2.9 pG/I, 4.5 pCG/l and 6.0 pG/lI
for mned, mneralized/unmned and unmneralized terrains,
respectively. The majority of sanples from unm ned and
unm neralized areas were |ocated down gradient from m ned
areas. These higher concentrations along wth excesses of
’°Ra seems to indicate that groundwater chenistry changes
(i.e. higher TDS and nore reducing conditions) down gradient
have a greater nobilizing effect on radium than do mning
oper ati ons.

4.4 |sotopi c Bal ances

4.4.1 Principles
An inportant objective of this research project, and

perhaps its nmpst unique contribution, is to wuse the
constraints inposed by the laws of radioactive equilibrium
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to quantify the distributions and nobilizations of wuranium
thorium and radium in both the natural and disturbed
phosphorite terrains.

The guiding principle is sinple: in any closed system
(the laws of radioactive decay being immutable) the decay
rate of each nmenber of the series nmust be equal to that of
the initial parent, and to each other (see section 1.3.2).

In the sinple case of a dense uraniferous phosphorite
nodule in inperneable strata, the result is equilibration of
all daughters, given enough tinme relative to their half-
lives. But in dissem nated phosphorite subjected to |eaching
by groundwater, preferential |oss of parent or daughter wll
produce disequilibration. This is not a case of violation of
the laws of radioactivity; rather it neans that three
systens nust be recognized: the |eached system in which the
radi oactivity of the parent exceeds that of the daughter(s),

or vice versa, the |leachate, in which the opposite
di sequilibration occurs; and the total system including
both the |Ileached and the |eaching phases, in which
equi librium is maintained. If the leached nuclide is
redeposited elsewhere, then a fourth system the

accurmul ati on phase, nust be considered. By expanding the
total system to include all of the disequilibrated parts,
equi l i brium can be assuned.

As an exanple, consider a |eached zone above and an
associ ated enrichnent zone below, one in which the aqueous
residence time is negligible. A balanced equation can be
witten:

M/ My=AR,- AR,/ AR, - AR,

which states that the anmount of wuranium in the one zone
relative to the other zone is equal to the excess daughter
activity ratio (e.g., 'U?®U of the second zone divided
by the deficiency activity ratio of the first zone. AR is
the total activity ratio, wusually 1.00.
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Less quantitatively, we can quickly recognize
i npl ausi bl e geochem cal nodels by use of such an equation.
If the excess ratio of one phase is not reasonably in
bal ance with the deficiency ratio of the other phase, then
either (1) other significant phases have been overl ooked,
e.g., groundwater, or (2) the total system was out of
equilibrium initially. But this has only a finite w ndow of
time in which it is applicable.

W will use this concept to test hypothesized nodels of
natural and processed phosphorite disequilibration, to
refine our estimates of representative el emental
conpositions and isotope ratios of various phases, and,
ultimately to define geochem cal processes of nobilization.

4.4.2 Elenental and isotopic balances in the
natural system

We can recognize several phases of the natural
urani ferous phosphorite system in central Florida: the
ori gi nal phosphatic Bone Valley and Hawthorn formations (the
possible origin of Bone Valley as an alteration phase of the
Hawt horn is a topic beyond the scope of this study, at |east
to the extent that it may have occurred nore than 10° years

ago); leached Bone Valley and/or Hawthorn (undifferentiated
here), enriched Bone Valley and enriched Hawthorn (where
urani um and phosphorite, |eached above have been redeposited
below), and various |eachate phases, including surface run-

off, shallow groundwaters, and deeper groundwaters.

The uranium thorium and radium elenental and isotopic
data for these phases are found in Tables 3-5 through 3-11
and in Figures 3-16 through 3-25. Sonme of this data is from
previously published sources (Roessler, et al., 1979), but
nost is the result of analyses done as part of this project
by Wagner and Hunphreys. Qher data, previously accunulated
in the FSU wuraniumthorium |aboratory, some published and
some unpublished (Kaufman, et al., 1977, Gsnond et al., 1974,
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Cowart et al., 1978) are also included in the tables.

