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DISTRIBUTION OF SELECTED TRANSITION AND KEAVY METALS IN CLASTIC OVERBURDEN 
UNITS OF THE APPALACHIAN AND INTERIOR COAL BASINS: WATER QUALITY IMPLICATIONS 

I BOGNER, Jean E., and SOBEK, A. A. 

I nrgonne National Laboratory, EES-8, Argonne, I1 1 inois 
. . 

ABSTRACT 
. . .  

As part of a study to investigate possible sources .of transition ... 
. ,- 

and heavy metals transported in coal' mine drainage, overburden lithologies 

from 18 surface mines in the Appalachian and Interior Basins were sampled 

and analyzed for total chemistry. The mines were widely scattered geo- 

graphically so that. sari~ples could be obtained of as' many representative 

lithologies as possible. Cverburden units were predominantly Pennsylvanian 

basin margin clastics, with some Pennsylvanian carbonates and Pleistocene 

sediments in the Interior Basin. Based' on lithologic descriptions, rela- 

tive percentages of silicon and aluminum, and gross mineralogy from semi- 

I "  quantitative X-ray diffraction, the average metals concentrations for 

I 'overburden units were developed for two major lithologic groups: (1) 

quartz-rich units, including sandstones, siltstones, and silts; and (2 )  

clay-rich units, including shales, claystones, clays, and tills. Comparing 

the regional averages for this study with published averages for the coals. 

I of the two regions, the highest average concentrations of most metals 

I occurred in the fine-grained (clay-rich) units' of the two regions; excep- 

I ' . .  tions were chromium, .strontium, and lead in Interior Basin quartz-rich- 

units; and zinc and sulfur in Interior Basin coals. Manganese concentra- 

I tions were elevated in the quartz-rich units of both regions. In general, 

the Interior Basin quartz-rich units and coals contained.high average 



.concentrations of iron and sulfur; however, substantial quantities of 

neutralizers (reflected in high average 'calcium content and high neutrali- 

zation potential) were also present in the Interior Bas'in elastics. 

Scattergrams of total elemental concentrations indicated that the data for 

' most pairs of elements tended to cluster in particular portions of the - 
field. The most prominent linear trend was a positive relationship between 

- 
potassium and aluminum for the quartz-rich-rocks, where the two occur 

together as muscovite/illite and K-feldspar. The plots.'of alkali and . ' 

alkaline earth metals were the most distinctive for regional discrimination 
. . 

. . 

between groups of sampies. Scattergrams of average overburden concentra- 
. . . . 

- tions vs .. average untreated mine water 'concentrations at the various sites 

were inconclusive. Two better means of evaluating the relationship between 

overburden chemistry and resulting water quality at coal strip mines 

are (1) the simple acid-base account and .(2) metals concentrations in 

selected extracts of overburden materials at pH ranges comparable to those 

in the natural mine.setting. 

BACKGROUND AND ACKNOWLEDGMENTS 

A U.S. Department of Energy .(DOE)-funded environmental monitoring 
. . 

study of water quality at 21 coal strip mines in the ~ ~ ~ a l a c h i a n  and 

Interior Basins led 'to the accumulation of detailed analytical data on 

overburden chemistry at 18 of the mines studied. The main concern for 

water quality at surface coal mines, that is, pyrite oxidation and hydrol- 

ysis that produces high levels of acidity, sul'fate, and dissolved metals in 

mine waters, is well documented (Singer and Stumm, 1968; Stumm and Morgan, 

1970). Overburden analyses usually consist of total chemistry of digested 
. . 

samples, and no attempt is made to simulate the range of water quality 



. . 

conditions at a given mine -- either for comparison of existing water 

quality with the geologic materials' present or for prediction of future 

water quality. Thus, four of this project's goals were to: (1) examine the 

total chemistry of overburden"materia1s on a regional basis; (2) compare 

'and contrast the total chemistry of overburden materials, with observed 

water quality; (3) compare the total chemistry of sediments in strip mine - 
. . settling ponds to overburden chemistry; and ( 4 )  analyze aseries 'of aqueous 

extracts of the pond samples taken under various pH conditions in order to 

examine the relative mobility of selected metals in the pond sediments. 

Locations,of overburden, water, and sediment pond samples are shown in 

. . 
Figure 1. 

.. . The project work was a team effort by many organizations and indi- 

viduals. The water and overburden sampling and analyses were performed 

mostly by university and geological survey subcontractors to Argonne Na- 

tional Laboratory (ANL), who are acknowledged individually in Table 1. 

The assistance of all is gratefully appreciated'. Their analyses were 

-supplemented by ANL laboratory work. The averaged coal analyses for the 

Appalachian and Interior Basins were taken from the U.S. Geological Survey 

(USGS) open-file report of Swanson and others (1976)'and from the Illinois 
. . 

. State Geological Survey (ISGS) circular by Gluskoter and others (19771, 

since coal data were not complete for the Argonne study. The settling pond 

sediment data (totals and extracts) and the acid-base account for Mine PA1 : 

were completed at the labora'tory of the Coal ~xtraction/Land Reclamation . . 

