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Abstract Clay-rich mine tailings from phosphate mine

operations in Florida are a major environmental and eco-

nomic problem. Options for reclamation and restoration for

these tailings are very limited and are fundamentally

restricted by poor physical properties such as low

mechanical strength, low hydraulic conductivity, and

heavy metal content. The major control on these bulk

physical properties is the mineralogy of the materials.

Eight continuous push borings were obtained to investigate

stratigraphy, mineralogy, aspects of geochemistry, and

bulk properties of a deposit of clay-rich mine tailings from

a phosphate mine near Bartow, Florida that ceased opera-

tions in the early 1970s. Stratigraphy is dominated by

laminated clay-rich sediment with minor units of silt and

sand. An intact kaolinite liner occurs near the impound-

ment walls and the impoundment floor has approximately

4 m of relief. Moisture content varies from 4.35 to

57.40 wt% and organic content varies from 0.41 to

9.53 wt%. Bulk XRF investigation indicates that the P2O5

concentrations vary from approximately 4 to 21 wt%. A

very strong correlation (r2 = 0.92) between CaO and P2O5

indicates that apatite is a major control on the phosphate.

The strong correlation (r2 = 0.77) of Al2O3 and TiO2

suggests that the source materials for this deposit are

comparatively uniform. A number of heavy metal elements

and trace elements occur. Cr, V, Ni, Cu are interpreted to

be in phosphate minerals, largely apatite. Sr and Pb are

interpreted to be in both phyllosilicates and phosphate

minerals. Two populations of apatite were observed in the

clay-sized fraction, one that was Fe and Si- bearing and

another that was only Si-bearing. Fe-bearing apatite had

Fe2O3 contents that varied from 0.38 to 5.32 wt% and SiO2

contents that varied from 0.90 to 3.32 wt%. The other

apatite population had a wider range of SiO2 contents that

varied from 0.77 to 8.80 wt%. TEM imaging shows that

apatite grains are dominantly single crystals with lesser

amounts of aggregates. Wavellite commonly occurs as

individual or clusters of lath-like crystals and the chemical

composition differs from the pure aluminium phosphate

end member with average concentrations of components

being that of CaO (1.57 wt%), Fe2O3 (1.98 wt%), SiO2

(5.94 wt%). In the clay-sized phosphate minerals investi-

gated no fluorine was found above detection limit

(approximately 0.15 wt%), nor was any uranium, radium,

heavy metal, or REE element detected. The phyllosilicate

mineralogy of the deposit is dominated by smectite

(montmorillonite with lesser amounts of nontronite),

palygorskite, illite and kaolinite. No systematic variation in

the relative proportions of phyllosilicates was observed in

the clay deposit. Energy dispersive spectroscopy EDS

analysis indicates that chemical compositions of phyllosi-

licates are somewhat typical but overall are enriched with

respect to Fe compared to theoretical end members. The

relative enrichment of Fe is interpreted to be a primary

sedimentary feature. Ca content in smectite minerals is

high and may inhibit stabilization using lime or similar

methods. The high percentages of montmorillonite and

palygorskite explain the high bulk water contents observed.

This investigation provides fundamentally new details

regarding clay tailing deposits from closed phosphate
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mines in central Florida which can be used in restoration

and reclamation efforts.

Introduction

Phosphate is a key economic resource to which food pro-

duction and the chemical industry is closely tied on a

global scale. In the US alone 30.7 million tons of phos-

phate product with a value of approximately $852 million

are produced (Jasinski 2007). Florida is a leading phos-

phate producer with 75% of the U.S. production and 25%

of world production (Brown 2005). Approximately

2,000 ha of land is mined in Florida each year for phos-

phate production and approximately 121,400 ha has been

directly affected by mining (Brown 2005). Other major

phosphate producers are China which has surpassed the

U.S. in volume production in 2006, and Morocco, Tunisia

and Russia (Jasinski 2007).

Phosphate mining poses a set of global environmental

challenges including production of large amounts of waste,

mine drainage problems and heavy metal pollution (e.g,

Mendez et al. 2006; Ryser et al. 2005; Pierce et al. 2004;

Fessler et al. 2003; Mars and Crowley 2003; Ghose 2003;

Das 1999; Komnitsas et al. 1998). Such problems are

evident in Florida. One of the most pressing environmental

problems is mine waste generated from over a century of

phosphate production. One ton each of waste sand and clay

is produced for each ton of final phosphate product (Singh

et al. 2006). The clay deposits and clay settling areas

resulting from the waste are considered very problematic

owing to difficulties in reclamation and restoration.

Summary of mine waste and restoration

The mining process and waste streams for Florida opera-

tions have been described elsewhere (e.g., Ford et al. 1990;

LaFevers et al. 1977). The Florida phosphate mining

industry began in 1888, however, reclamation regulations

only apply to lands directly affected by mining after July 1,

1975. According to Florida’s Environmental Protection

Bureau of Mine Reclamation’s 2005 Rate of Reclamation

Report, 73,000 ha of land were mined for phosphate

between 1975 and 2005. Of the land affected by ore

removal, only 64% is completely reclaimed to agricultural

or industrial purposes.

Clay tailings are composed of both phyllosilicate and

non-phyllosilicate minerals. The common phyllosilicate

minerals include smectite (montmorillonite), kaolinite,

illite, and palygorskite (Hawkins 1973; Zhang and Bogan

1995; Novich and Martin 1989; Shang and Lo 1997; Ford

et al. 1990; Vasan 1971). Other common minerals are

apatite, quartz, feldspar, dolomite, millisite, and wavellite

(Hawkins 1973; Zhang and Bogan 1995; Novich and

Martin 1989; Shang and Lo 1997; Vasan 1971). The lit-

erature indicates that the proportions and presence of the

above minerals varies significantly from one processing

facility to another (Zhang and Bogan 1995; Novich and

Martin 1989).

Restoration efforts for phosphate mines are in place

(e.g., Andrews and Broome 2006; Brown 2005; Erwin et

al. 1997). Modeled estimates of the time necessary to

achieve full restoration for mines in Florida vary from

100 years if ecologically engineered practices are fol-

lowed, to as much as 500 years for natural attenuation

(Weber 1994; Brown 2005). However, long term man-

agement and ultimately the success of restoration efforts is

in part dependent upon an understanding of the mineralogy

and geochemistry of the clay materials. Ruston (1988)

identified soil structure as a major factor in the effective-

ness of restoration and noted that high phyllosilicate

content and shrink swell properties make restoration efforts

challenging. Detailed understandings of water content,

mineral content and the nature of heavy metal distribution

are important factors in long term ecological health of

reclaimed systems.

Detailed investigations of the bulk properties and min-

eralogy of clay tailings deposits after deposition and aging

are uncommon. Whether there is systematic variation in

water content, mineral content, or bulk chemical compo-

sition is not known. The nature of stratigraphic variation

within a deposit is also unknown. The mineralogic controls

on bulk chemical composition of major, minor and trace

elements are only partially understood as chemical analy-

ses on discrete clay particles are lacking.

This investigation examines the variability of sediments,

bulk properties, mineralogy, and bulk chemical composi-

tion of a representative deposit from a mine which ceased

operations in the early 1970s in Polk County, Florida. To

our knowledge this project is the first to conduct a detailed

mineralogical study of cores obtained from such a deposit.

Methods

The site area (approximately 27� 50.6 N, 081� 50.3 W)

was heavily overgrown with dense vegetation making

coring operations difficult and restricting the number and

distribution of cores. Ten borings were attempted and eight

borings were successfully advanced using direct-push

Geoprobe1 technology (Fig. 1). Soil cores were collected

continuously (with the exception of the tops of cores 2 and

3) from the top of the clay, approximately 1.5–3.0 m below

ground surface (bgs), to approximately 13.7 m (bgs) in
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1.25 m long, 5 cm diameter disposable acetate liners.

Immediately following collection, the top and bottom ends

of each acetate liner were duct-taped to minimize moisture

loss during transport.

Heating methods were used to find bulk moisture con-

tent and total organic content. Samples were placed in

weighed aluminum dishes and the sample plus dish weight

was recorded. Samples were then heated to 120�C for a

minimum of 8 h and then reweighed for weight difference.

The temperature of 120�C was selected because the cor-

rugated surface of palygorskite crystals holds water more

strongly than many other silicate clay minerals (e.g., Jones

and Galán 1988). Total organic content was determined by

heating at 550�C for 1 h. Grain size investigation was

performed by wet sieving material through a 38 lm sieve

and comparing mass lost and retained on selected repre-

sentative samples.

For X-ray Fluorescence (XRF) analysis, samples were

dried at 120� C overnight and then powdered for 15 min

using a tungsten carbide ball mill. XRF analyses were

provided by the Center for Applied Isotope Studies, Uni-

versity of Georgia.

The \2 lm size fraction (upper 5 cm of suspension

collected after a 4 h settling time) was collected for all

samples and then treated with 3% hydrogen peroxide to

remove organic matter by heating each suspension for 4–

8 h until no carbon dioxide bubbles were present. This

material was then washed four times using deionized water.

The clay was exchanged with 0.1 M MgCl2� 6H2O solution

five times and then washed with deionized water until

addition of AgNO3 solution produced no AgCl. Clay

material was removed and smear mounts were prepared on

glass slide mounts. X-ray diffraction scans were made

using a Panalytical instrument with Cu Ka2 radiation

operated at 40 kV and 45 ma. Step size for the scans was

0.03 degrees 2h with an integrated count time of 20 s per

step.

