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Abstract. The findings of a laboratory study in 
which the feasibility of using waste phosphatic clay 
as a low permeability barrier was evaluated are 
reported herein. The ability of the waste 
phosphatic clay to chemically ameliorate any AMO 
produced was also assessed and the engineering 
parameters most important to achieving a successful 
barrier were determined. Two mine spoils, one cover 
soi 1 and one phosphat i c clay samp 1 e were used to 
construct the test specimens used in this study. 
Experiments consisted of performing permeability 
tests on different conf i gurat i ans of these soi 1 s, 
using rigid-wall, double-ring permeameters. 
Analyses of effluents for various water quality 
parameters (typical of mining requirements) were 
also performed. Three different methods of 
employing the phosphatic clay were evaluated 
including; placing the clay into a slurry and then 
applying it over top of the spoil, mixing dry 
phosphatic clay with the cover soil and then 
applying it over top of the spoil 1 and mixing dry 
clay directly with the spoil. Results indicated 
that the optimum method for reducing permeabi 1 ity 
and improving effluent quality was to mix the 
phosphatic clay directly with the spoil. Using this 
configuration, average coefficients of permeability 
were 50 to 5,400 times lower than the average 
coefficient of permeability of the spoil alone. 
Improvements in water quality were also substantial, 
with reductions in heavy meta 1 s and acidity 
averaging approximately 95 percent, relative to 
effluents from spoi 1 alone. Compaction of 
individual layers had a dominating effect on 
permeabi 1 ity. The lowest coefficients of 
permeability were demonstrated in specimens in which 
all layers were compacted. Compaction also appeared 
to enhance the ameliorative characteristics of the 
clay by al lowing increased residence times for the 
drainage to react with the phosphate in the spoi 1. 
Finally, 10 percent replacement by weight of the 
phosphatic clay in either the cover soi 1 or the 
spoi 1 layer produced the best results, relative to 
other replacement percentages. 
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Introduction 

In northern West Virginia and 
southwestern Pennsylvania, mining 
bituminous coa 1 provides much of the 
economic base. Any threat to this 
industry poses a similar and severe threat 
to the economic 1 i fe 1 i ne of these areas. 
With the ever-increasing trend of 
environmental awareness, one outcome of 
the m1n1ng in these areas looms as a 
potential for limiting coal production. 
This outcome, acid mine drainage (AMD), is 
espec i a 11 y acute in these areas. As the 
environmental focus on water quality 
increases, mining companies will be 
i ncreasi ngl y regulated to reduce the 
amount of AMD which exits from their 
operations. 

Although there are numerous techniques 
that are used to control the formation or 
treatment of AMD, the effectiveness and 
cost of these methods vary over a wide 
range. Thus, there remains a need for the 
deve 1 opment and imp 1 ementat ion of methods 
which would maximize the effectiveness and 
minimize the cost. In the case of surface 
mines, active or abandoned, one such 
technique which shows significant promise 
is that of waste phosphatic clay barriers. 

waste phosphat i c clay is produced 
during the preparation of fertilizer from 
phosphate ore. The disposal of this waste 
clay presents a significant problem to the 
phosphate producers located in the 
southeastern United States. It is 
estimated that by the year 2000, there 
will be over 1 billion tons of this waste. 
Areas used to contain the waste clay are 
rendered unusable unti 1 such time as the 
clays stabi 1 ize. This can be as long as 
20 to 30 years. 

To significantly reduce the 
envi ronmenta 1 impact of these waste c 1 ays 
requires that any beneficial use must 
result in the utilization of a large 
vo 1 ume of the c 1 ays. Such a use might be 
achieved by constructing hydraulic 
barriers from the waste clay, which could 
be applied at surface mine sites where AMD 
is present. 

Past researchers (Renton and Stiller 
1989) found that phosphatic clay has the 
potential to chemically ameliorate AMD. A 
secondary finding was that the c 1 ay 
reduced the volume of flow through the 
acidic material when they were mixed 
together. Thus, phosphatic clay may offer 
a "two-pronged" remedy to the AMD prob~em 
by physically limiting the quantity 
produced, and chemically ameliorating any 
AMD that is produced. 

The objectives of the engineering 
evaluation reported herein were to: (1) 
determine the feasibility of using the 
waste phosphat i c clay as a 1 ow 
permeability hydraulic barrier and (2) 
determine those engineering parameters 
most important to achieving this goal. 
The abi 1 i ty of the waste phosphat i c clay 
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to chemically ameliorate any AMD produced 
was also characterized. In addition, a 
computer mode 1 was used to si mu 1 ate 
various arrangements of waste phosphat i c 
clay barriers using the properties 
determined in the first two objectives. 
The results of the computer simulation are 
discussed in detail elsewhere (Sowders 
1989). 