Group at,Argonne. Sediment samples were collected by the.authors. Labora- 

tory staff whose sample peparation and analytical work was vital to this 

project incltideJohn Freeman, Ann ~oel'ler, Melvin Findlay, . . narilyn Master, 

and Robert Voss. X-ray diffrac'tidn work'and initial chemical work on the 



and initial chemical work on the settling pond sediments (totals and buff- 

ered pH extracts) were completed by Dr. Robert Doehler of Northeastern 

Illinois University, who 'was a visiting professor at ANL during the academic 

year 1977-1978 and was an integral part of the project team. The assistance 

. , '  of Paul Smedinghoff, ~ames McIntyre, Paul Kalisz, and Madeline Antos with -, 

. .  . . . 
. . 

data storage and mani'pulat ion is also grate£ ully acknowledged. Funding was .., 

provided by U.S. Department of Energy, Division of Environmental Control 

. . 
Technology. . . 

. . METHODS . . .  

Overburden samples 'consisted mainly of representative grab samples . ' 

of the variobs lithologies present at each site; some channel sampling 

was done at selected sites for both overburden and coal. Digestion methods 

for overburden analysis used by the university and geological survey 

subcontractors included acid diges tidn, lithium metaborate fusion, lithium 

metaborate/lithium tetraborate fusion, and sodium hydroxide fusion. Detec- 

tion was by atomic absorption spectrophotometry (AAS) and microprobe analy- 

sis. All methods are summarized in Table 1. 
. . 

Settling pond sediment samples consisted of composite grab samples 

of the entire sediment column collected as near as possible to the center- 

line of the delta entering the pond. Samples were stored in plastic bags, 

kept cool until return to the laboratory, -and air dried. For total analy- . ' . 

sis, the' sediment pond samples were digested by lithium metaborateflithiurn 
. . 

tetraborate fusion and analyzed by AAS (Shapiro, 1975). The various ex- 

tracts were done as follows: 

Sonbuffered extracts (pH 2.0, distilled water, 

pH 10.0): Method of Jackson (19581, using 

1:2 Soi1:Water Extraction of Soluble Salts. 



I 

Buffered extracts (pH 3.4, pH 4.0, pH 5.0, pH 5.9): 

Method of Gottschalk (19591, using lOmL of a 

mixture of 2M sod,ium acetate and 2M acetic acid; 

the mixture was diluted to 100 mL, shaken with 

2 g of sample for 2 days, centrifuged. at'2000 rpm for 

20 minutes, and the supernatant decanted for 

analysis. 

DTPA extract: Method of The Council of Soil Testing ... 

and Plant Analysis (1974) for Determination of Zinc, 

Manganese, Iron, and Copper by DTPA Extraction. 

Analysis of all extracts was by AAS. 

The acid-base account for the overburden section at mine PA1 was 

calculated from. acid potential and neutralization potential values 

determined according to the method of Sobek and others (1978). Carbon 

and sulfur analyses of overburden and sediment samples were done by 

LECO furnace; pH was determined in the laboratory using a saturated 

paste of the ground .sample. Analysis of untreated mine waters by the 

subcontractors detailed in Table 1 was done by AAS according to standard 

methods using filtered (0.45vm.) samples. 

. . . 
. . RESULTS AND DISCUSSION 

Regional elemental averages for overburden samples were calculated 

for the two major 'lithologic groups characteristic of both the Appalachian 

and Interior Basins; these groups were (1) the quartz or silicon-rich 

.rocks, including sandstones, sands,,siltstones, and silts, and (2) clay or 

aluminum-rich rocks, including shales, claystones, clays, underclays, and 

tills. Because of the diversity of the data, lithologic descriptions were. 

heavily relied upon, supplemented by 'semiquant itative X-ray diffract ion 

using pure and clay standards to give relative percentages of each 



and the ratio of silicon to aluminuul for all samples for which major ele- 

ments were determined. The justification for this broad subdivision of 

units is shown in Figure 2, a plot of silicon vs. aluminum for the over- 
. . 

burden analyses. This indicates a bimoda'l distribution between samples in . . 

which there is a 'fixed ratio' between silicon and aluminum (the linear - 
trend), which we interpret to be clay-dominated, and a cluster of samples' in 

- 
the higher range of silicon values, which we interpret to be quartz-domin- 

ated. ~lemental analyses, performed on carbonates sampled in the Interior 

Basin are not reported in this paper; however, it should be noted that the 

highest average concentrat ions of zinc and accompanying high lead concen- 

trations were characteristic of the few Interior Basin limestones sampled 

for this study. In glaciated areas within the Interior ,Basin, the local 

source material, of course, included Pennsylvanian bedrock; thus, the .. 

fine-grained, glacial tills are included with the clay-rich lithologic .group. 

.Water-laid Pleistocene sediments (silts and sands) were included with the 

quartz-rich lithologic group. Alluvial and - colluvial sediments were like- 

wise categorized according to textural class. Thus, this study basically .- 
compares average elemental analyses of basin margin clast.ics in the Pennsyl- 

~anian'se~uence in the Interior Basin to those in the .Appalachian Basin; the 

few Pleistocene samples that are included mainly serve to increase the data 

spread in the Interior Basin. 

I?igures 3 and 4 are bar graphs illustrating a comparison of the 

results obtained' with 'the average values of sandstone and shale, respec- 

tively, reported by Turekian and Wedepohl (1961). These figures plot major . ' . 

and minor elements by percent at the top of each figure and trace elements 

in parts per million (ppm) at the bottom 'of each figure. The number. of 

values averaged is as a range (lowest number of value <' n < highest 



number o f  v a l u e s ) .  Standard dev ia t ions  were l a r g e ,  a s  would be expected f o r  

c h i s  g r o s s  type  o f  r e g i o n a l  comparison. 