Phyllosilicate minerals were identified using criteria of

Moore and Reynolds (1997). Montmorillonite was identi-

fied by a broad shaped peak at low angles with a d(001) of

1.40–1.65 nm in air dry conditions and a *1.7 nm peak

under ethylene glycol saturated conditions. Selected sam-

ples were analyzed using glycerol to confirm the presence

of smectite versus vermiculite. Kaolinite was identified by

a d(001) of approximately 0.715 nm. Palygorskite had non-

standard diffraction patterns and was identified using the

d(011) between 1.02 and 1.08 nm. The standard d(011)

spacing is 1.04 nm (e.g., Bradley 1940). Illite was identi-

fied by a d(001) of 1.0 nm. Wavellite was identified by its

most intense peak, (020) at approximately 0.86 nm

(PDF#25-0020). Apatite was identified using PDF# 09-

0432 with d(211) = *0.28 nm, d(300) = *0.27 nm, and

d(202) = *0.26 nm. The minor deviation from the ideal

standard reflections of (211), (300) and (202) for

hydroxyapatite peaks is attributed to the iron and silica

content commonly found in these apatites.

Selected samples were prepared for TEM investigation

by taking approximately 1 g and suspending the material in

methanol in a small vial for 1 min. A fraction of this was

then poured off into a smaller bottle and allowed to settle

for 5 min. A drop of this material was then placed on a

3 mm copper grid with a carbon film and allowed to dry for

1 h. TEM analyses were obtained using a 300 kV JEOL

JEM-3010 transmission electron microscope equipped with

an ultra high-resolution pole piece, resulting in a point to

point spatial resolution of 0.17 nm. A 20 lm objective

aperture was used for bright field imaging. Images were

electronically captured using a Gatan CCD imaging sys-

tem. Energy dispersive spectra (EDS) were obtained using

a Noran EDS system with a 22� take off angle and were

done at 400,000 · to ensure no contamination from adja-

cent particles.

Results

Stratigraphy, sedimentology and bulk properties

Stratigraphy of the deposit shows some variability (Fig. 2).

Core 1 was placed in the southernmost wall in the southern

impoundment. Cores 2,3,5,6 and 8 were placed in clay

tailings in the southern impoundment and cores 4 and 7

Fig. 1 Map showing study location. Sites of cores (1–8) are shown

along with slurry inlet stations
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were placed in clay tailings in the northern impoundment

(Fig. 2). The tops of all the cores 2–8 have 1–2 m of sand

with incipient soil features such as animal burrows and

spodic iron oxide mottles present. A kaolinite-sand liner

approximately 30–40 cm thick was encountered at the

bottom of cores 1 and 2. The upper portions of cores 2 and

3 were functionally not recovered in the field owing to

drilling operation difficulty but field inspection indicated

the material from these cores was clay-rich and visually

appears to be the same as equivalent levels in the deposit.

Sediment is very clay-rich and is commonly laminated at

the millimeter scale with yellow and gray end members.

Qualitative comparison with X-ray data suggests yellow

sediment has more phosphate minerals while gray sedi-

ment has more phyllosilicate minerals. Cores 5 and 6 are

shorter than other cores and this is a function of pre-

existing topography. Limited stratigraphic markers of

wood fragments and organic matter occur in the central

portion of cores 4 and 7 in the northern impoundment.

Silt-rich layers occur in both impoundments and compose

approximately 5–10% of the deposit. Bottom material

(generally the lower 1–1.5 m) is a mixture of phosphatic

clay and reworked underlying soil material. Sand units are

also common in the lower 1–1.5 m. Middle and upper

portions of cores 2, 3, 4, 5, 6, and 8 are reasonably

homogenous with minor units of organic matter, silt and

sand and constitute a clay-rich zone approximately 9.5–

7.5 m thick. Core 7 is of interest because it is the most

heterogeneous core and has three gravel units in the

center and a coarse sand unit present in the bottom of the

core. Gravel units are dominated by wavellite with clast

sizes 1–3 cm in diameter. Sands from core 7 were also

investigated and were found to be moderate to well

rounded and are approximately 85% quartz and 15%

apatite. EDS analyses indicate that the apatite in the sand

has significant amounts of fluorine, up to 8 weight per-

cent. Gravel clasts are sub-angular to angular and consist

solely of wavellite.

Grain size investigation of samples shows that approx-

imately 20% of material in the clay-zone has 50% or more

sand. Visual inspection of sands indicates that the miner-

alogy is dominantly quartz (90%), phosphate grains (5%),

oxides and opaque minerals. The remaining samples are silt

or clay-rich with 70% of samples having 95% or more

material passing the 38 lm sieve.

Both moisture content and total organic content show

some variation in the clay zone (Table 1). Moisture content

in the clay zone varies from 4.53 to 57.41 wt% and the

average percent moisture in the clay zone is approximately

31.0%. There is functionally no correlation of lower water

contents with depth and there is also no correlation

between moisture content and the abundance of smectite

minerals (Fig. 3a). There is functionally no correlation of

moisture content with grain size (Fig. 3b). Organic matter

occurs largely as deciduous leaves and partially decom-

posed wood fragments. Organic matter content varies from

0.41 to 9.53% with an average of 3.30%.

X-ray fluorescence investigation

Bulk X-ray fluorescence (XRF) investigation (Tables 2, 3)

of clay zone samples indicates that the chemical compo-

sition of the system is controlled largely by apatite and

Fig. 2 Diagram illustrating the

stratigraphy of deposit based on

correlation of features in cores.

Upper portion of cores is

dominated by clay and is

referred to as the clay-zone.

Note topographic high of pre-

existing surface in cores 5 and

6. Probable correlations are

based on similar lithology and

elevations. A distinct wood

fragment zone occurs in cores 4

and 7
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by the phyllosilicates. The P2O5 concentrations in the

samples vary from approximately 4–21 wt%. Comparison

of concentrations reveals several relationships. A very

strong correlation (r2 = 0.92) between CaO and P2O5

indicates that apatite is a major control on the phosphate

(Fig. 4a). Plots of SiO2 and P2O5 (Fig. 4b) show a strong

correlation (r2 = 0.82) that suggests that the source mate-

rials for this particular deposit are comparatively uniform.

The strong correlation (r2 = 0.77) of Al2O3 and TiO2 fur-

thermore suggests that the source materials for this

particular clay zone deposit are comparatively uniform and

there is a mechanical mixing line of mineral components

(Fig. 4c) Qualitatively, two populations seem to be evident

based on discrimination of Zr (Fig. 4d).

XRF investigation indicates a number of heavy metal

elements and trace elements are common in the samples

(Fig. 5). Of particular concern are chromium (0–38 ppm),

vanadium (18–492 ppm), nickel (3–129 ppm), zinc (6–

193 ppm), lead (8–31 ppm) and copper (0–38 ppm). Cr

and V show a strong correlation (r2 = 0.84) as does Cr and

Ni (r2 = 0.83) and Cu and Zn (r2 = 0.82). Sr and Pb con-

centrations exhibit a weak correlation (r2 = 0.56).

Fig. 3 a Plot showing percent moisture plotted against abundance of

montmorillonite defined as counts per second (cps). There is no

correlation between montmorillonite abundance and moisture content.

b Plot showing percent moisture plotted against grain size [38 lm.

There is functionally no correlation between grain size and particle

size. Sand rich samples show nearly as much of a range in moisture

content than do clay-rich samples

Table 1 Table showing values for bulk properties in percent

Depth (m) Percent moisture Percent TOC Percent solids

Core 2

7.9 33.79 1.78 64.43

9.3 33.79 1.78 64.43

10.5 27.96 1.71 70.33

Core 3

6.1 34.04 2.28 63.67

7.6 7.13 0.41 92.46

Core 4

2.1 35.11 1.91 70.84

3 27.25 2.39 61.26

4.6 36.34 2.95 67.11

6.1 29.94 4.87 59.72

7.6 35.41 4.48 70.66

9.1 24.86 9.53 52.28

11.4 38.19 2.87 97.14

Core 5

2 29.11 3.65 79.76

3 16.59 3.31 93.28

5.6 3.41 2.32 63.77

6.8 33.91 4.80 43.39

8.2 51.80 6.49 47.86

8.8 45.65 5.91 94.09

Core 6

2.1 47.39 2.70 49.91

3.7 46.73 4.11 49.16

4.9 55.07 2.61 42.32

6.1 17.60 2.04 80.36

7.3 53.72 2.75 43.53

8.2 33.55 2.90 63.55

Core 7

1.5 12.16 2.88 84.95

3 12.30 2.29 85.42

4.6 12.30 2.29 85.42

6.7 11.24 2.55 86.20

8.2 49.11 4.56 46.33

10.7 4.53 6.42 89.05

Core 8

1.5 11.42 3.21 85.36

3 48.53 4.58 46.89

4.6 57.41 3.42 39.17

6.1 43.92 2.20 53.88

7.6 30.84 1.83 67.33

8.5 37.13 2.10 60.77

Average 31.37 3.3 67.11
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There is no correlation in bulk XRF data with P2O5

content or CaO content with concentrations of Cr and V

(r2 = 0.1 and 0.12, respectively). Comparing ratios of the

elements, it becomes clear that the CaO/P2O5 ratio does

have a relationship with the V/Cr ratio (Fig. 6). Correla-

tions are moderate with linear regression having r2 = 0.66

and a natural logarithm regression has an r2 = 0.77.