Experimental Program 

Two acidic spoils, one cover soil, and 
one phosphatic clay were used in the 
testing program. Rigid-wall, double-ring 
permeameters were used to measure the 
permeability of the phosphatic clay 
barrier configurations. Effluent 
co 11 ected from the permeabi 1 i ty tests was 
analyzed for constituents common to AMD. 

Four factors were investigated to 
determine their effect on producing a low 
permeabi 1 ity, chemically enhanced system. 
These factors inc 1 uded: methods of 
employing the phosphatic clay (dry or 
slurry), location of phosphatic clay in 
the system by itself, mixed with the 
spoi 1, or the cover) and percentage by 
weight of phosphatic clay included in the 
system. 

Soil and Waste Materials. The spoil 
materials used in this study were obtained 
from a surface mine and a coal refuse 
disposal facility in central and northern 
West Virginia, respectively. No testing 
was performed to exclusively determine the 
mineralogical composition of the spoils; 
however, the analysis of effluent from 
each spoil showed both to have high acid 
producing potential. The cover soi 1 was 
also obtained from the surface mine. Test 
results indicated that the cover would not 
contribute to the chemical amelioration of 
AMO. The phosphatic clay was obtained 
from Mulberry, Florida. It is 
predominantly smectitic clay with calcium 
being the on 1 y detectab 1 e meta 1 in 
effluents from the clay alone. The index 
properties of the spoi 1 s, cover soi 1 and 
clay are presented in Table 1. 

Specimen Preparation. Three different 
configurations were used to evaluate the 
phosphatic clay barriers (Fig. 1). Each 
configuration produced a layered system 
which represented the hydraulic barrier 
similar to what would exist at a reclaimed 
surface mine site. The four soi ls were 
used to construct five distinct layers: 
Phosphatic clay placed in slurry form 
(Chi ado, Bowders and Scenci ndi ver 1988), 
cover soil mixed with phosphatic clay, 
cover soil alone, spoil mixed with 
phosphatic clay, and spoil alone. 

The spoil and cover layers were either 
uncompacted or compacted to 
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Proctor energy (12,375 ft-1 b/ft ) . For 
spoi 1 or cover soi 1 which contained dry 
phosphatic clay, the clay was added at 
either 5, 10, or 20 percent by weight. 
Placement gravimetric water contents of 
the slurries ranged from 150 to 375 



percent. The configurations of al 1 the 
tests are given in Table 2. 

Permeability Testing. The major 
objective of this work was to determine if 
a suitable low permeability barrier could 
be developed using the phosphatic clay. 
Thus, permeability testing was a major 
emphasis of the work. Rigid-wal 1, 
double-ring permeameters (Fig, 2) were 
used to measure the permeability. Using 
these permeameters permitted the detection 
of any "s i de-wa 11 " 1 eakage, a sometimes 
common problem with rigid-wall 
permeameters (Daniel, Anderson and Boynton 
1985). 

All of the specimens were permeated 
with distilled water. Hydraulic gradients 
of 10 to 200 were used throughout the 
testing. The selection of a gradient was 
based on the need to expedite the testing 
process. 

The permeabi 1 ity was calculated using 
Darcy's law (Eq. 1 ). The volume of flow 
into the specimen over a known period of 
time was used to compute permeability. 

K = Q/(t i A) ( 1 ) 

where: K = coe:fficien t of permeability 
( L /T) 

( L 3) Q = quantity of inflow 
t = time for flow Q to occur (T) 

= hydraulic gradient 
(dimensionless) 

A = cros~-sect i ona 1 area of flow 
( L ) 

Constant-head permeabi 1 i ty tests were 
used throughout the program. Tests were 
ended after two pore volumes of flow had 
passed through the specimen and the 
coefficient of permeabi 1 ity had achieved 
equilibrium. Effluent from each 
permeabi 1 ity test was collected. 
periodically, samples of the effluent were 
analyzed to determine the concentration of 
iron, manganese, magnesium, aluminum, 
calcium, and sulfate. The acidity, pH and 
e 1 ectri ca 1 conductivity of each eff 1 uent 
sample were also measured. For the 
permeability tests in which the phosphatic 
clay layer was present from the beginning 
of the test, effluent samples were taken 
from near the initial and final pore 
volumes of flow in order to ascertain the 
effect of ti me on the chemistry of the 
system. 