The natural disequilibration budget, Figure 4-7, was
developed by an iterative process: first, setting up a
pl ausi bl e disequilibration nodel, second, averaging all
avai l able concentration and isotopic data for each wunit,
(Table 4-1) third, identifiying inbalances, fourth, revising

the budget model, fifth, revising representative
concentration and ratio data, and sixth, repetition of steps
4 and 5 until a consistent balance is achieved.

The nodel diagraned in Figure 4-7 is essentially
unchanged from one initially proposed; the basic |[|eaching

and reaccunul ation processes have been well studied by
previous workers (Altschuler, et al., 1956; Altschuler, et
al ., 1958; Cat hcart, 1956) . The possibility of

di stingui shing between |eached Bone Valley and |eached
Hawt horn was considered and rejected as being not only
difficult to achieve but not particularly wuseful to an
understanding of on-going geochem cal processes. \Wereas
"enriched” Bone Valley and Hawthorn could be identified by
urani um concentration values, if not stratigraphically, both
formati ons would be expected to yield simlar |ow
concentration values after |eaching. Wth respect to nodel
testing, we were better served by wuranium values than by
stratigraphic identification.

W actually identified 'original' Bone Valley and
Hawt horn sanples by a conbination of stratigraphic position
urani um concentration, and isotopic ratios. Any sanple that
exhibited nmarked disequilibria was automatically assigned to
another category rather than 'original'. A nunber of sanples
do exhibit the slightly daughter-deficient activity ratios
(0.98) assigned the original Bone Valley and original
Hawt horn in the nodel. This is not an uncommon situation; a
slight loss of U by recoil-related processes in the
presence of ground water is often observed on a 10° year
time scale, even in relatively inperneable rocks. The
shorter-lived daughters, *°Th  and *?°Ra would, on this |ong
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tine scale, be in equilibrium with **U.

Under near-surface |eaching conditions of the sort
currently prevailing in the central Florida region, uranium
is geochemcally nobile while thorium is not. This results
in a decrease in uranium concentration, and an increase in
the Th/U ratio in the |eached zone ("alum num phosphate
beds"). At the sane tine, reaccunulation below results in
enriched beds high in uranium and low with respect to the
Th/U ratio. To the extent that this has been a long-term
process, the 20T tends to re-establish equilibrium This
means that the uranium concentration is a better indication
of the total amount of |eaching or enrichnment than is the
230Th/ 2%%y  rati o.

The radium ratios suggest that radium is nore nobile
than thorium and may in fact be |eached to sone extent in
the enriched uranium zones as well.

The aqueous phases (right side of Figure 4-7) are
characterized by normal wuranium concentration values and not
unusual daughter-to-parent activity ratios (the **°Ra val ues
for the deeper groundwater are on the high side of normal).
The excess °**U is the expected counterpart of the
deficiency of in the solid phases. The sane, in a nore
extreme way, is true for “°°Ra. The opposite holds for
i mobile *°Th, which is only occasionally detectable in
gr oundwat er .

On the basis of the isotope-consistent nodel shown in
Figure 4-7 we can concl ude:

1. Wanium on scales involving long tines and short

234
U

di stances, 1is nobilized by groundwater, but Ilittle wuranium
is leaving the phosphate region in surface or groundwater.

2. Thorium 1is essentially immbile; the observed
excesses and deficiencies in rocks result from the |eaching
and deposition respectively of parent uranium followed by
decay of these excesses or deficiencies at a rate governed
by the ?**Th half-life, 75,000 vyears.

3. Radium tends to be leached from solid phases, wth
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the result that all |eachate phases have significant excess
of *°Ra relative to uranium This is especially true of the
deeper phosphorite phases and the deeper aquifers.

4. Uanium 234 is in general deficient in the rocks and
in excess in the leachate phases. This is primarily the
result of recoil-related phenonena (see section 1.3.3). The
resulting deficiency in the |eached. zone is nobstly bal anced
in the depositional zones below However, the very long tine
required for developnent and decay of this disequilibrium
(because of the ***U half-life of 250,000 yrs) neans that
novenment of elenental uranium from |eached to accumul ation
zones will tend to 'transfer' the 'leached activity ratio
to the enriched phase.