Looking f i r s t  a t  t h e  c lay- r ich  u n i t s  i n  t h e  Appalachian Basin com- 

pared t o  t h e ,  .average s h a l e ,  i t  can .be seen t h a t  t h e s e  u n i t s  contained l e s s  

c a l c i u m ,  magnesium, and sodium, b u t  more potas ' s ium,  i r o n ,  and s u l f u r .  
. . 

-Manganese was about  t h e  same a s  t h e  r epo r t ed  average f o r  sha l e .  In  t he  

. . ... 
t r a c e  .elemerits, t h e  averages f o r  t h e  Appalachian c l ay - r i ch  u n i t s  were a l l  . ' 

h i g h e r  than  t h e  average s h a l e  with the  except ion  of stront.ium, which was 

lower. ' Averages f o r  c lay- r ich  u n i t s  i n  t h e  I n t e r i o r  Basin i n d i c a t e d  l e s s  

calcium and magnesium b u t  more s u l f u r  than  t h e  average s h a l e .  However, 

, . t h e s e  u n i t s  conta ined  more calcium, magnesium, and sodium, b u t  l e s s  i r o n  and 

. s u l f u r . '  than  t h e  average va lues  f o r ' - t h e  Appalachian Basin c l ay - r i ch  u n i t s .  . . 

Manganese was s i m i l a r  f o r  t h e  averages of t he  two r eg ions .  Examining t h e  

average t r a c e  element concent ra t ions  ' for  c l ay - r i ch  u n i t s  i n  t h e  I n t e r i o r  

I .  
B a s i n ,  b o t h  c o p p e r . a n d  z i n c  v a l u e s  were  lower  t h a n  t h e  a v e r a g e  s h a l e .  

Comparing t h e  t r a c e  element averages ' fo r  c lay- r ich  rocks  i n  both r eg ions ,  i t  

can  be seen  t h a t  c o b a l t ,  molybdenum, cadmium, and lead  were a l l  h igher  f o r  

t h e  I n t e r i o r  Basin.  

F i g u r e  4 p r e s e n t s  comparab le  d a t a  f o r  t h e  q u a r t z - r i c h  r o c k 3  o f  

bo th  r eg ions .  Compared t o  average sandstone v a l u e s ,  t h e  Appalachian Basin 

averages  were lower f o r  . ca l c ium,and  magnesium b u t  gene ra l ly  h igher  than 

t h e .  a v e r a g e  s a n d s t o n e  v a l u e s .  Comparing t h e  q u a r t z - r i c h  u n i t s  i n  t h e  

I n t e r i o r  Basi'n t o  t h e  average sandstone,  t h e  I n t e r i o r  Basin rocks  contained 

. more sodium, i r o n ,  and s u l f u r ,  bu t  gene ra l ly  l e s s  of t h e  o the r  major and " 

minor elements  than. t h e  average sandstone.  Compared t o  the  quar tz - r ich  

Appalachian averages ,  t h e  I n t e r i o r  Basin qua r t z - r i ch  u n i t s  contained more 

calcium and i r o n  bu t  l e s s  potassi'um. ~ x a m i n i n ~  t h e  t r a c e  element averages 



I -" for thc quaxt~?, r i c h  units of both regions, ail of the Interior Basin aver- 

ages were higher than the average sandstone, and most Interior Basin aver- 

\ ages, including chromium, cobalt, nickel, zinc, strontium, cadmium, and 

I lead, were also higher than the Appalachian Basin averages. 
I 

Thus, the data in Figures 3 and 4 generally confirm what. is known , 
. . . . 

regarding the ~enns~lvanian sediments and mine water quality in the two 

i regions. That is, if average calcium concentrations are 'used as a carbonate 
I 
I 
I 

indicator, and iron and sulfur as indicators of potential acidity as oxi- 

1 .  . .  
dizable pyri'te, the Interior Bas in overburden sequence generally contains 

! more average pyrite but 'also more potential neutralizers than the Appa- 
i 1 . '  lachia* Basin sequence. It is significant that this observation is appli- 

cable .to the clastics as well as to more .general comparisons of the relative 

amounts of carbonates in the two sequences. 

Figures 5 through 7 present selected elemental averages for the 

two lithologic groups. of each region compared to averages developed by 

Swanson and others (1976) for the coals of the'two regions. Their data 

included averages of 331 coal samples in the Appalachian Basin and 143 

samples in the Interior Basin.   here were no 'samples for Illinois in the 

average coal values 'reported for the Interioi: Basin, but averages reported 

by Gluskoter and.others (1977) for 113 -Illinois samples were all lower than 

the averages reported by Swanson and others for the elements presented in. - "  = 

Figures 5 through 7. 

Figure 5 presents comparative data for iron, manganese, and sulfur 

-- iron and sulfur as the "acid producers" for mine drainage, and manganese 

i as the only other metal in ,mine drainage directly regulated by the U.S. 

Dept. of lnteriorts Office of Surface Mining (OSM). Manganese also tends to 

exhibit geochemical behavior similar to that of iron. In Figure 5,,iron is I 



I I . -  
h i g h e s t  i n  t h e  Appalachian c l ay - r i ch  u n i t s ,  b u t  average i r o n  va lues  a r e  

h i g h e r  i n  t h e  I n t e r i o r  Basin f o r  both t h e  c o a l s  and t h e  quar tz - r ich  rocks.  