Comparing the range of representative CaO/ P2O5 ratios

reported by Pan and Fleet (2002) suggests that apatite does

have some control on the distribution of Cr and V. As for

other metals expected to correlate with P2O5 content, Ni

and Cu functionally show no correlation with r2 = 0.11 and

Table 2 Concentrations of major elements determined by bulk XRF

Core Depth (m) P2O5 SiO2 TiO2 Al2O3 Fe2O3 MgO CaO MnO Na2O K2O LOI Totals

1 11.6 4.14 77.85 0.460 12.02 0.60 0.09 0.39 0.004 \0.06 0.14 3.5 99.2

2 7.9 11.24 35.07 0.371 10.17 5.91 5.87 19.12 0.023 0.19 0.52 12.2 100.7

2 9.3 16.18 29.83 0.659 15.44 6.48 3.16 17.25 0.031 0.35 0.57 11.0 100.9

2 10.5 9.88 40.18 0.441 11.40 5.85 5.05 16.30 0.016 0.18 0.51 10.5 100.3

2 11.3 0.42 83.85 0.515 10.96 0.48 0.06 0.14 0.004 \0.06 b.d. 4.4 96.4

2 11.6 0.34 85.41 0.499 10.37 0.43 0.05 0.11 0.004 \0.06 b.d. 2.8 97.2

3 6.1 10.48 36.55 0.539 15.40 6.58 3.32 15.99 0.031 0.18 0.97 10.8 100.8

3 7.6 6.89 74.06 0.342 3.09 1.18 0.30 9.60 0.019 0.21 1.20 3.9 100.8

4 2.1 21.73 26.64 0.432 9.02 2.83 1.47 29.27 0.020 0.24 0.53 7.5 99.7

4 3.0 18.67 32.11 0.401 8.16 2.65 2.07 26.73 0.016 0.33 0.67 8.1 99.9

4 4.6 21.03 35.31 0.343 4.60 1.34 0.95 29.79 0.024 0.33 0.67 6.1 100.5

4 6.1 20.40 35.10 0.392 6.48 1.78 0.94 27.89 0.021 0.26 0.70 6.5 100.5

4 7.6 20.11 39.58 0.340 4.15 1.20 0.52 27.73 0.021 0.25 0.65 6.1 100.7

4 9.1 19.41 37.88 0.370 6.05 1.75 0.88 26.55 0.016 0.23 0.89 5.8 99.8

4 11.4 21.79 31.30 0.394 7.22 1.65 0.89 28.17 0.024 0.29 0.96 8.1 100.8

4 12.2 10.28 64.66 0.367 6.89 3.04 0.24 9.98 0.014 0.22 0.25 4.3 100.2

5 2.0 18.35 25.49 0.479 15.13 4.14 1.56 22.55 0.033 0.29 0.82 11.9 100.7

5 3.0 18.15 26.90 0.478 13.76 4.91 1.62 22.79 0.037 0.23 0.78 10.1 99.8

5 5.6 0.52 83.17 0.509 11.09 0.48 0.07 0.16 0.004 \0.06 0.06 4.9 101.0

5 6.8 18.86 24.81 0.446 14.10 4.17 1.74 24.01 0.034 0.27 0.80 11.0 100.2

5 8.2 14.21 33.78 0.525 14.47 4.27 2.45 19.21 0.028 0.19 0.82 9.8 99.7

5 8.8 14.12 32.00 0.642 16.77 7.44 2.28 16.19 0.029 0.16 0.67 10.4 100.7

6 2.1 16.72 30.58 0.521 12.64 3.53 2.61 22.59 0.014 0.22 0.43 9.3 99.2

6 3.7 21.62 20.78 0.510 12.01 3.40 1.83 29.44 0.025 0.24 0.44 9.1 99.4

6 4.9 21.10 22.64 0.566 14.13 3.46 1.92 26.03 0.023 0.23 0.53 9.8 100.4

6 6.1 15.92 29.31 0.570 13.49 7.42 2.75 20.50 0.039 0.16 0.67 9.3 100.1

6 7.3 18.11 25.54 0.545 15.04 4.72 2.25 23.33 0.025 0.22 0.55 10.4 100.7

7 1.5 4.32 81.93 0.376 6.37 0.80 0.12 2.80 0.005 \0.06 0.22 2.2 99.1

7 3.0 4.45 80.28 0.408 7.43 0.81 0.09 1.90 0.006 \0.06 0.17 5.0 100.5

7 4.6 14.74 32.31 0.544 14.48 5.05 2.81 19.96 0.025 0.17 0.69 9.4 100.2

7 6.7 4.44 80.60 0.373 6.05 1.07 0.11 3.15 0.007 \0.06 0.21 4.2 100.2

7 8.2 18.22 26.30 0.601 16.20 4.21 2.18 21.92 0.022 0.22 0.57 9.4 99.8

7 10.7 7.36 69.87 0.578 13.83 1.29 0.21 0.46 0.006 \0.06 0.36 6.8 100.8

8 1.5 16.06 42.80 0.374 7.05 2.54 1.44 20.91 0.025 0.32 1.01 7.6 100.1

8 3.0 14.62 31.00 0.476 16.91 4.03 1.77 18.86 0.029 0.25 0.92 11.3 100.2

8 4.6 12.70 33.60 0.503 13.97 5.83 3.23 18.60 0.029 0.18 0.80 10.2 99.6

8 6.1 16.40 29.14 0.539 13.69 7.46 2.24 21.17 0.040 0.15 0.71 8.0 99.5

8 7.6 12.72 46.63 0.451 10.16 3.14 1.93 17.88 0.019 0.18 1.00 5.6 99.7

8 8.5 12.14 50.50 0.390 8.58 2.79 1.69 16.81 0.015 0.17 0.86 7.0 100.9
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0.18, respectively. Sr and Pb also show no correlation with

P2O5 content, having values of r2 = 0.09 for Sr and r2 =\
0.00 for Pb.

X-ray diffraction

Powder X-ray diffraction investigation of the\2.0 lm size

fraction of samples indicates that smectite, palygorskite,

kaolinite, illite, apatite and wavellite are common

(Table 4). The relative proportions of minerals are variable

however smectite (dominantly montmorillonite) is the most

abundant phyllosilicate and apatite is the most abundant

phosphate mineral. Representative X-ray diffraction pat-

terns are given in Fig. 7.

X-ray diffraction characteristics of phyllosilicates are

typical for clays in low temperature sedimentary environ-

ments. The d(001) peaks for smectites have a d-spacing in

Table 3 Concentrations of minor elements determined by bulk XRF

Core Depth (m) V Cr Ni Cu Zn Rb Sr Y Zr Nb Ba La Ce Pb Th

1 11.6 55 122 5 1 11 16 1,075 57 294 9 770 91 146 25 0.3

2 7.9 492 272 129 26 177 39 498 49 96 7 107 27 103 8 3.1

2 9.3 289 282 106 20 162 45 1,371 92 141 13 384 82 145 24 3.8

2 10.5 484 305 123 16 152 38 466 48 109 9 126 31 108 11 3.0

2 11.3 19 82 9 ND 8 11 656 28 424 11 443 98 176 23 ND

2 11.6 18 58 3 ND 6 10 578 27 459 10 450 75 154 23 ND

3 6.1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

3 7.6 219 210 74 24 193 36 918 93 215 8 237 45 120 24 2.7

4 2.1 38 21 4 2 20 32 263 42 589 9 324 23 131 12 2.2

4 3.0 303 233 76 16 130 35 950 91 243 7 285 56 129 18 2.5

4 4.6 112 111 38 13 132 32 762 114 384 6 270 65 123 14 2.2

4 6.1 172 170 50 16 133 35 762 105 370 7 286 56 129 21 2.6

4 7.6 123 122 32 11 115 30 651 115 440 6 262 55 126 17 1.9

4 9.1 166 153 38 14 103 38 669 101 341 6 324 66 133 15 2.9

4 11.4 171 169 42 16 126 40 832 114 377 7 353 49 128 15 3.2

4 12.2 81 113 15 3 33 23 739 45 283 9 295 49 126 16 1.1

5 2.0 231 192 32 14 79 59 1,352 96 120 10 505 57 154 31 5.5

5 3.0 234 202 51 15 97 60 1,395 96 128 10 426 71 134 28 5.6

5 5.6 25 51 9 ND 9 11 864 34 423 11 553 129 216 22 b.d.

5 6.8 232 180 36 15 88 57 1,215 101 121 9 513 68 127 28 5.2

5 8.2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

5 8.8 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

6 2.1 357 306 91 38 172 40 1,130 80 102 10 271 57 122 27 3.3

6 3.7 354 294 116 32 193 41 1,465 119 111 9 324 91 136 20 3.3

6 4.9 281 301 92 27 168 46 1,712 138 134 9 534 88 138 25 3.9

6 6.1 449 319 127 20 187 52 892 83 115 11 267 56 129 16 4.7

6 7.3 344 315 110 20 158 46 1,226 88 106 11 376 70 125 22 3.9

7 1.5 41 105 6 1 22 21 663 51 308 8 365 54 134 16 0.9

7 3.0 41 85 7 1 19 17 589 72 354 8 318 50 114 16 0.5

7 4.6 270 271 69 19 155 55 1,008 71 100 11 318 66 128 26 5.1

7 6.7 54 106 7 1 25 20 659 53 341 9 394 64 127 16 0.7

7 8.2 355 333 93 17 150 48 1,369 92 115 12 417 86 140 21 4.2

7 10.7 88 159 6 ND 13 29 1,013 47 273 13 692 93 162 31 1.8

8 1.5 124 117 28 8 66 37 872 85 322 7 433 66 118 20 3

8 3.0 265 211 32 13 79 69 1,083 86 102 10 453 71 123 28 7

8 4.6 283 246 64 16 103 59 784 69 119 11 285 49 148 20 6

8 6.1 413 286 114 23 166 53 918 74 112 11 272 46 129 19 5

8 7.6 343 234 73 16 117 45 570 72 226 9 289 55 112 17 4

8 8.5 280 206 60 14 100 41 549 68 232 8 272 41 117 15 3
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air dry treatment of approximately 1.42 nm and expand in

ethylene glycol treatment to a range of approximately

1.69–1.78 nm. Intense (002) peaks were not commonly

observed and selected samples investigated under glycerol

treatments yielded d(001) spacings of approximately

1.80 nm indicating that the smectite is dominantly mont-

morillonite. The d(001) peaks for illite are approximately

0.98–1.01 nm in all treatments. A broadening of the peak

in ethylene glycol treatment is observed in some samples

indicating some expandability commonly observed in il-

lites. In heat treatments the d(001) peaks persist and sharpen.