Results and Discussion 

Results of thirty-four permeability 
tests are reported in this article. The 
tests are grouped according to the 
phosphatic clay placement scheme. The 
results and ensuing discussion are in the 
following order: test using phosphatic 
clay slurry, phosphatic clay mixed with 
cover soil, and phosphatic clay mixed with 
spoil material. Permeability results are 
considered first fo 11 owed by the eff 1 uent 
chemical analysis results. 
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Permeability Results. The results of the 
permeability tests in which the phosphatic 
clay was placed in the form of a slurry 
are shown in Table 3. With the exception 
of tests 5(1), 5(2), and 7(2), the 
addition of phosphatic clay slurry 
decreased the permeability of the layered 
system. The magnitude of these decreases 
was not consistent. The slurry 
appreciably decreased the permeabi 1; ty of 
the systems containing the uncompacted 
spoil, but were relatively ineffective 
when applied to compacted spoil. However, 
the lowest permeabilities were 
demonstrated in systems where the spoi 1 
was compacted. This result was attributed 
to the compaction and not the presence of 
the slurry. When app 1 i ed to uncompacted 
samples,the low water content slurries 
produced the largest change in system 
permeability. The thickness of the slurry 
did not appear to be an important variable 
in producing low permeability systems. 
However, hairline cracking was found in 
sever a 1 specimens. Thicker s 1 urry 1 ayers 
may reduce the event of crack propagation 
through the entire slurry layer. 

Results from the tests in which dry 
phosphatic clay was mixed with the cover 
soil and applied overtop of the spoil are 
presented in Tables 4 and 5. The spoi 1 
layer was compacted in all of these tests. 
The results in Table 4 are for incremental 
tests, i . e. , the permeabl i 1 i ty of the 
spoil was measured, then the cover/clay 
mixture was added and the permeability of 
the system was measured. The addition of 
the uncompacted clay/cover material to 
Spoil 1 resulted in a reduction of the 
permeabi 1 ity on average by a factor of 
three. This was only slightly more 
effective than the addition of the slurry 
to the acidic systems. The addition of 
uncompacted clay/cover to Spoil 2 resulted 
in an increase in the permeability of the 
system. No explanation exists for this 
behavior. Thus, the addition of 
uncompacted c 1 ay I cover to the acidic 
system is deemed ineffective. 

The results presented in Table 5 show 
the effect of adding compacted clay/cover 
above the spoil layer. Permeabilities of 
the system were reduced by more than two 
orders-of-magnitude when compared to the 
uncompacted clay/cover system. Perhaps 
more important is the fact that when 
compared to the average permeabi 1 ity of 
the compacted spoil alone, the results of 
the compacted clay/cover represented a 
30-fo 1 d decrease. Thus, even for a 
compacted spo i 1 , the addition of, the 
compacted clay/cover substantially reduced 
the system permeability. 

Within the scope of clay/cover 
mixtures, the percentage of c 1 ay was 
varied from 5 to 20 percent by weight. 
Permeability results indicated that the 10 
percent replacement resulted in the lowest 
permeabilities. 



The final configuration of the barrier 
system included mixing dry phosphatic clay 
directly with the acidic spoil and 
compacting it. The results of the 
permeability tests are listed in Table 6. 
Addition of the dry phosphatic clay to the 
spoil material produced the lowest 
permeabi 1 it i es of any of the systems 
investigated in this project. The average 
permeabi 1 tty of Spoi 1 1 was found to be 
3.3 X 10- cm/sec. It appeared that this 
method of using the clay provided the best 
means of reducing the permeabi 1 ity of an 
acidic system. 

Effluent Analyses. Only effluents from 
two of the eleven permeability tests which 
included slurry were analyzed for quality. 
The results are shown in Table 7. The 
addition of the phosphatic clay slurry to 
the acidic system significantly improved 
the effluent water qua 1 i ty. A 11 of the 
metals present in the pre-slurry effluent 
ana 1 ysi s showed drastic reductions in 
concentration after the s 1 urry was added 
to the system. The only increase in 
concentration was for the case of calcium 
which was expected since the other metals 
replace the calciums on the phosphate 
radical. The pH of the effluents were not 
significantly altered by the presence of 
the clay slurry. Even though the slurry 
was placed in an individual layer, it was 
sti 11 able to exert a positive influence 
on the chemistry of the system. 