Manganese, u n l i k e  many of  t h e  me ta l s  shown i n -  t h e  ' f i g u r e s ,  i s  h i g h e s t  ' in t h e  

q u a r t z - r i c h  u n i t s  i n  bo th  re.gions.  T o t a l  s u l f u r  v a l u e s  a r e  h i g h e s t  i n  t h e  
. . 

c o a l s .  Comparing t h e  i r o n  and s u l f u r  v a l u e s  s t o i c h i o m e t r i c a l l y  a s  FeS2, - 
/ 

t h e r e  i s ' e x c e s s  i r o n  i n -  t h e  overburden u n i t s  bu t  approximately t h e  c o r r e c t  

r a t i o  by weight i n '  t h e  c o a l s  of  t h e  two r eg ions .  The o t h e r  major i ron  

mine ra l  p r e sen t  i n  t h e  overburden i s  s i d e r i t e .  

F igu re  6 p r e s e n t s  comparat ive d a t a  f o r  t h e  p o t e n t i a l  "neu t r a l i ze r s "  

i n  t h e  four  rock  c l a s s e s  p l u s  t h e  c o a l s .  . Obviously,  t h e  h i g h e s t  average 
. . 

pe rcen tage  .of ca lc ium occu r s  i n  t h e  I n t e r i o r  Basin;  c e r t a i n l y ,  some of t he  

ca lc ium occu r s .  a s  gypsun o r  ' o t h e r  miner 'als i n  a d h i t i d n  t o  c a l c i t e  o r  dolo- 

m i t e  (magnesium g e n e r a l l y  followed calcium i n  F igu re s  3 and 4 ) .  Note t ha t  

f o r  c a l c i u m  i n  b o t h  r e g i o n s  t h e r e  i s  a  c o n s i s t e n c y  i n  t h a t  c a l c i u m  i s  

h i g h e s t  i n  t h e  qua r t z - r i ch  rocks ,  next  h i g h e s t '  i n  t h e  c lay- r ich  rocks ,  and 

lowest  i n  t h e  c o a l s .  S t ron t ium g e n e r a l l y  c o r r e l a t e s  wel l  wi th  calcium but  

h e r e  t h e  on ly  i n s t a n c e  where t h e  r e l a t i v e  h i g h s  and lows a r e  i n  phase i s  f o r  

.. t h e  qua r t z - r i ch  u n i t s ,  i - e . ,  h ighe r  s t ron t ium i n  t h e  I n t e r i o r  Basin.  The 

. l a s t  s e t  o f  graphs i n  t h i s  f i g u r e  ' i l l u s t r a t e s  n e u t r a l i z a t i o n  p o t e n t i a l  

(N.P.), which i s  t h e  amount of  H C 1  t h a t  a  g iven  amount of ground rock sample 

w i l l  n e u t r a l i z e  (Sobek e t  a i . ,  1978); the .  u n i t s  a r e  tons  o f  calcium carbon- 

- a t e  equ iva l en t  pe r  1000 t o n s ,  which b a s i c a l l y  exp re s se s  t h e  r e s u l t  a s  an  

a g r i c u l t u r a l  l i n e  requirement '  s i n c e  1000 tons  i s  approximately equal  t o  

an a c r e  plow l a y e r .  The N.P. h ighs  and lows g e n e r a l l y  fol low calcium f o r  

t h e  two types  of  u n i t s ,  a s  would be  expected.  

F i g u r e  7  p r e s e n t s  e q u i v a l e n t  a v e r a g e s  f o r  e i g h t  s e l e c t e d  t r a c e  

me ta l s .  These averages.  a r e  a l l  h igher  i n  t h e  overburden than i n  t h e  coal  

w i t h  o n e  e x c e p t i o n ,  z i n c  i n . I n t e r i o r  B a s i n  c o a l s .  These  a v e r a g e s  a r e  



g e n e r a l l y  h ighe r  f o r  t h e  c l ay - r i ch  rocks  than  f o r  t h e  quar tz - r ich  rocks 

f o r  each reg ion:  excep t ions  a r e .  z inc ,  l ead ,  and chromiun i n  t h e  I n t e r i o r  

Bas in ,  which were a l l  h ighe r  i n  t h e  qua r t z - r i ch  u n i t s .  The molybdenum 
. . 

. . 

d a t a  averages  a r e  somewhat suspec t  s i n c e  t h e r e  were fewer ana lyses  averaged, 

and  t h u s  p o o r e r  d i s t r i b u t i o n  . . o f  r e s u l t s  i n  c o m p a r i s o n  t o  accompanying 
.. 

ana lyses  f o r  o t h e r  e lements .  The r e l a t i v e  averages f o r  t r a c e  me ta l s  i n  t h e  

qua r t z - r i ch  ' r ocks  g e n e r a l l y  fol low t h e  same t r e n d  a s  i r o n  and s u l f u r ,  i. e . ,  
. . . . 

h i g h e r  averages f o r  t h e  I n t e r i o r  Basin than  f o r  t h e  Appalachian Basin; t h e  
. . 

except  i on  , i s  'copper.  ~ & r  t h e  c lay- r ich  rocks ,  r e c a l l  ing t h a t  t h e  averages 
. . 

f o r  i r o n  a i d  s u l f u r  were h ighe r  i n  t h e  Appalachian Basin than  i n  t h e  I n t e r -  

i o r  Basin rocks ,  t h e  same i s  t r u e  only  f o r  z i n c ,  n i c k e l ,  and copper i n  

F igu re  7.  For t h e  c o a l s  of  t h e  two r eg ions ,  r e c a l l i n g  t h e  average i r o n  and 

s u l f u r  were h ighe r  i n  t h e  I n t e r i o r  Basin than  i n  t h e  Appalachian Basin,  t h e  

same i s  t r u e  f o r  most of t h e  e i g h t  me ta l s  p l o t t e d  i n  F igure  7 ;  t h e  excep- 

t . ions a r e  chromium and copper.  