Kaolinite in the clay tailings commonly have d(001) = 0.72–

0.715 nm and d(002) is commonly 0.357–3.50 nm. Kaoli-

nite in the liner samples have similar d-spacings but appear

to have sharper peaks. For palygorskite, X-ray diffraction

patterns have nonstandard d(011) spacings that commonly

vary from 1.02 to 1.08 nm. The (011) peaks are commonly

sharp but other peaks are poorly resolved or of insufficient

intensity to be identified.

Limited variation occurs in X-ray diffraction data of

phosphate minerals in the clay tailings. Wavellite has d(020)

= 0.86 nm which corresponds to (PDF#25-0020). How-

ever, wavellite d(020) can have spacings of 0.84 nm. Apatite

peaks were commonly broad and were identified using

PDF# 09-0432 with d(211) = *0.28 nm, d(300) =

*0.27 nm, and d(202) = *0.26 nm. The minor deviation

from the ideal standard reflections of (211), (300) and (202)

for hydroxylapatite peaks is attributed to the iron and silica

content commonly found in these apatites and EDS data is

presented in the following section.

Transmission electron microscopy

Smectite particles are commonly 0.5–1.5 lm in diameter

(Fig. 8). Many montmorillonite particles have curled

edges, typical of this mineral. Smectite particles commonly

occur as irregular foliated lamellar aggregates similar to

those described for other smectites by Güven (1988).

Selected area electron diffraction patterns of smectites

occasionally show discrete spots indicating structural order

along (001). The majority of SAED patterns however show

rings indicative of turbostratic stacking, commonly

observed in smectite (e.g., Güven 1988). The texture and

high surface area observed in these particles in part explain

the high water contents of the bulk material.

Fig. 4 Plots of concentrations of major elements determined from

XRF. a Linear relationship between CaO and P2O5 suggests most of

the phosphorous is in apatite. b Linear trends in concentrations of

P2O5 and SiO2 suggest mixing of apatite and quartz components. c

Plot of Al2O3 and TiO2 concentrations exhibit a linear relationship. d
Plots of Zr and TiO2. Two populations are apparent based on Zr

concentrations above and below approximately 150 ppm
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EDS analysis on 23 discrete and isolated smectite par-

ticles were obtained (Table 5). EDS analysis indicates that

the chemical compositions of smectites consists of SiO2,

Al2O3, Fe2O3, MgO, CaO, Na2O, and K2O. Chemical

compositions are variable and distinct compositions occur.

The SiO2 content varies from 56.96 to 70.16 wt% with an

average of 65.03 wt%. Al2O3 varies from 11.91 to

29.25 wt% with an average of 16.76 wt%. Fe2O3 content

varies from 4.78 to 24.85 wt% with an average of

11.00 wt%. concentrations of CaO (0.00–2.46 wt%), Na2O

(0.00–0.69 wt%), and K2O (0.00–0.69 wt%) are consistent

with interlayer cations. Overall compositions are consistent

with montmorillonite and lesser amounts are consistent

with nontronite. Compositions that are intermediate in

composition between montmorillonite and nontronite also

occur.

Palygorskite fibers vary in width from approximately 10

to 40 nm, and vary in length from approximately 200 to

1.5 lm (Fig. 9). SAED patterns for palygorskite are

heavily streaked along [0k0]. Chemical components of

palygorskite consist of SiO2, Al2O3, Fe2O3, MgO, CaO,

Na2O, and K2O (Table 6). SiO2 content varies from 67.06

to 75.57 wt%. Al2O3 content varies from 3.28 to

10.42 wt%. Fe2O3 has a wide range from 0.80 to

17.64 wt% with an average of 7.05 wt%. A linear rela-

tionship (r2 = 0.9255) exists between Fe2O3 and Al2O3

content. MgO content varies from 10.52 to 15.79 wt%,

with an average value of 13.23 wt%. Minor amounts of

CaO, Na2O, and K2O are observed with values below

approximately 0.50 wt%.

Illite occurs as subhedral to anhedral plates and varies in

size from approximately 0.1 to 2.0 lm in diameter

(Fig. 10). SAED patterns taken along [hk0] show well

Fig. 5 Plots showing relationships between concentrations of heavy

metals and trace elements in bulk XRF data. Linear relationships with

r2[0.8 are observed for a Cr and V, b Ni and Cr, and c Zn and Cu.

A linear relationship exists between Sr and Pb concentrations but with

a r2 = 0.56

y = 0.9066x + 0.1892

R2 = 0.6661

y = 0.8917Ln(x) + 1.1609

R2 = 0.7747
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Fig. 6 Plot showing the distribution of ratios of CaO/P2O5 and V/Cr

in bulk XRF data. Superimposed for comparison is the range of CaO/

P2O5 for apatite reported. Most of the bulk XRF data plot in this range
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defined discrete spots mixed with some rotational streak-

ing, indicating a mixture of highly crystalline material with

poorly ordered material. The illite from the clay settling

area contains SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, and

K2O (Table 7). SiO2 is most abundant, varying from 54.05

to 62.45 wt%, with an average of 56.72 wt%. Al2O3 ranges

from 27.46 to 35.62 wt%, with an average of 31.54 wt%.

K2O varies from 2.44 to 7.21 wt%. Fe2O3, content varies

from 2.91 to 8.20 wt% and MgO content varies from 0.92

to 3.90 wt%. CaO concentrations are relatively high in

Table 4 Summary of abundance of minerals determined by XRD

Core Depth (m) Mineral

Montmorillonite Illite Palygorskite Kaolinite Apatite Wavellite

core 1 11.6 liner b.d. b.d. b.d. Abundant b.d. Trace

core 2 7.9 Abundant b.d. Common Common Common Common

core 2 9.3 Abundant b.d. Common Common Common Common

core 2 10.5 Abundant Trace Common Common Common Common

core 2 11.3 liner b.d. b.d. b.d. Abundant b.d. b.d.

core 2 11.6 liner b.d. b.d. b.d. Abundant b.d. Trace

core 3 6.1 Abundant b.d. Common Common b.d. b.d.

core 3 7.6 Abundant b.d. Common Common Common b.d.

core 4 2.1 Abundant b.d. Common Common Common Common

core 4 3 Abundant b.d. Common Common Common Common

core 4 4.6 Abundant b.d. Abundant Common Abundant Common

core 4 6.1 Abundant b.d. Common Trace Common Common

core 4 7.6 Abundant b.d. Common Common Common Common

core 4 9.1 Abundant b.d. Common Trace Common Common

core 4 11.4 Abundant b.d. Common Common Common Common

core 4 12.2 Abundant b.d. Common Common Common Common

core 5 2 Abundant Common b.d. Common Common Common

core 5 3 Abundant Common Common Common Common b.d.

core 5 5.6 Abundant Common Common Common Common Common

core 5 6.8 Abundant Common b.d. Common Common Common

core 5 8.2 Abundant b.d. b.d. Common Common Common

core 5 8.8 Abundant b.d. b.d. Common Common Common

core 6 2.1 Abundant b.d. Common Common Common b.d.

core 6 3.7 Abundant b.d. Common Common Common b.d.

core 6 4.9 Abundant Common b.d. Common b.d. b.d.

core 6 6.1 Abundant Abundant b.d. b.d. b.d.

core 6 7.3 Abundant Common Common Common Common Common

core 7 1.5 Abundant Common b.d. Common Common Common

core 7 3 Abundant Common b.d. Common Common Common

core 7 4.6 Abundant Common b.d. Common Common Common

core 7 6.7 Abundant Common b.d. Common Common Common

core 7 8.2 Abundant b.d. Common Common Common Common

core 7 10.7 Abundant Common b.d. Common Common Common

core 8 1.5 Abundant Common b.d. b.d. b.d. b.d.

core 8 3 Abundant b.d. b.d. b.d. b.d. b.d.

core 8 4.6 Abundant Common Common Common Common Common

core 8 6.1 Abundant b.d. Common Common Common Common

core 8 7.6 Abundant Common Common Common Common Common

core 8 8.5 Abundant b.d. Common b.d. Common Common

b.d. = below detection
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some particles reaching up to 2.29 wt%. Na2O is present in

the low concentrations, with all analyzed samples con-

taining less than 0.50 wt%.

In the\2 lm size fraction phosphate minerals compose

approximately 10–40%. Apatite, wavellite and an uniden-

tified Ca–Al–Fe phosphate mineral occur. The unidentified

Ca-Al-Fe phosphate composed 1–5% of the phosphate

bearing minerals.

Wavellite occurs discretely as individual grains and less

commonly as twins (Fig. 11). Crystals are lath shaped and

are commonly 0.1–0.3 lm wide and 0.5–2.0 lm in length.

SAED data indicates that the material is highly crystalline.

Crystals are also sensitive to beam damage. The chemical

composition of wavellite in this deposit consists of P2O5

and Al2O3, with impurities of SiO2, Fe2O3, and CaO

(Table 8). P2O5 and Al2O3 are most abundant with average

values of 43.91 and 46.58 wt%, respectively. Concentra-

tions of SiO2 have an average of 5.94 wt% and trace

amounts of Fe2O3 and CaO are present, with average val-

ues of 1.98 and 1.57 wt%, respectively.

Apatite is the most common phosphate mineral com-

posing approximately 80–90% of the total phosphate

bearing minerals and approximately 10–45% of the clay

fraction. Apatite occurs discretely as individual grains, as

twins, or as inter-grown aggregates (Fig. 12). Crystals are

commonly euhedral (approximately 85%) to subhedral

(approximately 15%) and vary in maximum dimension

from approximately 50 to 300 nm. Dimensions of aggre-

gates of apatite grains vary and are commonly between

*0.2 and 2.0 lm in diameter. SAED patterns from dis-

crete apatite crystals all show a very high degree of

crystallinity. Complex diffraction patterns from aggre-

gates show discrete spots indicating a high degree of

crystallinity.