Results of the effluent analyses from 
the tests with the clay mixed with the 
cover soil are shown in Tables 8 and 9. 
The incremental tests (Table 8) indicated 
large decreases in the icon and manganese 
effluent concentrations. The calcium 
concentrations increased while the pH 
again remained unchanged; however, the 
acidity levels were sharply reduced. This 
indicates that the effluent could be 
buffered to a neutral pH without much 
difficulty relative to that for an 
effluent from a system without phosphatic 
clay. 

In the one-step tests (Table 9), the 
phosphatic clay was present from the 
beginning of permeation. The 
concentrations of the meta 1 s in the 
effluent were reduced to levels more near 
to those of the slurry arrangement. Thus, 
it appears beneficial to include the 
phosphatic clay from the onset of 
permeation. The passage of large pore 
volumes of water through the specimens did 
not appear to exhaust the capacity of the 
phosphatic clay to contain the metals from 
the eff 1 uent. Even after 18 pore vo 1 umes 
of flow the metals concentrations were low 
as i 11 ustrated by test number 11 ( 2) in 
Table 9. 

Resu 1 ts of the ana 1 yses of the 
effluents from the permeabi 1 ity tests on 
phosphatic clay mixed with the acidic 
spoil material are listed in Table 10. 
This system appeared to optimize the 
ame 1 i orat i ve capacity of the phosphate as 
evidenced by the reduced concentration of 
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metals, sulfates, and acidity relative to 
tests in which the clay was used in other 
manners. Compaction of the layer did not 
reduce the capacity of the clay to improve 
the eff 1 uent qua 1 i ty. As the quantity of 
c 1 ay was increased, the quality of the 
effluent continued to improve; however, 
the amount of improvement decreased for 
increasing quantities of clay. The 
optimum clay addition was about 10 percent 
by weight. 

Conclusions 

The findings of this research program 
have shown that waste phosphatic clay can 
be effective in reducing the permeability 
and improving the quality of the effluent 
water of an acidic system. The following 
conclusions are based on these findings: 

1. Reduction in permeability varied 
depending on the method of application and 
location of the clay in the system. 

2. Slurries of phosphat i c clay were 
ineffective in significantly reducing the 
permeability of acidic systems. 

3. The addition of dry phosphatic 
clay to either the cover soil or the spoil 
material produced systems with 
exceptionally low permeabilities. 

4. Compaction appeared to be the 
most dominant engineering parameter for 
reducing permeability in these systems. 

5. The inclusion of phosphatic clay 
provided further reductions in the 
coefficient of permeability even in those 
systems that were compacted. 

6. A -10 percent by weight 
replacement of phosphatic clay in either 
the cover soil or spoil provided the 
optimum configuration for reducing the 
permeability. 

In regard to 
water, the 
advanced: 

the quality of the effluent 
following conclusions are 

1, All methods of phosphatic clay 
application produced significant 
reductions in metal, sulfate, and acidity 
concentrations. 

2. Mass transfer of phosphate did 
not appear to be inhibited when dry 
phosphatic clay was used. 

3. Compaction of the 1 ayers enhanced 
the clay's ameliorative capacity by 
creating longer residence times through 
reduced permeability. 

4. Although the effective chemical 
life of the phosphatic clay was not 
determined, the movement of water through 
the different systems did not reduce the 
effectiveness of the clay over ti me, in 
any test. 



5. The incorporation of 1 arger 
percentages of clay in the system resulted 
in better water quality. 

The most efficient use of the physical 
and chemi ca 1 properties of the phosphat i c 
clay occurred in systems containing a 
compacted layer of dry clay mixed directly 
with the spoil material. This 
configuration produced systems with 
average permeabilities 5,400 times lower 
than the average coefficient of 
permeabi 1 i ty for uncompacted spoi 1 a 1 one, 
and 50 to 300 times lower than the average 
permeability for compacted spoil alone. 
These except i ona 11 y 1 ow permeab i 1 it i es 
were matched by substantial improvements 
in effluent quality. Generally, metal 
concentrations were as low or lower than 
those produced by other system 
configurations, and acidity concentration 
was greatly reduced relative to other 
systems. 