To summar ize  t h e  a v e r a g e  e l e m e n t a l  a n a l y s e s  p l o t t e d  i n  F i g u r e s  

5 through 7 ,  t h e  h i g h e s t  average - c o n c e n t r a t i o n s  of i r o n ,  s u l f u r ,  z inc ,  and 

n i c k e l  occur i n  t h e  quar tz - r ich  rocks  and i n  t h e  coa l  i n  t h e  I n t e r i o r  Basin 

samples; t h e  h i g h e s t  averages f o r  t h e  c l ay - r i ch  rocks  occur  i n  t h e  Appala- 

ch i an  Basin samples. . Secondly, f o r  each r eg ion ,  t h e  h ighes t  average concen- 

t r a t i o n s  o f  t r a n s i t i o n  and heavy meta ls  occur i n  t h e  c lay- r ich  u n i t s  r a t h e r  

t han  i n  t h e  qua r t z - r i ch  u n i t s  of t h e  c o a l s ;  except ions  a r e  i r o n ,  z inc ,  l ead ,  

and chromium i n  . t h e  I n t e r i o r  Basin and manganese i n  both r eg ions .  ' F i n a l l y ,  

app rec i ab le  q u a n t i t i e s  of p o t e n t i a l  n e u t r a l i z e r s  (based on average calcium 

pe rcen t  and N.P.) a r e  c o n t r i b u t a b l e  from ca lcareous '  c l a s t i c s  i n  t he  two 

r e g i o n s ;  a s  shown i n  F igure  6 ,  t h e  r e s u l t i n g  averages f o r  t h e s e  two para- 

meters  were s u b s t a n t i a l l y  h igher  f o r  t h e  ~ n t e r i o r  Basin than  f o r  t h e  ~ ~ ~ a -  

l a c h i a n  Basin.  



In an effort to gain insight into the mineralogical' combination of 

the various elements for which average'analyses have been presented, scatter- 

grams were plotted for the various elements of each lithologic group. 

I 
. . 

Figure 8'presents generalizations of 'some of the more meaningful plots.' The 

I strongest direct correlation was between aluminum and potassium for the -, 

quartz-rich units, where the two elements occur together as muscovite/illite 

and, locally, as K-feldspar. .Other. correlations suggested by these plots 

include, for the clay-rich. units, a direct relationship between calcium 

I . '  

and magnesium,. direct relationships between potassium, aluminum, and sili- 

con, and a cluster of high sodium values for the eastern Interior Basin . . 

samples - (mostly samples from Mine IM1). In addition, for the clay-rich 

. . units, regional separations based on plots of selected alkali and alkaline 
. . ,  

- .  
earth metals, mainly relating to the wide range of higher calcium and 

magnesium values for the, samples from the Interior'~asin, were also evi- 

dent. For the quartz-rich units, the strong potassium/aluminum relationship 

was also suggested in the plot of potassium vs. magnesium. Regional sepa- 

rations for the quartz-rich samples were also evident for selected metals -- 

including nickel vs. copper and zinc. In general, however, the plots of 

alkali and alkaline .earth metals,. apparently relating to regional paleo- 

environmental considerations, were the most meaningful' for data sepa- . . 

rations between basins. ... ... 
. . 

Prediction of mine water quality. from the types and quantities. 

of overburden materials present is a tenuous exercise at best. To examine - .  
possible relat'ionships between total chemistry of overburden material 

I .  and raw water quality at the sites studied, scattergrams were also plotted 

I of average concentrations of overburden constituents at each site vs. 



average pit water quality; these were generally inconclusive. Two methods 
, . 

I which have more promise are illustrated in Tables 2 and 3. The first table 
I 

presents manganese analyses from five samples taken from settling ponds 

which receive pumped discharges from the active.pit at some acid Appalachian 

strip mines in Maryland, West Virginia, and Pennsylvania. The mine effluent - 
at all five sites required chemical neutralization treatment before dis- 

charge. The settling pond sediments were chosen as a worst-case condition 

since they are the most fine-grained and homogeneous of the overburden- 

derived spoil materials; they may also contain high levels of transition and 

I heavy metals. Some of these metals are overburden-derived, some are con- 

tributed directly from local erosion, and others are taken out of the water 

by direct precipitation, co-precipitation, and/or adsorption. Figure 9 is a 

! plot of silicon vs. aluminum for pond sediments at mines requiring chemical 

. .  neutralization treatment for water; note the similarity to the same plot for 

' the overburden materials (Figure 2)., indicating a population split into 

clay-dominated and quartz-dominated factions. For unmined areas, a similar 
L. 

set of analyses can be performed on representative overburden samples from 

exploratory drilling. The data for manganese are presented here because, 

although manganese is not particularly toxic, it was the most mobile of the I 
metals studied, and other metals tended t'o nirror its behavior to a greater 

or lesser extent. Table 2 also presents some basic characteristics of . . -  - 
. . 

the five samples chosen; note the diversity of values' for pH, sulfur, 

carbon, N.P., and clay, with MD1-7 being highest in clay and PA3-1 highest 
. . 

in sulfur, and.lowest in pH and N.P. The 'data for the vaz'ious extracts 

indicate the' various amounts of manganese released as a result of three. 

types of laboratory extraction procedures at various pH levels. The first 



column shows the total amount of manganese present, in weight percent. The 

next three columns indicate the parts per million of manganese extracted 

(dry weight sediment basis) by non-buffered aqueous extracts (2: 1 water: 

sediment) a t  a low pH (2.0 using HCl), a near-neutral pH (using distilled 

I .. 
'water), and a high 'pH (10.0, using N~OH) . ' Columns five through eight show - 
the amount of mariganese extract'ed with sodium acetat;/acetic acid bu£fer 

solutions at pH 3'.4, 4.0, 5.0, and 5.9. The second-to-last column shows the 

amount of manganese extracted with the chelate DTPA. (diethylenetriamine . ' . 

pentaacetic acid). Finally, for comparison, the last column gives averages 

and ranges for ..manganese concentrations in the water overlying the pond 

sedimen'ts, and also the pH ranges for the pond water (which were extreme). 
. . 

