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The natural background concentration of lead (Pb) in soils in the 
United States ranges from 10 to 700 ppm, with an average of 20 
ppm (Demayo et a l . ,  1982). However, as a result of anthropogenic 
act iv i t ies,  soils may be contaminated with elevated levels of Pb. 
For example, gasoline combustion releases Pb into the atmosphere, 
and this Pb can be deposited onto roadside soils. 1,225 ppm Pb 
was noted in soil 0.3 m from a highway along which 8,100 
vehicles/day traveled, whereas at 100 and 200 m from the highway, 
the level of Pb in the surface soil was only 13 ppm. For a 
highway on which 550 vehicles/day traveled, levels of 35 and 13 
ppm Pb were noted 0.3 and 25 to 200 m, respectively, from the 
highway (Wheeler and Rolfe, 1979). Another source of Pb in soil 
is from deteriorating Pb-based paints: soil sampled within 2 feet 
of old wooden-frame houses painted with Pb-based paints contained 
1,586 to 2,349 ppm Pb, whereas samples from within 2 feet of 
brick-veneer houses contained 351 to 501 ppm Pb (Demayo et al . ,  
1982). Extremely high levels of Pb occur in soils near smelters: 
e.g., the level of Pb in soil samples was 28,000, 8,333, 4,800, 
3,654, and 703 ppm at 15, 90, 150, 180, and 1,000 m, respectively, 
from a secondary Pb smelter (Bisessar, 1982). Levels greater 
than 24,000 ppm Pb occurred in soils in the immediate v ic in i ty  of 
a Pb mine and smelter, whereas noncontaminated soil contained 
from 1 to 37 ppm Pb (Djuric et al . ,  1971). 

As Pb has no known biological function, elevated levels of Pb in 
soils and in other natural environments may adversely affect the 
indigenous biota, including the microbiota. For example, popula- 
tions of bacteria, actinomycetes, and fungi were decreased in 
soils surrounding a secondary Pb smelter (Bisessar, 1982). 
Elevated levels of Pb in soil may also adversely affect microbe- 
mediated ecologic processes. For example, amendments of soils 
with Pb resulted in reductions in carbon (C) mineralization 
(Mikkelsen, 1974; Doelman and Haanstra, 1979a), nitrogen (N) 
mineralization, n i t r i f i ca t ion (Bhuiya and Cornfield, 1974; 
Rother et al . ,  1982) denitr i f ication (Bollag and Barabasz, 1979), 
decomposition of animal (Doelman and Haanstra, 1979b) and plant 
(Strojan, 1978) l i t t e r ,  and act iv i t ies of soil enzymes (Doelman 
and Haanstra, 1979a). 
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There is ,  however, r e l a t i v e l y  l i t t l e  information on the mediating 
influence of the physicochemical factors of  the rec ip ient  environ- 
ment on the t o x i c i t y  of Pb to microbe-mediated ecologic processes. 
Mikkelsen (1974) and Doelman and Haanstra (1979a) showed that  Pb 
was more i n h i b i t o r y  to soi l  resp i ra t ion  in sandy so i ls  of low 
cation exchange capacity (CEC) than in clay or peat so i ls  with a 
higher CEC. This present study evaluated the influence of the 
clay minerals, kao l in i te  and montmori l loni te,  par t i cu la te  humic 
acids, and compost on the degradation of glucose in so i l .  