4.4.3 El ement al and isotopic balances in
phosphate m ning and processing

Uranium series balance calculations for the mning and
processi ng of phosphorite can be nmade nore quantitative than
the natural rock/groundwater system for several reasons: the
el emental fractionations are nore extrene, estimates of the
amounts of the various phases are available, and on this
time scale, decay and re-equilibration are not factors.

In this study, with its geochem cal enphasis, we did
not sanple the mning and manufacturing phases as
systematically as we did the natural phases (for exanple we
anal yzed many surface and groundwater sanples near m ned
areas, but only a few clay settling area sanples. Certain of
the process sanples we did study exhibited w de isotopic
variations. Partly offsetting these negative factors in
modeling mning effects was the positive factor that
consi derabl e published data were avail able.

The uranium series elenents are budgeted in two ways in
Table 4-2: (1) wuranium concentration in parts per mllion
and daughter nuclides in wuraniumequivalents in parts per
mllion. Uanium equivalent is an activity function: it is
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the ratio of the anmount of daughter present to the anount
that would be in equilibriumwith one ppm of uranium In the
table, 80 ppm of wuranium is present in the matrix, and the
20Th/*®y ratio is 1.25 therefore the anount of *°Th can
be given as 80 x 1.25 or 100 ppm U eq;

(2) budget wunits of uranium equivalents, as distributed
anmong the various phases. Plant input, mtrix, is assigned
100 initial budget units of *®U, with 105 and 125 units of
22°Ra and **°Th respectively (corresponding to 1.05 and 1.25
activity ratios). Gven that about 10% of matrix material is
pebble feed (Roessler, et al., 1980) wth a uranium
concentration of 152 ppm then the uranium budget anount in
pebble is 100 x .10 x 152/80, or 19. This neans that 19
units of the original 100 units of uraniumin matrix are in
the pebble phase. Similarly, the budget amount of *°Th in
the clay is 125 x .30 x 180/100 = 67.

All of the matrix material ends wup as pebble,
concentrate, clay, or sand, so that the distribution of
radi oel enent budget units in these phases should add up to
100 in the case of wuranium and 105 and 125 in the cases of
radium and thorium respectively. Any left-over budget units
nmust be assigned to effluent.

The concentration and budget values assigned to the
various phases in Table 4-2 and Figure 4-8 were arrived at
by reiterative nodification of the original aver age
concentration and activity ratio values. That there renained
sonme uranium and radi um budget units, but no thorium in the
effluents was in part a forcing requirenment of the nodel.
That nore uranium than radium was |eft over, however, was a
result and not a requirenent, of the nodel. The data of
Roessler, et al. (1980), when budgeted in this way, result in
an unreasonably large anount of radium (40% unaccounted for
in the solid phases.

The available data for manufactured products, e.g.,
fertilizer and acid, are rather variable, but using pebble
plus concentrate in a 1:2 ratio, and assunmng that about
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half of the solid product ends up as gypsum a reasonable
bal ance can also be developed for this secondary stage of
processing. The principal constraints here are the rather
high Ra/U and Th/U ratios in gypsum and the corresponding
low ratios in the products.

In this secondary stage of processing, like the first,
a larger proportion of wuranium than radium ends up in
ef fl uent.