Note that there was generally an inverse relationship between extractable 

manganese concentrations and pH in both the buffered and nonbuffered sys- 

tems. It is generally true that the highest amounts of manganese (and the 

other metals) extracted occurred in the buffered system. Within the buff- 

ered system, the highest amounts of manganese (and most other metals) 
* 

extracted occurred for sample PAX-1, which had the most manganese (and other 
I 

metals) present on a total basis. In the nonbuffered system, the highest 

amounts of manganese extracted occurred for sample PA3-4, which was the most 

acid (lowest pH and N.P.), even though it had the least total amount of 

manganese present. The DTPA extractable manganese, included to consider the - 

potential success of pond reclamation since it generally correlates well 

with plant uptake as a measure of exchangeable metals, was highest for the 
. . 

same sample as the buffered extracts (PA1-1, the sample with the most total 

manganese present). 



Some tentative conclusions for the pond sediments, based on the 

preliminary but rather extensive set of extracts completed for the five 

samples in Table 2 include: 

1. The behavior of manganese, as just described, was 

essentially duplicated by cobalt, nickel, copper, 
. . . . 

zinc, and cadmium. 
' - 

2. The behavior of chromium generally showed the same . . 

behavior as manganese for the nonbuffered extracts.' 

(i.e., most extracted in the two most acid samples), 

but showed a correlation with clay content in the 

. . buffered extracts (most extracted in sample MDI-7). 

3. The behavior of iron and lead showed the same behavior 

as manganese in the nonbuffered system; however, there 

were generally higher amounts of iron and lead extracted 

in the buffered system for.sarbple PA3-4, the most acid 

. . sample. 

4. Actual pond-water concentrations (mean and range given 

in last column) generally were of 'the same order of 

magnitude as the nonbuffered water extracts, but the 

wide range of average manganes.e concentrations for 

pond water (less than 1 to more than 60 m g / ~ j  reflects , ' 

the wide range of.pond acidity through a given year. 

. . 
5 .  Among the low pH buffered extract (pH 3.4), the low-pH 

nonbuffered extract (pH 2.01, and the DTPA extract, 

there was a remarkable consistency in the order of 

elements extracted (caiculated on a percent-of-total 

. .  basis). The order was (manganese) > (nickel,zinc, 
. . 

cobalt) > (chromium, copper, iron, aluminum). 



The implications of the. aq'ueous extracts performed on the sediment 

samples with regard to mine water quality are obviously preliminary but 

present some interesting' possibilities. For example, the fact that the 

. . 
high amounts of metal's extracted in the buffered system were rarely observed 

in the pond waters suggests that the time required for the sediment/ 

pond-water system to reach some sort of dynamic equilibrium is never attained 

in the natural setting. Rather, due to periodic influxes of acid untreated 

water and treated, sometimes highly alkaline, water, many metals undergo 

.rapid flux from the liqbid to the solid state. As a result, the metals 

concentrations' in ,pond waters seemed to average close to those of a dis- 

' . 'tilled water extract. If .there were prolonged contact of pond materials 

with low waters, metals concentrations might reach extreme levels. 

Another interestingobservation to be made regarding the metals data for the 

pond sediments is the mobility of manganese, which is one of the four mine 
I 

drainage parameters regulated by OSM. Often, simple chemical neutralization 

treatments (hydrated lime, soda ash), effectively reduce iron concentrations 

. in mine drainage but do not reduce manganese concentrations to acceptable 
, .  . . 

levels. The preliminary data here suggest that manganese, due to its 

mobility, may indeed. be a good indicator of high levels of other metals in 

mine drainage since the other metals tended to mirror its behavior. 

Table 3 shows an example of what is still probably the best predictor 

of water quality at..coal strip mines, a simple acid-base account: of an 

overburden section (~ine  PA^) in which' an excess or deficiency of bases is 

reported for each unit. The basic data for the construction of this account 

consists of two measurements for each unit: total (or pyritic) sulfur, and 

neutralization potential. The accounting balances maximum potential acidity 

(from immediately-titratable sources as sulfuric acid equivalent) 



against total neutralizers (from alkaline carbonates, exchangeable bases, 

weatherable silicates, or other sources capable of neutralizing strong acids 

as determined by the N.P.). The potential acidity is determined by multi- 

plying the total or pyritic sulfur content of a rock unit (given in %) by 

31.25, since overburden material containing 1% sulfur (all pyritic) will .. 
require 31.25 tons of calcium carbonate to neutralize the sulfuric acid 

- 
produced by oxidation and hydrolysis of 1000 tons of the overburden material. 

Thus, the NIP. is balanced against potential acidity to form. a net acid-base 
. . 

account. The excess or deficiency of bases for each unit can. then be 

multiplied by unit thicknesses to indicate approximate quantities of acidic 

vs. neutral-to-alkaline, spoil materials. See Sobek and others (1978) for 

further discussion of.this method.. 