MATERIALS AND METHODS 

Soi l ,  with a pH of 5.0, a CEC of 8.2 meq/lO0 g, consist ing of 57% 
sand, 34% S i l t ,  and 9% clay, and natura l ly  containing the clay 
minerals, kao l i n i t e ,  vermicu l i te ,  and m i c a - i l l i t e  and a background 
concentration of 25 ppm Pb (acid extractable}  was obtained from 
the Kitchawan Research Laboratory of  the Brooklyn Botanic Garden 
at Ossining, New York. The so i l  was amended with e i the r  9% (v/v)  
kao l in i te  (Continental,  R.T. Vanderbi l t  Co., with a CEC of approxi- 
mately 6.5 meq/lOOg) or montmori l loni te (Volclay, Panther Creek- 
Aberdeen, American Colloid Co., wi th a CEC of  approximately 60 
meq/lO0 g) to y ie ld  a pH of  4.6 and 5.3, respect ive ly ,  and a CEC 
of  9.0 and 13.7 meq/lO0 g, respect ive ly .  A more detai led descrip- 
t ion of the physicochemical propert ies of these so i ls  is presented 
elsewhere (Babich and Stotzky, 1982). The so i l s ,  both unamended 
and clay-amended were stored essen t ia l l y  a i r -d ry .  In some studie~ 
the soi l  was amended with par t i cu la te  humic acids (Aldr ich Chemi- 
cal Co.) or compost (obtained from the aerobic composting of 
domestic sewage sludge and sawdust in a Kneer Bioreactor in 
Gissen, Germany). One week before each experiment, the so i ls  were 
preincubated with 12% water, with i n te rm i t ten t  mixing, to reac t i -  
vate the i r  microbial a c t i v i t y .  One day before the experiment, the 
so i ls  were brought to the i r  1/3 bar tension water content, stored 
overnight at  4 C, passed through a 2 mm sieve, and 100 g samples 
of each soi l  mixture were placed into wide-mouth incubation 
vessels. The incubation vessels were connected to a manifold and 
continuously aerated with water-saturated C02-free a i r  at  24 • 2 
C. The amount of  C released as CO 2 was determined t i t r i m e t r i c a l l y  
with HCI a f te r  absorption in NaOH and p rec ip i ta t i on  with BaCI 2 
(Stotzky, 1965). Amendments (e .g . ,  Pb as Pb(N03) 2, glucose, 
inorganic sa l ts )  were made in the water used to bring the so i ls  to 
t he i r  1/3 bar tension. The pH of  the soi l  systems was determined 
on a 1:1 so i l :wa te r  mixture. 

The natural and clay-amended so i ls  were supplemented with 2.5 g 
glucose/lO0 g s o i l ,  0.04% (w/w) P as Na2HPO4-KH2PO 4, and O, 500, 
1,000, or I0,000 ppm Pb. To compensate for the added N in so i ls  
amended with I0,000 ppm Pb, so i ls  amended with O, 500, or 1,000 
ppm Pb were supplemented with NH4NO 3 to y ie ld  a N level of 0.14% 
(w/w) ( i . e . ,  the amount of  N added with I0,000 ppm Pb). The 
addi t ion of  I0,000 ppm Pb lowered the pH of the unamended soi l  to 
4.0, of  the kaolinite-amended soi l  to 3.9, and of the montmoril- 
lonite-amended soi l  to 5.0. The so i ls  were incubated for  16 
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days. 

The soil supplemented with either 0.5 or 2% (w/w) humic acids or 
with l or 4% (w/w) compost was amended with I g glucose/lO0 g soil 
and either 0 or 20,000 ppm Pb. To compensate for the additional 
N in the Pb-amended soi ls,  the various soil controls ( i . e . ,  
without Pb) were supplemented with an equivalent level of NO 3- 
( i . e . ,  11,970 ppm) as Mg(NO3)2.6H20. The addition of 20,000 ppm 
Pb lowered the pH of the soil without the supplements of humic 
acids or compost to 3.6. The pH of control soils ( i . e . ,  no Pb) 
supplemented with 0.5 to 2% humic acids was 5.0 and 6.0, 
respectively, and of those supplemented with 1 or 4% compost was 
4.5 and 4.8, respectively; the respective pH values for these 
soils amended with Pb were 3.8, 4.2, 3.6, and 3.6. The soils were 
incubated for 20 days. 