Figure 4-8 is a diagrammatic summary of the mining and
processi ng radi oel enent budgets. O 100 units of wuranium in
the matrix, 45 wunits ends up in clay, 8 in sand, 14 in
effluent, and (by way of pebble plus concentrate) 30 units
in products and 3 wunits in gypsum O 105 units of radium
in matrix, 46 end up in clay, 10 in sand, 10 in products,
32 in gypsum and 7 in effluents. O 125 units of thorium
230 in matrix, 67 end up in clay, 10 in sand, 4 in products,
and 44 in gypsum Although not budgeted, the stable and nore
abundant 2**Th (present in matrix at about five ppn) would
exhibit a budget unit distribution sinmilar to 2*°Th.
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Table 4-1 Uranium Series Isotopes in Ores and Products of Phosphate Mining and Processing
Material Uranium Radium Ra-226/U-238 Th-230/U-238 U-234/0238
{(ppm) (Ueq, ppm) Activity Ratio A.R. A.R.
Overburden 4.8, 5.6, 4.9,6.1(3) 1.03,1.09(3) .99,1.00(3)
61 (3) 14 (2) .85,1.3(4)
Hawthorn 16,19,34 14,14,1¢6 .42,.72,.97 .97,.98,1.01
(3) (3) (3) (3)
Matrix 113(1) 116(1) 103(1) 1.03(1) 1.03(4)
52(4) 105(2) 1.03,1.04, 1.53(4) .88,.96,.99
7.,15,65, 67,131(3) .35,.96(3) .98,1.01,
74,117,140, 1.02,1.03
189,378 (3) (3)
Pebble 66,138, 157(2) 1.04(3) .92,1.04,
' 209(3) 214(3) 1.05
Concentrate 89,106 96(2) .31,.53(3) .99,1.04
(3) 33,47(3) (3)
Phosphoric 151,160, 15,14,58, .09,.09, .08,.15(5) 1.04,1.05
Acid, Ferti- 173(1) 69(1) .34(1) .82,1.03(1) (5)
lizer 30,38(5)
Gypsum 5,34(3) 88,151(3) 2.6,30(3) 2.2(1) 1.03(1)
17(1) 91(1) 5.5(1)
Sand Tailings 15(1) 21(1) 1.41(1)
14(2)
Organic 24,65(4) .93,.14(4) 1.04,1.09

Deposits

(4)
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Table 4-1 (Cont.)

Uranium Series Isotopes in Ores and Products of Phosphate Mining and Processing

Material Uranium Radium Ra-226/U-238 Th-230/U-238 U-234/U238
(ppm) (Ueq, ppm) Activity Ratio A.R. " A.R.
Clay 12(1) 124¢1) 1.03(1) 1.09(1) .99,1.03,
66,79,302 88(2) .16,2.7,5.4 1.07(4)
(3) (4) .81,.48,.96
9,57(4) (3)
Recycle Water 1084,1818, 152,153, .05,.08,.08 .013,.07 1.04,1.08,
from mining 2874,5019, 226,237(1) Jdan) .22,.26 1.12(3)
(1) .55,3.7(3) .48, .88(3) (1)
1.2,1.3,4.2

KEY:

(3)

(1) Roessler, et al.
(2) Guimond and Windham

{3) Humphreys, unpub.
{(4) Wagner, unpub.

(5) Kaufman, unpub.
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Ttable 4-2 Uranium-Series Balances: Mining and Processing
Material (Budget) Uranium Ra-226 Th-230
Conc. Budget Conc. Budget Ra/U Conc.  Budget Th/U
(ppm) (U-eq) (U~eq)
Matrix (100%) 80 100 84 105 1.05 100 125 1.25
Pebble (10%) 152 19 157 20 1.03 160 20 1.05
Concentrate (20%) 97 24 106 26 1.10 110 28 1.13
Clay (30%) 120 45 124 46 1.03 180 67 1.50
Sand (40%) 15 8 21 10 1.40 20 10 1.33
Sub-Total 96 102 125
Effluent (1) 4 3 .75 ¢ .00
Second Feed (100%) 115 43 123 46 1.07 127 48 1.10
Products (phos-
phoric acid, (50%) 160 . 30 53 10 . .33 20 4 .10
fertilizer)
Gypsum (50%) 18 3 170 32 8.40 230 44 10.1
Sub-Total 33 42 48
Effluent (2) 10 4 .40 0 .00
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Representative values were obtained by iterative balancing
of equilibrium equations.
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5. SUMVARY

5.1 Rock Strata

Uranium is present at higher than normal concentration
levels in the rocks of the phosphate mning district, the
phosphatic strata, the Bone Valley and Hawt horn Formations.
In a general way the wuranium content is covariant wth

phosphorite content. In the calcium phosphate (apatite)

hori zons the wuranium content is higher than in the alum num
phosphate horizons and in the overburden. Where the
overburden includes an organic-rich soil horizon, elevated

ur ani um concentrations are found.
The nodest variability in 2°*U/?%%U activity ratios in

all strata, and the extreme values in sonme horizons, show
that these formations have been subjected to incipient
weat hering, i.e., gentle leaching by percolating waters on a
time scale of 10° years at |east. Uranium 234 has been

mobilized by recoil-related processes in a slightly
permeabl e hydrol ogi c environnent. For the nost part, such
nmobilization is local, wth sonme horizons serving as sources

and others as sinks for the nmobilized 2**U. On balance,
however, more 2°*U than U is carried out of the rock
system via flowthrough groundwater, |leaving a net average

low activity ratio of about 0.98 in the rock columm.
At sone horizons, nost notably in the overburden and