Finally, it must be noted that these 
results were obtained from control led 
1 aboratory tests. As such, the 
coefficients of permeabi 1 i ty and chemi ca 1 
characteristics may not be exactly 
duplicated in a field setting. Attention 
to engineering detai 1 during the 
construction of a barrier employing 
phosphatic clay could help to achieve 
similar results. Careful control of 
compactive effort, adequate mixing of the 
clay and spoil, obtaining the proper 
barrier water content and thickness, and 
limiting dessication, will be required to 
produce a phosphatic clay barrier which 
satisfies its intended function; namely 
substa'ntial ly reducing the volume of flow 
through the backfill spoil, and improving 
the qua 1 i ty of the seepage that is 
generated. 
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Table 1 Index Properties of Solfs Used In Research 

NAT OPT MAX DaY ATTERBERO GRAIN SIZE CLAY SIZE UNIFIED 
w w UNIT WOHT LIMITS PARAMETERS FRACTION SOIL 

SOIL •• ,., ,., (pell u " " c, c, ,., CLASS 

PHOS 
2.SO •• ,o " '" " 90 9.0 LO " CH 

CLAY 

SPOIL 1 2.62 ' ,01 " " ,0 20.6 ,., 0 GC 

----
SPOIi. 2 2.32 " 97 " 26 ,0 7.6 0.9 3 GC 

COVER 2.79 •• ,, ,05 " 22 " 14.3 ,., 5 SC 

• Opllmum wete, content was nol dotormlnad lor either spoil 1 or 2 bocauso 
1ho addition ol wa101 lo those soils could have resulted In tho lormellon or AMO 

Table 2 Arrangement and nature ol each lest specimen 

TEST LAYER ONE LAYER TWO LAYER THREE COt.ll•ENTS 

1111 UNCOMPACTED 8POIL I 

UZI UNCOMPACTEO 8PD1L I 

U1J PHDS CLAY &LURRY W\TER CONTENT • 1711'11, 
THICKNEn • a.1 ... 

ZU) PHOS CLAY SLURRY W\lER CONTUIT • IH'II, 
THtCICNEU • 7.f dffl 

2/3) PHDa CLAY SLURRY W\TER CONTENT• 320,; 
TIIICICNESS • Z.I "'" 

t/4] PHO& CLAY llLURRY W\TEII CONHNl • 310, 
THICICNEllS • 4.3 om 

U1I COMPACTED !POil I PHO! CLAY llURRY W\TER CONTENT • Z74'11, 
TNICICNESS • 3.t om 

3121 OOMPAOTED &POil _I PHO& OLAY BLURRY W\Tl!.11 CONTENT• 353'11, 
TNICICNEU • 3.1 oo, 

UIJ UNCOMPACTED IPOIL I PNOll CLAY HURRY W\TER CONTENT • 112'11, 
TIIICICNUS • 3.4 oo, 

4(21 UNCOMPAOTED &POil I PNOB CLAY llLURRY W\TER OONTENT • ua .. 
TNICICNEU • 3.1 oo, 

lhl COMPACTEO SPOIL I PHO& CLAY HURRY W\TEII CONTENT • 111" 
THIOICNEH • ur ... 