EDS investigations of apatite were conducted on

samples from three cores and some variation in chemical

composition was observed (Table 9). Ten discrete crystals

of apatite from core 5 were analyzed and the composi-

tions are defined by P2O5, SiO2, Fe2O3, and CaO. There is

no fluorine, heavy metals, radium or uranium above

detection limit (0.10 wt%) within the crystals. CaO con-

tent has an average value of 54.04 wt% and varies 50.97–

57.59 wt%. P2O5 content has an average 41.90 wt%, and

a range of 37.06–46.09 wt%. SiO2 and Fe2O3 are less

abundant, with average values of 0.80 and 3.25 wt%,

respectively. Twenty discrete apatite crystals from core 6

were investigated and compositions are defined by the

components P2O5, SiO2, and CaO. There is no fluorine,

heavy metals, radium or uranium above detection limit

(0.10 wt%) nor is Fe2O3 present. CaO comprises an

average of 53.71 wt% and varies from 50.81 to

56.88 wt%. P2O5 has an average value of 43.32 wt%,

with data ranging from 39.08 to 46.17 wt%. SiO2 ranges

from 0.77 to 8.80 wt% composition, with an average

value of 2.96 wt%. Analyses from core 7 show apatite

consists of P2O5, SiO2, Fe2O3, and CaO. P2O5 and CaO

dominate with average values of 43.09 and 54.60 wt%,

respectively. SiO2 and Fe2O3 are present with average

values of 1.66 and 0.63 wt%. Concentrations for CaO

Fig. 7 Representative X-ray diffraction ethylene glycol saturated

patterns of the \2.0 lm size fraction with major peaks labeled. a
XRD pattern for core 2 at 7.9 m depth showing an example of with

abundant palygorskite with a nonstandard d-spacing for (011) of

1.072 nm. A well defined (001) peak smectite is evident as is a low

intensity (002) peak. Apatite peaks are labeled on the right. b XRD

pattern illustrating abundant apatite with peaks labeled on the right.

Also present are comparatively broad (001) peaks of illite and

kaolinite. The (001) smectite peak is also labeled. c XRD pattern

showing abundant wavellite and kaolinite. Kaolinite peaks are broad

and indicate poor crystallinity

Environ Geol (2008) 55:123–147 133

123



vary from 39.66 to 60.09 wt% among the samples. There

is no fluorine, heavy metals, radium or uranium above

detection limit (0.10 wt%) for core 7 samples.

Kaolinite liner

The kaolinite liner observed in cores 1 and 2 is approxi-

mately 30–40 cm thick and consists of approximately 50%

quartz sand and 50% kaolinite. X-ray diffraction patterns of

the \2.0 lm size fraction of the kaolinite liner indicates

that it is the only clay mineral present and no secondary

phosphate minerals from leakage or mineralization occur

(Fig. 13).

Kaolinite crystals occur as subhedral to occasionally

euhedral plates 0.1–1.0 lm in diameter. SAED patterns

taken along (hk0) of kaolinite show well defined discrete

spots indicating a high degree of crystallinity (Fig. 14).

This is typical of kaolinite in the materials studied. EDS

data shows limited variation in composition with SiO2

varying from 52.08 to 54.94 wt% and Al2O3 varying from

44.19 to 46.43 wt%. There is appreciable Fe2O3 content

and values range from 0.81 to 1.63 wt%, with an average

of 1.23 wt%. TEM investigation indicates that trace

quantities (\0.01%) of wavellite occur (Fig. 14).

Discussion

Stratigraphy and bulk properties

The stratigraphy of the impoundments represents a con-

tinuous fill dominated by clay-sized particles with some silt

and sand units. Bottom deposits are more sand and silt rich

Fig. 8 a TEM image from core 7 at 8.2 m showing an example of

the general texture and complexity of the mineral assemblage in the

deposit. Blocky crystals are apatite, thin fibers are palygorskite, wide

fibers or laths are wavellite and poorly defined platy particles are

montmorillonite. b TEM image from a sample in core 7 at 8.2 m

showing a typical wavellite crystal in the center. Blocky crystals are

apatite and smaller fibers are palygorskite. c TEM image from core

6 at a depth of 2.1 m showing an aggregate of a montmorillonite

particle with palygorskite fibers and apatite crystals, with minor

euhedral crystal of kaolinite. The diameter of the montmorillonite

particle is *1.5 lm. The montmorillonite particle has curled edges,

typical of this mineral. Apatite grains are subhedral to euhedral and

vary in maximum dimension, *0.05 to *0.3 lm. Palygorskite fibers

are *20 nm wide to 0.3–0.6 lm in length. d The SAED pattern is of

the montmorillonite particle in the center of C. Discrete spots show

some structural order along (001). Rings however show turbostratic

stacking, commonly observed in montmorillonite
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but the upper 7.5–9.5 m of the tailings deposit are domi-

nated by clay. Laminations in the clay are well developed

and there is no indication of reworking of the sediment in

the clay zone. The exception to this is the three coarse-

grained layers in core 7.

Coarse grained material in core 7 is interpreted as debris

flow from impoundment wall materials because of its

proximity (approximately 65 m) to the southern wall of the

northern impoundment. The layers may also reflect dump

material that was not suitable for processing into finished

phosphate product. The core is placed far from input sites

and as the gravel units are not graded with respect to grain

size they do not reflect hydraulic surges of input. Both

interpretations for the cause of the coarse units are viable.

Impoundment wall failures occurred in other clay tailing

sites in the 1940s–1970s (LaFevers et al. 1977) and the

coarse grained units may reflect similar but smaller scale

processes. Coarse grained units are not expected in clay

tailings and these units likely cause local variation and

increases in permeability coefficients.

Both organic matter content and bulk moisture content

exhibit variation. Organic matter content was variable and

no clear trend with depth could be identified, however

higher organic contents were observed in some samples at

depth. These higher organic matter contents are related to

diffuse wood particles. The large variation in moisture

content in the clay zone is a function of multiple processes

that include dewatering, evaporation and molecular water

sorbed to minerals. The occurrence of some low (*4 to

7 wt%) water contents observed at depth and some com-

paratively high ([50%) water contents observed in the

middle level of the unit suggests that some mechanical

dewatering has occurred. Moisture content does not clearly

follow mineral composition or grain size. Specifically there

is no correlation with the abundance of montmorillonite

and this is unexpected. Montmorillonite has long been

Table 5 EDS analyses of smectite particles

S1 S2 S3 S4 S5 S6 S7 S8

SiO2 60.35 63.25 63.18 68.02 65.88 66.34 64.42 66.19

Al2O3 29.25 27.14 27.30 13.24 14.48 18.34 18.64 19.53

Fe2O3 6.22 4.78 4.78 9.60 8.55 6.81 7.55 6.59

MgO 1.67 1.78 1.80 8.15 8.98 7.20 6.48 6.09

CaO 0.26 1.75 2.46 0.99 1.73 0.67 0.80 0.43

Na2O 0.69 0.38 0.01 0.00 0.14 0.00 0.42 0.09

K2O 1.55 0.93 0.46 0.00 0.24 0.63 1.68 1.08

Total 99.99 100.01 99.99 100.00 100.00 99.99 99.99 100.00

S9 S10 S11 S12 S13 S14 S15 S16

SiO2 64.40 65.12 68.42 69.46 69.68 70.16 69.10 69.54

Al2O3 18.05 14.25 14.03 11.91 12.42 12.50 13.84 13.88

Fe2O3 7.67 9.26 7.47 8.63 9.20 8.83 9.84 9.88

MgO 7.06 9.43 9.07 9.12 7.79 7.41 6.06 5.83

CaO 0.69 0.58 0.65 0.88 0.90 1.03 1.15 0.87

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 2.12 1.35 0.36 0.00 0.00 0.08 0.00 0.00

Total 99.99 99.99 100.00 100.00 99.99 100.01 99.99 100.00

S17 S18 S19 S20 S21 S22 S23

SiO2 67.16 67.62 67.86 57.28 56.96 57.93 57.32

Al2O3 18.12 18.05 17.77 13.00 13.56 12.43 13.69

Fe2O3 9.79 9.70 9.66 24.21 24.85 24.51 24.57

MgO 3.62 3.60 3.70 3.91 3.37 3.43 3.33

CaO 1.18 1.01 0.99 1.47 1.08 1.45 1.01

Na2O 0.00 0.00 0.00 0.00 0.10 0.17 0.02

K2O 0.12 0.01 0.01 0.12 0.09 0.09 0.08

Total 99.99 99.99 99.99 99.99 100.01 100.01 100.02
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recognized to be able to absorb large amounts of water and

under ideal conditions can expand such that d(001) =

14.0 nm (Norrish 1954). The variation in moisture content

remains problematic and detailed explanations for this

variation are not posed here. It is clear however that simple

dewatering models or models based on mineralogical var-

iation are inadequate to describe the variability and further

investigations need to be made.

XRF

The chemical composition of bulk sediment is a function of

mineralogy and mixing of minerals through sedimento-

logical processes plays a primary role in controlling the

bulk chemical composition. Variation in bulk chemical

composition in turn is a function of variation of mineral

content.

For hydroxyapatite the ideal CaO/P2O5 ratio is 1.31

which should approximate the slope of the regression line

for the pure case. The deviation from the ideal in the bulk

XRF data can be explained by the occurrence of wavellite

(aluminum phosphate) which has little or no CaO compo-

nent and minor amounts of complex phosphate minerals

which may have higher contents. Furthermore the deviation

can be explained by an average concentration of 1.23 wt%

CaO in smectite particle.