The data for PA1 indicate that' sulfur content is highest adjacent to 

the coals. Most overburden samples, however, contain excess.neutralizers -- . 
. . 

especially sample B-15. ~xamining the total thickness of the acid toxic 

materials (those with a'net deficiency of bases), these materials comprise 

only about 16% of this particular overburden section. Thus., water quality 

in spoils can be maintained by blending the toxic and nontoxic materials. 

The- main toxic horizons of concern are B-llx, B-10, and B-lx. 

The value of an acid-base account is that it is a simple, readily 

accessible method for mine opera'tors to identify acid-toxic materials 
. -  .. 

in a given overburden sequence and give some indication of the balance 

between potential acid-producers and potential neutralizers. A detailed 

exploratory program can thus. give an indication, prior to mining, of the 

relative volumes of both types of materials present. For simplicity, total 

sulfur values are often used 'for this accounting, but high concentrations of 



. . 
sulfate or ' organic sulfur will give misleading results; in such cases, 

additional leaching of representative samples to determine pyritic sulfur 

content is frequently desirable. 

Thus, one can utilize at least two methods to predict water quality 

in a ,given mine setting: (1) the acid-base account to examine the poten- -. 

tial of a given unit or a given overburden sequence for acid/neutralization 
d 

potential, and (2) aqueous extracts to simulate the release of various 
. . 

metals under a range of pH conditions. A full.characterization of an 

overburden sequence will include both types of analyses. As indicated by 

the relative amounts of metals present on a total basis and the amounts of 
. . 

. . 

metals extracted from the settling pond sediments by the buffered p ~ '  solu- 

tions, time is the unknown but critical factor in predicting water quality. 

The rate at which acidity and metals are released and acidity is neutralized 

(either naturally or by chemical treatment) is a function of mining method, 
1 

spoil handling and placement, and 'hydrogeologic setting/drainage plan, 
. . 

all of which interact to determine the rate at which the pH-dependent 

solubilization of metals occurs in a natural mine setting. 
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Table  1. Methods of Overburden Sample Col lec t ion ;Diges . t ion ,  and A n a l y s i s ;  
Key t o  S u b c o n t r a c t o r s  and Mine Drainage .Treatment Methods 

Overburden Overburden Method of  Chemical 
Type of D i g e s t i o n  A n a l y s i s  ~ e u t r a l i z a t i o n  T r e a t -  

S i t e  , Sample ~ e t h o d ( s )  ~ e t h o d ( s )  c o o p e r a t o r (  s ) ment f o r  Mine Water 

. 1-OH1 C NaOH Fus ion ,  AAS ~ o r b e t t  , None ( N ~ ~ c O ~  f o r .  
and HE, U .  of Akron c o a l  p i l e  r u n o f f '  o n l y )  

' . , H2S04, HNO3 . .  

2-AL 1 G LiB02 AAS ' Boone and Evans,  c ~ ( O H ) ~ ,  C12, 
Fusion '  Ala .  G e o l o g i c a l  A1203 ( n o t , i n  u s e )  

i Survey 

I ' AAS 3-TNl G HF, H ~ C ~ O ~  . B y e r l y ,  U'. of  Tenn. NaOH (abandoned) 

I 4-TN2 G . HF, H2C104 AAS Byerly., U .  of  Tenn. None 

I 5-KY 1 G Li2B407 AAS, ES, XRF , H e s t e r  and Leung, None 
Fusion E .  Kentucky U .  

I 6 - ~ ~ 2  G . Li2B407 AAS, ES, XRF H e s t e r  and Leung, None 
Fusion E. Kentucky U .  

7 -PA1 G LiB02 
Fusion .. 

AAS, ES Love11 and P a r i z e k ,  Ca(0H) 2 
Penn. S t a t e  U t  

I 8-PA2 G L i  B0 2 AAS, ES Love11 and P a r i z e k ,  None 
,Fus ion  Penn. S t a t e  U.  

9 -PA3 G LiB02 
Fusion 

1.0-MD 1 G LiB02 
Fusion 

11-WV1 G LiB02 
Fusion 

AAS, ES 

AAS 

AAS 

Love11 and P a r i z e k ,  ' c ~ ( O H . ) ~ ,  Na2C03 . 

Penn. S t a t e  U .  

Behl ing and Renton,  
W .  V i r g i n i a  U.  

Ca(OHI2, Na2C03, . . 

a l k a l i n e  i n d u s t r i a l  w a s t e  

Behl ing and Renton,  c ~ ( o H ) ~ ,  Na2C03 
W. V i r g i n i a  U .  

12-KY3 ' C HF, H2S04, HNO3 . AAS Rood, S .  Ill. Univ. 
. . 

NaOH 

f 3-IN1 G 
. . .  

HF, H C 1 ,  H N O j  AAS Guernsey,  Ashy Howe, . None 
S i e t h e r ;  Ind .  S t a t e  U .  I 



-. 
Table 1 (~ontd.1 

I .  ' 

.Overburden Overburden Method of Chemical . 

Analysis Neutralization Treat- 
, Type of Digestion 

Site Sample ~ethod(s) ~ethod ( s ) cooperator(s) ment for Mine Water 

14-IL1 C . HE,H2S04, AAS H O O ~ ,  S. 111. U. M O A ~  . ,  . 

~ ~ 0 3  
. . 

15-IL~ C m, H2S04, AAS 11ood,.S. Ill. ,U. None - ' . , . 