Bone Valley horizons, wuranium is being nobilized. This is
indicated by the wide variation in 2°Th/*®U activity
ratio. In general, a high ratio results from |eaching

(commonly in the overburden) and a low ratio results from
re-accumulation (commonly in parts of the Bone Valley and

Hawt horn formations). Wiereas thorium is insoluble and
i mmobile, uranium is nmobilized, at Ileast |locally, by
oxi di zed ground water. The bulk of the dissolved uraniumis

re-precipitated in nearby phosphatic strata, but a mnor
anount is carried away by percolating groundwaters.
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Radium is also nobile in both the weathered and
"unweat her ed" phosphatic strata, as shown by the extrene
variability of both the Ra/U and Ra/Th ratios. To sone
extent these variations reflect daughter/recoil effects,
rather than intrinsic solubility. The overall bal ance
suggests a net loss of radium relative to uranium

The mxed pattern of isotopic ratios and elenental
concentrations together suggests that considerable
mobi lization is occurring in these horizons during the
current geologic epoch (the last 10%10* years), but that
for individual horizons, the geochem cal circunstances have
changed. Sonme zones that are currently being |eached were
previ ously (105—106 years ago) accumulation zones, and vice
ver sa.

5.2 Regional Hydrol ogy

Wiile thorium is imobile and accunulates in weathered
hori zons, there is a net loss of uranium and radium to the
hydr osphere. These |l osses are not great in the inmmediate
areas of highly phosphatic strata; |ocal groundwaters and
surface waters have only noderate contents of dissolved
uranium and radium and the 2% 2%
quite noderate.

Wth respect to regional groundwat er patterns,
especially in the nmedium to deep aquifers, the |eaching of
radium is significantly higher than in average strata,
especially in downdip portions of the aquifer where high
ionic strengths (TDS) increase radium solubility. Thi s,
conbined with the normal imobility of uranium in deep
aqui fers, results in very high Ra/U ratios. The 23%u/?38u
ratios are also higher in the deeper aquifers, but this is

consistent with ground waters in general.

U activity ratio is also
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5.3 Mning Qperations

There is little hydrologic evidence that m ning
operations have caused significant increases in nobility of
the uraniumseries radioelenments. The regional distribution
of uranium and radium in groundwaters and surface waters

appears not to have been disturbed. The one possible
exception is in the Floridian Aquifer in the imredi ate areas
of mning." H gher than normal, though not exceptionally
unusual , uranium concentration values are observed. W
speculate that this may be related in some way to enhanced
i ndustrial water useage. Lowering of the regional

potentionetric surface of the Floridian Aquifer (Stewart,
1966; W/ son,1977) may have pronoted |eaching of wuranium
from host rocks. The mning process does appear, on

bal ance, to release uranium and to a lesser extent radium
fromthe matrix materi al s. However, such effluents are held
in confining basins and the radioelenents are ultimtely
coprecipitated on <clay particles and sedinent. A large
proportion of the radioelenents in phosphate ore ends up in
the clay even before the adsorption process hypothesized
above. W calculate that approxinmately 45% of the uranium
and radium and 55% of the thoriumin the original matrix is
in the clays that are renoved by the washing process. In
the gypsum residue resulting from further treatnent stages
are found 3% of the uranium 30% of the radium and 35% of
the thorium of the original matrix. Less than 10% of the
radium and thorium end wup in fertilizer and chem cal
products, but as much as 30% of the urani um does.

Effluent waters, on average, are characterized by nuch
lower Ra/U and **'U?®U ratios than the natural waters of
the phosphate district. The lack of isotopic signals in
water sanples taken from the mning district is further
evidence that the mning operations are not significantly
upsetting the natural radioelenent cycles.
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