RESULTS AND DISCUSSION 

In the absence of Pb, the amount of glucose degraded, as indicated 
by the total amount of CO 2 evolved, was lower in the montmorillon- 
ite-amended than in the kaolinite-amended or natural so i l .  The 
addition of 500 or 1,000 ppm Pb to the natural or clay-amended 
soils did not have an appreciably adverse effect on the extent of 
C mineralized after 16 days of incubation. The addition of 10,000 
ppm Pb resulted in a 28, 21, and 1% decrease in the total amount 
of C mineralized in the natural, kaolinite-amended, and montmor- 
illonite-amended soi ls,  respectively, as compared to their  
respective control soi ls.  The lag in C mineralization caused by 
the addition of 10,000 ppm Pb was reduced in the montmorillonite- 
amended soi l :  an accelerated rate of C mineralization occurred 
after 3 days in the montmorillonite-amended soil but after 4 to 5 
days in the kaolinite-amended or natural soi ls.  The rate of C min- 
eralization in the montmorillonite-amended soil supplemented with 
10,000 ppm Pb was equivalent to that in i ts  control soil ( i . e . ,  
amended with montmorillonite but no Pb) after 6 days of incuba- 
tion, whereas the rates of mineralization in the kaol ini te- 
amended and natural soils were approximately equivalent to that 
in their respective control soils only after 10 days of incuba- 
tion (Fig. 1). 

The lower inh ib i t ion of C mineralization by Pb in the montmoril- 
lonite-amended soil was probably the result of the higher CEC of 
this than of the kaolinite-amended and natural soi ls.  Pb adsorbs 
to clay minerals, with montmorillonite adsorbing more than com- 
parable concentrations of kaolinite (Hildebrand and Blum, 1974a; 
Farrah and Pickering, 1977), and the greater protection provided 
by montmorillonite than by comparable concentrations of kaol inite 
against the tox ic i ty  of Pb to mycelial growth of fungi in v i t ro  
was correlated with the CEC of the clays (Babich and Stotzky, 
1979). Doelman and Haanstra (1979a) also showed that the inh ib i -  
tory effect of Pb on CO 2 evolution from a variety of soil  types 
was inversely correlated with their  CEC. 
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In the absence of Pb, the addit ion of 0.5 or 2% humic acids did 
not appreciably affect the rate or extent of C mineral izat ion. 
After 20 days of incubation in the presence of 20,000 ppm Pb, no 
CO 2 evolution was detected in the natural soi l  or in the soil 
amended with 0.5% humic acids. However, in soi l  amended with 
20,000 ppm Pb and 2% humic acids, there was some evolution of CO 2 
(Fig. 2), indicating that the higher concentration of humic acids 
resulted in some reduction in the t o x i c i t y  of Pb. Preliminary 
studies using the natural soi l  adjusted to pH 7 and amended with 
15,000 ppm Pb, showed that 2% humic acids completely, and 0.5% 
humic acids greatly, reduced the inh ib i to ry  effects of Pb on C 
mineralization. Pb forms stable complexes with humic acids 
(Hildebrand and Blum, 1974b; Stevenson, 1976), and humic acids 
protected fungi against Pb t o x i c i t y  in v i t r o ,  probably by com- 
plexing the Pb and, thereby, reducing i t s  a v a i l a b i l i t y  for uptake 
by the fungi (Babich and Stotzky, 1979). 

In the absence of Pb, 1 and 4% compost did not affect the extent 
of C mineralization. In soil amended with 20,000 ppm Pb and 1% 
compost, C mineralization occurred at an exceedingly reduced rate 
that slowly increased with time. In soi l  amended with 20,000 ppm 
Pb and 4% compost, the low but progressively increasing rate of 
mineralization occurred unt i l  day 10 of incubation, but then 
mineralization proceeded very rapidly and approached the rates in 
the natural and compost-amended soi ls without Pb, and by day 20, 
the amount of C mineralized was almost equivalent to that in the 
natural and compost-amended soi ls without Pb (Fig. 3). The addi- 
t ion of compost probably increased the CEC of the so i l :  the ap- 
p l icat ion of 40 and 240 metric tons/ha of dry sludge compost to 
a s i l t  loam soil with a CEC of 5.5 meq/lO0 g increased the CEC to 
6.3 and 10.7 meq/lOOg (Epstein et a l . ,  1976). The compost appar- 
ent ly provided additional exchange si tes in the soil  for the 
sorption and sequestering of the Pb, thereby affording protection 
against the t ox i c i t y  of Pb towards the microbiota. 