Bulk XRF data show linear correlations suggesting a

single source type of materials with variable abundances of

Fig. 9 TEM images of

palygorskite. a TEM image of

sample from core 7 at 8.2 m

showing a bundle of

palygorskite fibers. Fibers are

commonly 10–20 nm wide and

are intimately inter-grown. b A

bundle of palygorskite fibers

from core 6 at 2.1 m. Fibers

vary in width between

approximately 10–20 nm. This

texture is very representative of

palygorskite fibers in the

deposit. c TEM image from

core 7 at 8.2 m showing

aggregate of apatite crystals left

center with a discrete

palygorskite fiber in the upper

center portion of the image. d
SAED pattern of the

palygorskite fiber in D the

previous image showing strong

streaking along (hk0). Such

streaking in diffraction patterns

is common in palygorskite

Table 6 EDS analyses of palygorskite particles

P1 P2 P3 P4 P5

SiO2 75.57 74.80 70.02 74.70 69.99

Al2O3 6.52 5.82 6.62 5.81 6.61

Fe2O3 6.88 7.76 6.99 7.75 6.99

MgO 10.52 10.85 15.79 10.84 15.78

CaO 0.51 0.39 0.58 0.39 0.58

Na2O 0.00 0.37 0.00 0.37 0.00

K2O 0.00 0.00 0.00 0.14 0.04

Total 100.00 99.99 100.00 100.00 99.99

P6 P7 P8 P9 P10

SiO2 74.33 73.79 74.82 67.06 69.58

Al2O3 10.42 8.68 9.20 3.28 4.66

Fe2O3 0.80 2.91 1.32 17.64 11.51

MgO 14.28 14.07 14.66 11.27 14.25

CaO 0.00 0.00 0.00 0.00 0.00

Na2O 0.00 0.00 0.00 0.23 0.00

K2O 0.18 0.56 0.00 0.51 0.00

Total 100.01 100.01 100.00 99.99 100.00
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minerals. Ratios for certain components are reasonably

uniform however the concentrations of these components

can vary greatly and the variation is interpreted to reflect

mechanical mixing of differing proportions of minerals.

The plot of SiO2 and P2O5 show a correlation (r2 = 0.82)

however, there is a deviation of some samples and this is

interpreted as mechanical mixing line with relative

increases in wavellite (aluminum phosphate).

Both Zr and Ti are elements that are commonly con-

sidered to be chemically immobile and thus can be a

Fig. 10 a TEM image of illite

particle showing straight lattice

fringes. The particle is adhered

to a smectite particle. b SAED

of illite particle with

characteristic streaking

indicating stacking disorder

typical for this mineral

Table 7 EDS analyses of illite

particles
I1 I2 I3 I4 I5 I6 I7

SiO2 62.45 57.19 54.05 55.37 55.72 56.90 56.30

Al2O3 27.46 30.33 31.55 30.83 30.16 30.05 31.35

Fe2O3 5.06 3.97 8.16 8.20 7.07 4.37 6.08

MgO 1.85 1.76 2.65 1.74 1.99 3.33 2.10

CaO 0.09 2.29 0.75 1.15 0.00 0.00 0.00

Na2O 0.43 0.37 0.40 0.00 0.00 0.00 0.00

K2O 2.67 4.09 2.44 2.71 5.07 5.35 4.16

Total 100.01 100.00 100.00 100.00 100.01 100.00 99.99

I8 I9 I10 I11 I12 I13 I14

SiO2 57.94 60.52 57.83 57.31 57.93 57.32 55.85

Al2O3 30.08 29.61 30.90 33.54 31.48 29.28 31.09

Fe2O3 4.99 4.73 3.91 3.09 3.94 5.15 4.42

MgO 2.38 2.57 2.91 2.53 3.42 3.90 1.31

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.12

K2O 4.61 2.58 4.45 3.52 3.23 4.34 7.21

Total 100.00 100.01 100.00 99.99 100.00 99.99 100.00

I15 I16 I17 I18 I19 I20 I21

SiO2 56.17 55.16 56.50 54.25 54.73 55.79 55.93

Al2O3 30.86 33.04 32.84 33.73 34.37 34.14 35.62

Fe2O3 4.74 4.27 4.32 3.83 3.60 3.25 2.91

MgO 2.22 1.69 1.64 1.44 1.40 1.47 0.92

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.12 0.08 0.00 0.00 0.14 0.00 0.00

K2O 5.90 5.76 4.70 6.75 5.75 5.35 4.61

Total 100.01 100.00 100.00 100.00 99.99 100.00 99.99
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fingerprint for source materials. The two populations of

analyses based on discrimination of zirconium is likely a

function of hydrodynamics of the deposit. Zr is almost

exclusively found in zircon in sedimentary environments

and zircon is a heavy mineral (D = 4.67). The variation in

abundance of bulk Zr likely is a sedimentological phe-

nomenon with higher concentrations of Zr associated with

deposition of more zircon at lower flow velocities. Simi-

larly titanium is found in TiO2 polymorphs, commonly

rutile, and is also a heavy mineral (D = 4.25). Both Zr and

Ti concentrations are not high enough to be economically

viable for mining and the grain size is prohibitory for

mechanical separation.

Mineralogy

Phyllosilicates compose an estimated 55–85% of the tail-

ings. The phyllosilicate mineralogy of the deposit is

dominated by smectite (largely montmorillonite), paly-

gorskite, with far lesser amounts of illite and kaolinite.

Although there is variability between cores no systematic

spatial variation in the relative proportions of phyllosili-

cates was observed in the clay deposit. Energy dispersive

spectroscopy EDS analysis indicates that chemical

compositions of phyllosilicates are somewhat typical but

overall are enriched with respect to Fe compared to theo-

retical end members. The relative enrichment of Fe is

interpreted to be a primary sedimentary feature and not the

result of treatment owing to mine processing. The high

percentages of montmorillonite and palygorskite in part

explain the high bulk water contents observed.

Smectite particles occur primarily as irregular foliated

lamellar aggregates and have variable chemical composi-

tion. Most particles analyzed are montmorillonite and

particles have an average of approximately 11.00 wt%

Fe2O3. This composition is consistent with solid solution

with nontronite. Some compositions are consistent with

near end member nontronite. Chemical composition of

particles indicate they may be R0 illite–montmorillonite

because their K2O content is approximately 1–2 wt%. The

mixed assemblage of smectite minerals prevents a definitive

X-ray diffraction identification of R0 illite–smectite owing

to peak overlap of the d(001) peak in ethylene glycol treat-

ment. Multiple chemical compositions of smectite have not

previously been recognized in these deposits and these

compositions illustrate the complexity of the mineralogy.

Smectites likely were of both detrital and authigenic origin

in the ore material. Krekeler et al. (2004) and Krekeler

(2004) showed that both detrital and authigenic montmo-

rillonites are common in the broadly related palygorskite-

rich clays of the Hawthorne Formation in southern Georgia.

Fig. 11 TEM images of

wavellite particles. a Center

particle shows an example of a

moderately tabular wavellite

crystal with rounded

termination and overgrowths of

apatite on the left edge. b
Euhedral crystal comparatively

free of overgrowths. c
Intergrowth of euhedral

wavellite crystals with no

overgrowths. d SAED pattern

form the left portion of the large

crystal in C
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The morphology of palygorskite fibers are overall very

similar to other palygorskite fibers found in the Hawthorne

Formation in southern Georgia (Krekeler 2004; Krekeler

et al. 2004, 2005). Palygorskite fibers have Fe2O3 contents

up to 17.64 wt%. This is comparatively high with respect

to other Hawthorne Formation palygorskites which typi-

cally vary from 3 to 7 wt% Fe2O3 (Krekeler 2004; Krekeler

et al. 2004, 2005) and with palygorskites considered Fe-

rich such as Gr-1 investigated by Gionis et al. (2006). The

linear relationship observed between Al2O3 and Fe2O3

content is interpreted as solid solution in the octahedral

sites. Güven et al. (1992) used NMR spectroscopy tech-

niques to investigate the nature of coordination of

aluminum sites in the PFl-1 palygorskite and determined

that only Si occurred in tetrahedral sites and Al3+ and Fe3+

occurs in the octahedral sites.

SAED patterns of all of the palygorskite fibers show

strong streaking along (hk0). This indicates that there is

much structural disorder in the fibers and is interpreted as

variations in defects and polysome width. Krekeler and

Guggenheim (2007) have shown a variety of defects to

occur in palygorskite–sepiolite minerals including stacking

disorder, polysome width variation and open channel

defects. The occurrence of defects in palygorskite in the

deposit of the present study explains why X-ray diffraction

patterns have nonstandard d(011) spacings that commonly

vary from 1.02 to 10.8 nm. The d(011) spacing for paly-

gorskite is 1.04 nm (Bradley 1940). Larger d(011) spacings

may be the result of larger polysome width and Fe sub-

stitution in octahedral sites as the radius of Fe3+ in silicates

is approximately 0.067 nm and Al3+ is approximately

0.057 nm (e.g., Bloss 1997).

Illite is a minor phyllosilicate and is a primary control

on the distribution of potassium. The morphology of illite

particles are platy and the subhedral morphology is con-

sistent with a detrital origin in the original ore material.

Overall the chemical compositions are consistent with

common illites observed in shales and sedimentary rocks

(e.g., Srodon 1984). Illite has an affinity for the adsorption

of some heavy metals (e.g., Gu and Evans 2007) however

these interactions are surface related and illite likely plays

a minor role on the distribution of heavy metals in the

deposit.

Vanadium and chromium can substitute in apatites (Pan

and Fleet 2002; Dai and Hughes 1989; Sudarsanan et al.

1977; Banks et al. 1971; Banks and Jaunarajs 1965).