1(21 COMPACTED SPOIL I PHOS CLAY HURRY W\TER CONTENT • UD" 
TIIICIIHUS • 2,U oo, 

lhl UNCOMPACTED SPOIL I PHO& CLAY llLURRY W\TEA CONTENT• IU'II, 
THICIINEU • 1.U oo, 

1121 UNCOMPACTED &POil I PHOS CLAY SLURRY W\TlR CONTEIH • 2~D" 
THICKNESS • Z.I Offl 

,c,1 COMPACTEI> SPOIL 1 PHOS CLAY UURRY LOOSE COVER &OIL W\HR OONTEIIT • IU" 
THICKNEaa • 3.3 Offl 

11,1 COMPACTED SPOIL I PHOS CLAY SLURRY LOOSE COVER BOIL W\TER CONTENT • 211'11, 

THIOKIIUS • 3.1 oo, 

1(31 UNCOMPACTED SPOIL I PHOS CLAY SLURRY LOOSE COVER SOIL W\UR CONTEHT • 2121. 
THIOKNESS • 3.4 oo, 

0111 Cl>MPACTED SPOIL· I UIICOMP CLAYfCOVEFI 8'11, ClAY 

0121 COMPACTED &P01L I UHCOMP CLAY/COVER 10" CLAY 

0(3] Cl>MPACTED 8P01L I UHCOMP CLAYfCOVER ZD1. CLAY 

1DCU COMPACTED SPOIL 2 UHCOMP CLAY/COVER 81. CLAY 

101,1 COMPACTED SPOIL Z UHCOMP CLAYfCOVER IDS CLAY 
10(31 COMPACTED SPOIL Z UNCOMP OLAYfCOVER 2Ds CLAY 

11111 DESTROYED 

11121 COMPACTED SPOIL I COMP CLAYIOOVER \(I" CLAY 

11131 COMPACTEO SPOIL 1 OOMP CLAYfOOVER 20" CLAY 

urn COMPACTED SPOIL Z COMP CLAY/COVER 81. CLAY 

IZCZI COMPACTED SPOIL 2 COMP CLAY/COVER ID1. CLAY 

1213) COMPACTED SPOIL 2 COMP CLAYfCOVER 2D1. CLAY 

13111 COMP CLAVfSPOIL I COMP Cl>VER BOIL 81. CLAY 

UUI COMP CLAYIIPDIL I COMP COVER SOIL ID'II, CLAY 

13C3J COMP CLAY/SPOIL I OOMP COVER SOIL ZO" CLAY 

1410 COMP CLAY/SPOIL t COMP COVER BOIL I'll, CLAY 

u121 COMP CLAY/SPOIL Z Cl>MP COVER ODIL \0'11, CLAY 

HC3J COMP CLAY/SPOIL 2 COMP COVER SOIL 2D" OLAV 
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Table 3 Summary o~ Per.11.eal:lility Tests With Pbospbatic 
Clay SJ.un:y. 

CQzn:1:Cl:ZH'l' OP Pl':RXEABZLI.'n' lUll lUll ••• ksp-pca ksp-pca-ca k(4) k(S) 
SOZL .... ,..,.... (Clll/11) (Clll/11) CCII/II) 

(i) "' (31 <•I ,., <•I (71 

1(1) USP J..7E-4 n• na na na 

1(2) USP l.ll!-4 na na na na 

2(1) PCS l.SE-6 na na na na 

2(2) PCS l.SE-6 na na na na 

2 (3) PCS 3. 7E-6 na na na na 

2(4) PCS 5.2E-6 na na na na 

3(1) CSP-PCS 2. ll!-5 5.aE-6 na ,., na 

3(2} CSP-PCS 2.2E-5 5.SE-6 na 4. 0 na 

4(1) USP-PCS 2.4E-4 l, 6E-5 na 15.0 na 

4(2) USP-PCS 1.4E-4 5.2E-5 na 2.7 na 

5(1) CSP-PCS 3.2E-6 4.SE-6 na 0.7 na 

5(2) CSP-PCS 3. 6E-6 4.3E-6 na o., na 

6(1) USP-PCS 2.4E-4 7.9E-6 na 30.1 na 

6 (2) USP-PCS 1.4E-4 3.2E-5 na 4.2 na 

7(1) CSP-PCS- 7.9E-6 4.4E-6 1.5E-6 1., 5.4 
ocs 

7 (2) CSP-PCS- 7.3E-6 7.6E-6 4.4E-7 o., 16.6 
ocs 

7(3) USP-PCS- 1.SE-4 3. 7E-5 6. 6E-7 ,., 274.4 
ucs 

Key to Soil Layers 
USP: .!,lncompacted ~oil 
CSP: £ompacted ~oil 

~~; ~~~~:~~d£t~ie~1~ 

Table 4 summary of Incremental Permeal:lility Tests With 
Phospbatic Clay/Cover soil Mix. 

COUPJ:CJ:Blil'l' OP PDKZllILJ:'!l!Y 

SOIL 
kspail kspoil./pb.011 cl.ay-caver .... LAYERS (Clll/11) (Clll/111 ,,, (21 (31 ,., 

9(1) CSP1-!JPCC l.2E-5 8 .ll!-6 

9(2) CSPl.-OPCC J..2E-5 2.4E-6 

9(3) CSP1-UPCC 9.2E-6 J..3E-6 

10(1) CSP2-0PCC 4 .3E-6 l.lE-5 

10 (2) CSP2-0PCC 2.7E-6 3 .SE-5 

10 (3) CSP2-0PCC l..6E-6 l.5E-5 

Key to Soil Layers 
CSP1: ~ompactad .a.g_oil l. 
CSP2: ,Compacted .a.g_oil 1. 
UPCC: .!,lncompacted ~bospbatic ~1ay/~ovar Soil Mix 

lUll 
k(4) 

<•I 

1.5 ,., 
2 .2 

0.4 

0.1 

0.1 

Table 5 Summary of 
Tests With 
Soil Mix 

One-Step Permeability 
Phosphatic Clay/Cover 

.... 
m 

11(1) 

11(2) 

11(3) 

12(1) 

12(2} 

12 (3) 

SOIL 
LAYERS 

(21 

DESTROYED 

CSP1-CPCC 

CSP1-CPCC 

CSP2-CPCC 

CSP2-CPCC 

CSP2-CPCC 

COBP!'ICI'mrr OP PBlUmllILZ'l'Y 

kspoil./phofc::i7:r-cover llliz ,,1 

7.3E-7 

3.4E-8 

3 .4E-8 

3.2E-8 

2.2E-7 

Key to soil Layers 
CSPl: .1:.ompacted .a.g_oil l. 