The protection afforded by compost against metal t o x i c i t y  was in 
contrast to what usually occurs with the addition of uncomposted 
sewage sludge. I f  the sewage sludge contains high concentrations 
of heavy metals, i t s  use for l and f i l l  and f e r t i l i z e r  may resul t  in 
elevated levels of heavy metals in crops (e.g.,  Weber, 1972; Page, 
1974; Valdares et a l . ,  1983). In contrast, the b ioava i l ab i l i t y  to 
plants of cadmium and zinc from composted sludge was less than 
that from uncomposted sludge (Chaney et a l . ,  1975; Giordano et 
a l . ,  1975; Simeoni et a l . ,  1984), probably because the chemical 
speciation of the heavy metals changed during composting to reduce 
the i r  b ioava i lab i l i t y  and, hence, t o x i c i t y .  

The t o x i c i t y  of Pb, as well as of other heavy metals (e.g. ,  cadmium 
and zinc; Bewley and Stotzky, 1983a, b), to C mineralization in 
soil is dependent on the physicochemical character ist ics of the 
specif ic soil into which the metals are deposited. For example, 
the t o x i c i t y  of Pb to C mineralization was reduced in soi ls with a 
high CEC (Doelman and Haanstra, 1979a; this study). Environments 
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in which the physicochemical characteristics tend to potentiate 
the tox ic i ty  of a pollutant have been referred to as "high risk" 
environments, and those in which the tox ic i ty  of a pollutant is 
reduced have been referred to as "low risk" environments (Babich 
and Stotzky, 1983; Babich et al . ,  1983). Such differential toxi- 
cit ies of pollutants in environments that di f fer in physicochemi- 
cal characteristics must be recognized by regulatory agencies when 
setting cr i ter ia and standards for toxicants in the environment 
(Babich and Stotzky, 1985). 

Acknowledgment. This research was supported, in par t ,  by Grant 
R808329 from the United States Environmental Protect ion Agency. 
The views expressed in t h i s  paper are not necessar i l y  those of  
the Agency. 

REFERENCES 

Babich H, Stotzky G (1979) Abiotic factors affecting the tox ic i ty  
of lead to fungi. Appl Environ Microbiol 38:506-514 

Babich H, Stotzky G (1982) Toxicity of nickel to microorganisms in 
soil :  influence of some physicochemical characteristics. Environ 
Pollut 29A:303-315 

Babich H, Stotzky G (1983) Developing standards for environmental 
toxicants: the need to consider abiotic environmental factors and 
microbe-mediated ecologic processes. Environ Hlth Perspect 49: 
247-260 

Babich H, Stotzky G (1985) Heavy metal tox ic i ty  to microbe- 
mediated ecologic processes: a review and potential application 
to regulatory policies. Environ Res (in press) 

Babich H, Bewley RJF, Stotzky G (1983) Application of the 
"ecological dose" concept to the impact of heavy metals on some 
microbe-mediated ecologic processes in soi l .  Arch Environ Contam 
Toxicol 12:421-426 

Bewley RJF, Stotzky G (1983a) Effects of cadmium and zinc on micro- 
bial act iv i ty  in soi l ;  influence of clay minerals. Part I :  metals 
added individually. Sci Total Environ 31:41-55 

Bewley RJF, Stotzky G (1983b) Effects of cadmium and zinc on micro- 
bial act iv i ty  in soi l ;  influence of clay minerals. Part I I :  
metals added simultaneously. Sci Total Environ 31:57-69 