However, there is functionally no correlation in bulk XRF

data with P2O5 content or CaO content with concentrations

of Cr (r2 = 0.10–0.12) and no V or Cr was observed in any

of the EDS analysis of individual grains or crystals of

apatite. Yet in comparing ratios it becomes clear that the

bulk XRF CaO/ P2O5 ratio does have a relationship with

Table 8 EDS analyses

of wavellite particles
Wavellite W1 W2 W3 W4 W5 W6 W7

P2O5 44.85 44.03 43.54 41.27 45.70 46.97 47.18

SiO2 6.28 6.89 6.07 10.23 4.99 2.78 2.90

Al2O3 46.66 46.84 48.13 44.87 45.97 46.94 46.52

Fe2O3 1.82 1.46 1.29 1.87 1.53 1.90 2.25

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 0.39 0.77 0.97 1.77 1.81 1.42 1.14

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sum 100.00 99.99 100.00 100.01 100.00 100.01 99.99

W8 W9 W10 W11 W12 W13 W14

P2O5 40.89 43.91 43.52 42.26 44.77 42.26 43.63

SiO2 4.11 3.33 7.13 7.74 5.55 7.74 7.49

Al2O3 50.18 47.00 45.10 45.48 47.42 45.48 45.50

Fe2O3 1.66 2.19 2.55 2.75 1.74 2.75 1.99

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 3.15 3.56 1.70 1.76 0.52 1.76 1.39

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sum 99.99 99.99 100.00 99.99 100.00 99.99 100.00
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the bulk XRF V/Cr ratio suggesting that apatite does have

some control on the distribution of Cr and V. Moderate

correlations exist with linear regressions having r2 = 0.66

and a natural logarithm have r2 = 0.77 and the lack of a

stronger correlation may be explained by a number of

factors. V and Cr form solid solution with a number of low

temperature phosphate minerals and this may explain some

of the poor correlation. Alternatively, oxides such as

hematite can have trace and minor quantities of Cr and V.

For hematite there is solid solution between eskolaite

Cr2O3 and karelianite V2O3. Trace, minor and even major

quantities of these metals can occur in spinel minerals. For

example, Cr forms solid solution with magnetite and is a

major constituent of chromite. Similarly vanadium occurs

in magnetite at minor concentrations and is a major con-

stituent of coulsonite. Trace amounts of magnetite grains

and opaques were observed in selected sand samples and

this may explain some of the variation observed.

The correlation of concentrations of Sr and Pb suggests

that these elements may be in a single mineral phase and

there is ample literature describing the substitution of Sr2+

and Pb2+ in the apatite structure (Khattech and Jamel 1997;

Hughes et al. 1991; Verbeck et al. 1981; Heijligers et al.

1979; Engel et al. 1975; Kreidler and Hummel 1970;

Akhavan-Niaki 1961). However there is no correlation

between ratios or concentrations of Sr, Pb, CaO and P2O5

in the bulk XRF data. Sr and Pb show no correlation with

P2O5 content having values of r2 = 0.09 for Sr and r2 = 0.00

for Pb. This lack of correlation is unexpected owing to the

strong affinity of Sr and Pb for phosphate minerals and

suggests that multiple minerals contain Sr and Pb. These

cations may be in interlayer sites of smectite minerals and

zeolite-like channels of palygorskite.

The EDS analyses on apatite in the indicated that fluo-

rine is below detection limits in clay sized material but is

present in sand-sized grains. Fe and Si are also common in

Fig. 12 TEM images with SAED patterns showing representative

textures of apatite. a The center portion of the image shows large

aggregates of apatite grains with phyllosilicates adhering to the

surface. The sample is from core 6 at a depth of 2.1 m. Grains are

euhedral to subhedral with dimensions that vary *0.2 to 0.5 lm.

Grains are inter-grown in a randomly oriented texture. b Example of

a euhedral, uniform apatite crystal viewed along the c-axis from core

2 at a depth of 7.9 m. The crystal is approximately 140 nm in

diameter and is typical of individual crystals of apatite observed. The

SAED pattern shows the particle to be a single crystal. c Example of

a euhedral twinned apatite crystal from core 7 at a depth of 8.2 m.

The crystal is approximately 350 nm in diameter and is typical of

twinned individual crystals of apatite observed. The SAED pattern is

coherent and shows the particle to be a single crystal with no

misalignment along the c-axis. b A structural image showing lattice

fringes of an individual crystal from core 2 at a depth of 11.6 m. The

SAED pattern shows the particle to be a single crystal
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Table 9 EDS analyses of apatites

A 5-1 A 5-2 A 5-3 A 5-4 A 5-5 A 5-6 A 5-7 A 5-8

P2O5 46.09 41.95 40.08 38.12 37.06 43.88 44.56 42.69

SiO2 0.53 0.45 0.52 0.04 0.19 2.01 0.88 0.90

Fe2O3 2.40 2.39 4.42 5.32 5.15 1.37 0.89 3.70

CaO 50.97 55.22 54.98 56.53 57.59 52.75 53.67 52.71

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 99.99 100.01 100.00 100.01 99.99 100.01 100.00 100.00

A 5-9 A 5-10 A 6-1 A 6-2 A 6-3 A 6-4 A 6-5 A 6-6

P2O5 42.30 42.32 43.37 42.19 44.12 43.46 46.17 39.08

SiO2 0.98 1.52 2.26 1.29 2.57 2.49 1.54 7.51

Fe2O3 3.93 2.93 0.00 0.00 0.00 0.00 0.00 0.00

CaO 52.79 53.23 54.38 56.52 53.31 54.05 52.29 53.40

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.00 100.00 100.01 100.00 100.00 100.00 100.00 99.99

A 6-7 A 6-8 A 6-9 A 6-10 A 6-11 A 6-12 A 6-13 A 6-14

P2O5 40.93 40.39 44.25 44.78 43.84 45.07 41.81 42.44

SiO2 5.69 8.80 3.19 2.28 3.07 3.42 1.32 1.33

Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CaO 53.38 50.81 52.55 52.94 53.09 51.51 56.88 56.23

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.00 100.00 99.99 100.00 100.00 100.00 100.01 100.00

A 6-15 A 6-16 A 6-17 A 6-18 A 6-19 A 6-20 A 7-1 A 7-2

P2O5 43.08 43.87 42.55 45.11 44.76 45.22 43.75 43.66

SiO2 0.77 4.66 3.13 1.13 0.96 1.82 1.55 1.55

Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.51

CaO 56.16 51.46 54.32 53.76 54.28 52.96 54.20 54.29

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.01 99.99 100.00 100.00 100.00 100.00 100.00 100.01

A 7-3 A 7-4 A 7-5 A 7-6 A 7-7 A 7-8 A 7-9 A 7-10

P2O5 44.01 41.21 42.02 42.86 43.87 44.72 43.69 44.05

SiO2 1.39 1.65 2.23 2.52 1.59 1.01 1.62 0.98

Fe2O3 0.52 0.53 0.41 0.40 0.46 0.67 0.92 0.43

CaO 54.09 56.61 55.34 54.22 54.08 53.60 53.77 54.53

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.01 100.00 100.00 100.00 100.00 100.00 100.00 99.99

A 7-11 A 7-12 A 7-13 A 7-14 A 7-15 A 7-16 A 7-17 A 7-18

P2O5 57.40 47.01 41.34 41.78 37.66 41.34 42.02 42.08

SiO2 2.47 1.20 2.04 1.27 1.62 2.04 1.58 1.13

Fe2O3 0.48 0.43 0.77 0.65 0.63 0.77 0.81 1.03

CaO 39.66 51.36 55.85 56.30 60.09 55.85 55.59 55.76

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.01 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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the clay size fraction apatite. Apatites do not commonly

have much Fe content and usually Fe is in trace quantities

(Pan and Fleet 2002). The Fe2O3 content of apatite in the

clay fractions studied are high compared to most apatites

and is consistent with the Fe contents observed in apatites

considered Fe-bearing (e.g., Fransolet and Schreyer 1981;

Khudolozhkin et al. 1974). Apatites analyzed from core 6

did not have Fe above detection limits. The average SiO2

content in apatites from the clay fraction is 1.40 wt%.

SiO4
4– is known to substitute in apatites but usually involves

a coupled substitution with SO4
4– (Khorari et al. 1994;

Hughes and Drexler 1991; Rouse and Dunn 1982; Su-

darsanan 1980). No S was observed above detection limit

in the EDS analyses. The lack of measurable fluorine, Si

substitution without a coupled sulfate substitution and the

comparatively high Fe content makes the apatite clay size

fraction unusual with respect to most apatites.

Wavellite commonly occurs as individual or clusters of

lath-like crystals and the chemical composition differs

from the pure aluminum phosphate end member. Ca, Fe

and Si were present with average concentrations of com-

ponents being CaO (1.57 wt%), Fe2O3 (1.98 wt%), and

SiO2 (5.94 wt%). These concentrations are inconsistent

with those of millisite, a calcium aluminum phosphate that

has been commonly reported in phosphate deposits of

Florida. Novich and Martin (1989) found wavellite

concentrations in clay slimes to vary from 0 to 17%

while Zhang and Bogan (1995) found wavellite to be

insignificant in the clay tailings (1995). Anderson and

Somasundaran (1993) calculated that millisite should be

the stable form of phosphate in aged slimes due to the

reaction of montmorillonite clays with fluorapatite. This

finding is inconsistent with the mineral assemblage

observed in the present investigation.