= = k{3) k(3J 

(4) (5) 

245 15 

5,220 m 
na 84 

na " 
na 1' 

CSP2: ~ompacted ~oil~ . 
CPCC: &ompacted lbospbatic ~lay/&over Soil Mix 

Average Coef!icie.nts of P-.rmeal:lility Os9d to Obtain Ratios in 
colwans 4 and 5: 

oncompacted SJ?oil l • l.SE-4 cmjsec 
co=pacted Spoil l • 1.1E-5 cm/sec 
compacted Spoil 2 • 2.9E-6 cm/sec 

Note: No coefficient available ~er uncompacted spoil 2 
because it was not tested in this state. 
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Table 6 summary of One-Step Permeability 
Tests With Phosphatic Clay/Spoil 
Mix. 

COUPJ:C:rml'l" OP PERMBUILZff .... 
SOIL ;,hos claYc~if lli:z/cov•r 

k(3J .... ,..,,, .. 
(11 (21 (31 '" 

13(1) CSPl.PC-CCS 4.2E-8 4,238 

13 (2) CPS1PC-CCS 9.3E-9 19,160 

13 (JJ csPlPC-ccs 4.9E-S 3,670 

14(1) CSP2PC-CCS 8.0E-8 na 

14 (21 CSP2PC-CCS 4. 6E-8 na 

14 (3} CSP2PC-CCS 3.SE-8 na 

Key to Soil Layers 
CSPlPC: .Compacted ~oil l/lbosphatic &lay Mix 
CSP2PC: £ompact9d ~oil lflbospbatic &lay Mix 
ccs: &cmpactad ~ever ~oil 

= lt.(3) 

(SI 

"' 1,188 

227 

" 
" 
" 

Average Coefficients ot P-.rmellbility Used to Ob.tain Ratios in 
colwms 4 and 5: 

unco=pacted SJ?oil 1 .. l.SE-4 cm/sec 
Compacted Spoil 1 • 1.1E-S C111/sec 
Compacted Spoil 2 • 2.9E-6 cm/sec 

Note: No coefficient availal:lle. for unccmpacte.d spoil 2 
because. it was not t•sted in this state. 

Table 7 Summary of Effluent Analyses 
Permeability Tests 
Phosphatic Clay Slurry 

for 
with 

CONCENTRATIONS (mg/l J 
S04 -2 .... •• .. .. • • ll Ca 

3 (ll Before 3.89 82 24B 557 m ,.. 9,320 
After 5.73 ' 17 " ' 658 2,145 

Is Change (93) (86) (86) (99) (164) (77) 

3(2) Before 4.14 186 271 "' '" "' 8,580 
After 4.32 1' " 50 10 467 1,833 

% Chang• (93) (70) (91) (97) (1.56) 

Note: "Beforen refers to values obtained prior to the 
addition of phosphatic clay slurry, while "after" 
refers to values obtained after tbe addition of 
pbospbatic clay slurry 

Table 8 Summary of Effluent Analyses 

(79) 

for 
Incremental Permeability Tests 
With Phosphatic Clay/Cover Soil 
Mix 

MrrAL COHcmrrRA!rl:OHS 
2 

ACXD:t'1'Y ..... .... •• .. ~mq/i~ 804-
pEl7 pae.3 CONI> 
(ag C&C03/l) 

9(1) ' 3.60 '" "' "' 15,.537 7,587 8,625 10.0 
A • 

9 (J) B 3.70 580 '70 420 14,106 7,162 8, 2l.2 ,. ' 
A 3.58 "' 51 1430 4,100 '" 700 3.2 • (45) (86) (340) (71) (!111) (91) (67) 

10(2) B 2.83 9940 42 550 16,290 16,837 17,138 13 .6 
A 3.06 aoo 11 1340 4,250 820 860 3. 7 • (91) (73) (244) (74) (95) (95) (73) 