'FINO3 

c~(oH)~. 16-1~1 G' (sulfur forms, neu- Sendlein, 
tralization potential Iowa State U. 
only 

17-M01 . ' G HE, H ~ c ~ o ~ ,  AAS Bolter, U. of Mo. . .  NH3 
HNO 3 

18-M02 G HF, H2C104, AAS Bolter,, U. of' Mo. None . . 

HNO3 
. . 

None 19-OK1 G . HCL, HE, H2S04 AAS, wet comer, U. of Tulsa 
chemical, 

. . .  
. . - -XRF, MP 

Key to Abbreviations 

C = Channel sample 
G = Grab sample 

AAS = Atomic absorption spectrophotometry 
ES = Emission spectrophotometry 

XRE = X-ray fluorescence 
MP = microprobe 



. . 

  able 2 .  T o t a l  and ~ x t r a c t a b l e  Mn from Se lec t ed  S e t t l i n g  Pond Sediment Samples 
. 

p~ - 

DTPA . Non-buff e red  Buffered 
Tot af . -. Average (and 

Sample . Mn pH D i s t  . pH 'pH PH PH PH ~ a n g e )  f o r  Pond 
No. Presen t  2.0 H20 10.0 3 . 4 .  4.0 5.0 5.9 Water [pH range]  

pH = 5.4 
N.P. = 5.0 

Tons CaC03/1000 Tons 
% C = 5 . 1  
% S = 0.03 
% Clay = 35. 

pH = 7 . 1  
N.P. = 23 
% C = 2.7 
% S = 0.07 
% Clay = 40 

= 5.0 
N.P. = 1.2 
% C = 2.6  
% S = 0.01 
% Clay = 60 



. . Table 2 (~ontd.1 

  on-bu f fered Buffered . . DTPA 
Total - Average (and 

Mn . pH Dist pH PH PH PH pH ~ a n g e )  for Pond :Sample 
NO. Present .2.O H20 10.0 3.4 4.0 5.0 5.9 Water  range] ' ' . ' 

[4.2-8.71 pH = 7.3 
N.P. = 15 
% C = 5.1 
% S = 0.03 
% Clay = 35. 

PA3-4 0.03 162 74 13 165 154 16 7 165 8 9 20 (15 -27) I 
< 



sh = SHALE 
slst = SILTSTONE 
uc = UNDERCLAY 



Fig. 1. Overburden, Water, and Sediment Sampling S i t e s .  

Fig. 2 .  P l o t  of S i l i c o n  vs.  Aluminum. 

Fig.  3 .  ,Average Overburden Chemistry of  Quart z-rich Uni ts  

- . Compared t o  Average Sandstone. ' . 

Fig. 4. Average Overburden Chemistry of Clay-rich . . 

Units  Compared ' .t o Average Shale. 

Fig.  5. 

Fig.  6 .  

Comparative Overburden and Coal Averages 

f o r  I ron ,  Manganese,. and Sulfur . .  

Comparative Overburden and Coal Averages f o r  

Calcium, Strontium, and N e u t r a l i z a t i o n .  P o t e n t i a l  . ' 

Fig. 7. Comparative.0verburden and Coal Averages 

f o r  Selec ted  Trace Metals. 

Fig.  8. Generalized Scattergrams of Clay-rich and Quartz-rich 

Overburden Units  -- T o t a l  Chemical Analysis. 

F ig .  9 .  Scattexgram of S.i.l.icon vs. Aluminum f o r  S e t t l i n g  Pond Sedilue~lts 

a t  'Mines wi th  Chemical Neu t ra l i za t ion  Treatment (n' = 30). 
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APPALACHIAN BASIN 

~ 3 4 s n s 6 7  

' i  A V E R A G E  SANDSTONE ' .  

( ~ . !u rek ian  ' 8 Wedepohl, 1961 ) 

x indicates order of magnitude only 



INTERIOR BASIN 

ppm 0 ,  . . 

j AVERAGE SANDSTONE 
.. ( Turek ian 8 Wedepohl, 1961) ' 

x indicates order o f  magni tude only 
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(Turekian 8 Wedepohl, 1961 ) 



% Fe 
RlCH I 

RICH "I I 

QUARTZ- A- 
RICH I 1 

A - APPALACHIAN I- INTERIOR *SWANSON et a1.'76 



QUARTZ-- 
RICH I I ( , .--------------=-b 
CLAY- A 1 

CLAYT~ 
RlCH I h 

NO 
COAL* A DATA 

A-APPALACHIAN I- INTERIOR *SWANSON et at. '76 



PPm Cr 

- m m - ~ ~ ~ m m ~ m ~  1 
- A  I 

I I I I I I 

PPm Co 

CLAY- A . 

COAL* 

I I 1 

ppm Ni 

I I I 

RlCH I 

I I I I I I 1 
0 25 50 75 1 0 0  125 150 

A-APPALACHIAN I-INTERIOR *SWANSON et a1.'76 



CLAY- A 

QUA R ~~7-i 
RICH I 

CLAY- R'cHq A - 
0 25 50 75 100 125 150 

A-APPALACHIAN I- INTERIOR *SWANSON et  01.~76 



CLAY - RICH UNITS: 

KEY - 
A - APPALACHIAN BASIN 

I = INTERIOR BASIN, INCLUDESEASTERN 
INTER1 OR BASIN (Ie) AND 
MIDCONTINENT BASIN (I,,) 

QUARTZ - RICH UNITS: 



% Si (TOTAL) 