Implications for reprocessing

In all the phosphate mineral particles investigated in the

clay-sized fraction no fluorine was found above detection

limit (approximately 0.1 wt%), nor was any uranium,

radium, heavy metal, or REE element detected. Fluorine

content in phosphate particles in the sand fraction however

are commonly several weight percent and this is consistent

with other compositions from phosphatic sands mined in

the Florida (Hawkins 1973). This is of environmental sig-

nificance because one by-product of processing such

phosphate ore is hydrofluoric acid (HF) vapors. HF is a

well recognized dangerous chemical that produces severe

nerve damage and can potentially cause death, even in

small quantities. If the clay zone materials were to be

reprocessed for phosphate, there may be significantly lower

HF emissions compared to common sand-rich ore, at least

for the deposit investigated here. This parameter may be

important for factoring in life cycle assessment of this and

similar ores. If technological and engineering issues can be

resolved, the phosphate in this particular tailing deposit

may be suitable for reprocessing/recycling as fluorine,

heavy metals, and uranium are below detection limits in the

clay size fraction. Detailed radiological and heavy metal

investigations at the bulk level should be made before

reprocessing of this deposit is attempted.
Fig. 13 A representative X-ray diffraction pattern of kaolinite liner

showing sharp well defined peaks of the (001) and (002) reflections

Table 9 continued

A 7-19 A 7-20 A 7-21 A 7-22 A 7-23

P2O5 42.02 41.29 40.60 39.81 43.02

SiO2 0.91 0.90 2.47 3.32 1.16

Fe2O3 0.66 0.42 0.89 1.37 0.38

CaO 56.40 57.39 56.04 55.50 55.44

F 0.00 0.00 0.00 0.00 0.00

Total 99.99 100.00 100.00 100.00 100.00
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The concentration of P2O5 in bulk sediment varies from

approximately 4 to 21 wt% with an average of 14 wt%.

Based on this average and assuming an average thickness

of 7.5 m and subtracting moisture content there is an

estimated 21,000 metric tons of phosphate in bulk sedi-

ment of the deposit. Assuming market value of $1,000 to

$1,600 US per ton the value of phosphate is between

approximately $21 and $33.6 million.

The concentration of P2O5 in bulk sediment observed

in this investigation is consistent with previous investi-

gations that found a large proportion of phosphate in the

ore is lost in the clay slurry waste process. Zhang and

Bogan (1995) estimate that one third of the phosphate in

the original ore matrix lies in the clay tailings. Older

deposits are suspected to contain higher levels of phos-

phate compared to today’s clay settling areas due to

improved benefication processes. The clay slimes pro-

duced in 1954 are estimated to contain 20% phosphate

compared to the range of 4.6–17.9% phosphate content

for slimes currently produced (Zhang and Bogan 1995).

Zhang and Bogan (1995) found that phosphate was dis-

tributed fairly evenly among the size fractions, while

Hawkins (1973) found apatite to be concentrated in the

silt and 2.0–0.2 lm clay fractions. The current investi-

gation indicates that phosphate for this deposit is largely

in apatite in the clay size fraction and is commonly

between 50 nm and 2.0 lm in diameter.

Several previous researchers have investigated processes

by which the phosphate can be recovered from the clay

tailings and include leaching, calcining, or hydroseperation

or a combinations thereof. One non-viable method involves

leaching the clays with sulfuric acid, then recovering the

phosphate from the acid leachate using amine and alcohol

(Zhang and Bogan 1995). This method is chemical inten-

sive and large quantities of acid are consumed in the

process. The overall reaction is inefficient owing to

adsorption and unwanted chemical reactions with clay

minerals. Furthermore the technique has an undesired

effect of leaching aluminum and iron and therefore requires

an additional purification step to produce uniform quality

product. Another method of recovering the phosphate

requires the dewatering of the clays followed by calcining

at 870–1,093�C (Zhang and Bogan 1995). Both dewatering

and calcining are extremely energy intensive and therefore

not cost effective for phosphate production alone. The most

promising investigations to date involve hydrocyclones.

Hydroseparators can segregate the clays into size fractions

and then flotation can be performed on the coarser material.

This process has been found to retrieve 30% of the phos-

phate from the clay tailings, but still only recovers the

Fig. 14 a TEM image of

kaolinite particles from the liner

in core 2. Upper center showing

kaolinite particles on edge with

thickness, *10 to *35 nm.

Lower left corner shows

kaolinite plates that are euhedral

that vary in size, *80 to

*150 nm. b Shows small grain

of wavellite in center of image.

c TEM image of an aggregate of

subhedral to euhedral kaolinite

platelets. Dimensions vary

between 0.15 to 0.05 lm. This

texture is very common in the

kaolinite liner. d SAED pattern

showing (hk0) net of center

triangular crystals showing high

degree of order
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portion of phosphate in the coarser fraction (Zhang and

Bogan 1995). This method is not appropriate for this

deposit because of the high percentage of apatite in the clay

fraction.

Implications of mineralogy for restoration

The mechanical stabilization of the clay tailings is a major

problem for reclamation and restoration. The use of lime

for stabilization of expanding clays or soils has been

extensively investigated in a number of settings (e.g.,

Rogers et al. 2006; Mubeen 2005; Parsons and Milburn

2003; Bartlett and Farnsworth 2002; Tremblay et al. 2001;

Nalbantoglu and Gucbilmez 2001; Prusinki and Bhatta-

charja 1999; Basma et al. 1998; Conner and Hoeffner

1998). This involves equilibration of lime with soil mois-

ture in part to produce Ca2+ cations that can exchange in

interlayer sites of expandable clays such as montmoril-

lonite. Fly-ash used discretely or in combination with lime

has also been implemented as a soil stabilizer (e.g., Mo-

hamedi et al. 2007; Parsons and Milburn 2003;

Nalbantoglu and Gucbilmez 2002, 2001; Conner and

Hoeffner 1998; Indraratna et al. 1995, 1991). Other alter-

native techniques have been investigated including acids,

ionic solutions, enzymes, polymers, resins, petroleum

emulsions and lignosulfates (Tingle and Santoni 2003;

Rauch et al. 2002) or use of ionic solutions (Katz et al.

2001; Basma et al. 1998). Okagbue (2007) investigated the

use of wood ash as a stabilizing agent.

Despite this extensive body of work, detailed investi-

gations of stabilization of phosphatic clays from mine

waste tailings are lacking. The results of EDS investigation

on smectite particles indicates that there is a wide range of

chemical variation in the particles with respect to total

Fe2O3 and Al2O3 content. Accordingly such variation

likely causes variation in the layer charge of the 2:1 layer

of the smectites. Substitutions of Al3+ in octahedral sites

and tetrahedral sites produce different types of layer charge

which affects expansion behavior and cation exchange

capacity. This variation makes the effectiveness of injec-

tion of Ca2+ solutions or other solutions questionable.

Furthermore the average concentration of CaO in the

smectites is 1.23 wt% and the Ca is commonly found as an

interlayer cation. The kinetic mechanisms for exchange

may be impeded and exchange with Ca2+ solutions may be

limited and thus might not be an effective technique for

soil stabilization.

Permeability is another fundamental problem that exists

in using Ca2+ solutions to stabilize the tailings. Kolstad

et al. (2004) investigated permeability of montmorillonite-

rich materials exposed to ionic strengths between 0.05 and

0.5 M and showed that the permeability is usually no

greater than 10–7 cm/s. Lee and Schackelford (2005)

investigated bentonite, with a high montmorillonite content

of 86% and similarly showed the material had a low per-

meability in CaCl2 solutions. Both of these investigations

showed that the liners remained intact and did not degrade.

Ca2+-rich solutions injected into the clay may be a possible

mechanism to stabilize the clay tailings but the low

permeability of the materials is likely problematic. Using

the 10–7 cm/s as a permeability coefficient and 7.5–9.5 m

of the clay tailings as a thickness, a simple linear

approximation indicates that migration times for surface

application of solutions to move through the deposit

investigated would be approximately 230–300 years.

Although this is a rough approximation it is indicative that

Ca2+-rich solution injection appears to not be a viable

option for immediate stabilization.

Heavy metals are a major factor in plant health in wetland

and associated plants and can be toxic (e.g., Banks et al.

2006; Yongpisanphop et al. 2005; Ali et al. 2004; Odjegba

and Fasid 2004; Hui 2002; Carbonell et al. 1998; Zayed

et al 1998; Debusk et al. 1996; Crowder 1991). The clay

tailing investigated in this study have appreciable concen-

trations of V, Cr, and Pb. Common symptoms of heavy

metal toxicity associated with Pb and Cr in plants include

withering and root color changes. For some plants Pb can

cause leaf chlorosis and Cr can cause leaf necrosis (e.g.,

Yongpisanphop et al. 2005). V and Cr are strongly corre-

lated to apatite. Apatite has a comparatively low solubility.

Rakovan (2002) reviewed solubility product constants for

apatite and found Ksp values that vary from 1 · 10–88.5 to

1 · 10–55.9 for hydroxyapatite. Therefore although appre-

ciable amounts of V and Cr occur in the apatite at the trace

level they are in a phase which is sparingly soluble.

Pb does not clearly correlate to apatite. The distribution

of Pb may be controlled by phyllosilicates. Pb may be held

as interlayer cations in smectite and palygorskite. Pb is

well recognized as having an affinity for sorption with

montmorillonites (e.g., Yan et al. 2007; Al-Degs et al.

2006; Bhattacharyya and Sen Gupta 2006; Jozja et al.

2006; Abollino et al. 2003). Gu and Evans (2007) have

modeled Pb sorption on the Fithian illite and Pb has also

been shown to absorb to palygorskite (Chen and Wang

2007; Potgieter et al. 2006). Pb may be distributed among

both montmorillonite and palygorskite as well as being in

apatite. If Pb is in the phyllosilicate minerals then it may be

more available to plants and pose a toxicity problem for

long term ecological restoration.

Conclusions

This study is the first extensive investigation of aged clay

tailings in Florida and provides fundamentally new details
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regarding variation in mineralogy and bulk properties. The

results of this study can be used to better understand

problems associated with restoration and reclamation.

Although there appears to be no systematic distribution of

mineral content or water content in the deposit, the nature

of the mineralogy and chemical composition of minerals,

and variation in water content and organic content is now

constrained. This study can be used for comparative pur-

poses for older and younger deposits. The assessment of

the nature of phosphate content provides a basis for further

economic analysis.

Detailed investigations such as this should be done for

similar deposits produced over the span of historical phos-

phate mining in Florida so as to have a broad understanding

of the regional variability of clay tailings. Through a better

understanding of mineralogy of the deposits long term

management issues may be improved or resolved.
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