10 (3) ' 2.35 9730 " 400 13,027 18,825 19,488 16.4 
A 3.21 1010 10 1330 5,300 aso sso 4.5 • (90) (80) (271) (59) (95) (95) (73) 

" Before addition of pbospbatic clay/cover layer 
A, After addition of pbospbatic clay/cover laYeJ:" •• Percent change in concentration vith addition of layer 

Electrical Conductivity units are ll!lllhos/Clll 

Tests 9(1) and 9(2) contain•d spoil l 
Tests 10(2) and 10(3) contained spoil 2 



Table 9 Summary of Effluent Analyses for 
One-Step Permeability Tests With 
Phosphatic Clay/Cover Soi 1 Mix 

~AL ~H~T::C~~=-2 ACIDI'l'Y 
ffST •• pa7 p.e:8.3 

(mg/1) (lllg CllC03/l) 

11(2) E 3.82 "' J7 4,000 4,400 
L 3.12 20 ' "' '" 1,750 l, 950 • (!111) (83) (56) (56) 

11(3) E J.79 '" 41_0 30,400 34,700 
L 2.98 "' " "' 4,250 6,JOO 6,900 • (61) (97) (79) (BO) 

12(:l.J E 2.89 2245 " 25,600 27,400 
L 2.56 ,oo " 512 5,750 1,670 1,760 • (!Ill.) (49) (93) (94) 

12(2) E 2. 75 7719 90 73,000 76,500 
L 2.45 " ' '" 6,325 1,920 2,025 • (951) (97) (117) (517) 

12 (3) E 2.86 4583 lJ4 34,700 40,700 
L 2-98 20 " "' 4,100 2,425 2,840 • (99) (80) (513) (93) 

"' Early in test 
L, Late in test ,, Percent change in concentration over time 

Electrical Conductivity units are mmhos/cm 

Tests 11(2) and 11(3) contained spo~l 1 
Tes-cs 12(1), 12(2), and 12(3) contained 

COVER SOIL ALONE 

PHOSPHATIC CLAY SLURRY 

SPOIL ALONE 

PHOSPHATIC CLAY 

MIXED WITH COVER SOIL 

SPOIL ALONE 

COVER SOIL ALONE 

PHOSPHATIC CLAY 

MIXED WITH SPOIL 

spoil 2 

,,..c 
com, 

1.5 

,.1 

,., 

,. ' 
,. ' 

Figure 1 Physical arrangement of samples used in study 
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Table 10 Summary of Effluent Analyses for 
One-Step Permeability Tests With 
Phosphatic Clay/Spoil Mix 

MBTAL COHC!!H'l'RAT::COHS J\C::CD:I'l'Y .... •• !'• MD C• SO.f. -z •"' p:e:8.3 
(mg/1) (mg CaC03/l) 

13 (.l.) E J.23 80 173 '" 7,575 5,100 8,200 
L 
t 

13 (2) E J.91 10,000 
L • 

13 (J) E 7.23 820 4,900 0 20 
L 6.10 210 J7 1050 3,400 0 20 • (1211 {31) . .... NC,ra 

1.4(1) E J.97 '" 57 '" 14,100 1,885 2,040 
L 2.20 "' " 1140 2,920 1'5 "' • (57) (!59) (233) (751) (512) (512) 

14 (2) E J.19 '" ,. 540 8,850 "' 1,030 
L J.10 20 lS 1050 2,920 l70 l85 • (51") (!50) (1514) (57) (82) (82} 

1.4{3) E s.12 lJ SlO 5,750 " " L J .io " l1 1020 2,660 15 15 • (12) (126) (!54) (40) (40) 

"' Early in test 
L, Late in test 

" Percant change in concentration over tiiile 

EJ.eotrical. Conductivity units are mmhos/Clll 

Tests 13(11 through l.J(J) 
Tests 14(1) through 14(3) 

contained spoil l 
contained spoil 2 

INFLIJENT LI~ 

TOP STONE ( 

TOP PLATE 

SAMPLE COMPACTION --~I--- MOLO 

2Ll!C 
com, 

7.' 

8.' 

5.' 
'.5 

(39) 

10.0 '., 
(56) 

7.5 
J.l 

(!59) 

,., ,., 
(42) 

I""',,.,\ 
BOTTOM ~LATE 

A 

OUTEII STONE 

/ 

INNEII STONE 
~F~lVENT LINE 

Figure 2. Schematic diagram of fixed-wall 
double-ring permeameter 