Bhuiya MRH, Cornfield AH (1974) Incubation study on the effect of 
pH on nitrogen mineralization and n i t r i f i ca t ion in soils treated 
with 1,000 ppm lead and zinc, as oxides. Environ Pollut 7:161- 
164 

Bisessar S (1982) Effect of heavy metals on microorganisms in 
soils near a secondary lead smelter. Water Air Soil Pollut 17: 
303-308 

Bollag J-M, Barabasz W (1979) Effect of heavy metals on the de- 
n i t r i f ica t ion process in soil. J Environ Qual 8:196-201 

Chaney RL, White MC, Simon PW (1975) Plant uptake of heavy metals 
from sewage sludge applied to land. In: Proc Natl Conf on 
Municipal Sludge Management and Disposal, Information Transfer 
Inc, Rockville, MD, p 169 

523 



Demayo A, Taylor MC, Taylor KW, Hodson V (1982) Toxic effects of 
lead and lead compounds on human health, aquatic l i f e ,  w i l d l i f e  
plants, and l ivestock. CRC Cr i t  Rev Environ Contr 12:257-305 

Djuric D, Kerin Z, Graovac-Leposavic L, Novak L, Kop M (1971) 
Environmental contamination by lead from a mine and smelter. 
Arch Environ Hlth 23:275-279 

Doelman P, Haanstra L (1979a) Effect of lead on soil  respirat ion 
and dehydrogenase a c t i v i t y .  Soil Biol Biochem 11:475-479 

Doelman P, Haanstra L (1979b) Effects of lead on the decomposition 
of organic matter. Soil Biol Biochem 11:481-485 

Epstein E, Taylor JM, Chaney RL (1976) Effects of sewage sludge 
and compost applied to soil on some soil  physical and chemical 
properties. J Environ Qual 5:422-426 

Farrah H, Pickering WF (1977) Influence of clay-solute interactions 
on aqueous heavy metal ion levels. Water Air Soil Pollut 8:189- 
197 

Giordano PM, Mortvedt JJ, Mays DA (1975) Effect of municipal wastes 
on crop yields and uptake of heavy metals. J Environ Qual 4:394- 
399 

Hildebrand EE, Blum WE (1974a) Lead f ixa t ion  by clay minerals. 
Naturwissenschaften 61:169. 

Hildebrand EE, Blum WE (1974b) Lead f i xa t ion  by soil humic acids. 
Naturwissenschaften 61:169-170 

Mikkelsen JP (1974) Indvirkning af bly pa jordbundens 
mikrobiologiske a k t i v i t e t .  Tidster Plant 78:509-516 

Page AL (1974) Fate and Effects of Trace Elements in Sewage Sludge 
When Applied to Agricultural Lands. A Literature Review. EPA 
670/2-74-004 

Rother JA, Millbank JW, Thornton I (1982) Effects of heavy metal 
additions on ammonification and n i t r i f i c a t i o n  in soi ls contamin- 
ated with cadmium, lead, and zinc. Plant Soil 69:239-258 

Simeoni LA, Barbarick KA, Sabey BR (1984) Effect of small-scale 
composting of sewage sludge on heavy metal a v a i l a b i l i t y  to plants. 
J Environ Qual 13:264-268 

Stevenson FJ (1976} S tab i l i t y  constants of Cu 2+, Pb 2+, and Cd 2+ 
complexes with humic acids. Soil Sci Soc Amer J 40:665-672 

Stotzky G (1965) Microbial respirat ion. In: Black CA (ed) Methods 
of Soil Analysis, Part 2. Chemical and Microbiological Properties. 
American Society of Agronomy, Madison, Wl, p 1550 

Strojan CL (1979) Forest leaf l i t t e r  decomposition in the v i c i n i t y  
of a zinc smelter. Oecologia 32:203-212 

Valdares JMAS, Gal M, Mingelgrin U, Page AL (1983) Some heavy 
metals in soi ls treated with sewage sludge, the i r  effects on 
y ie ld ,  and the i r  uptake by plants. J Environ Qual 12:49-57 

Webber J (1972) Effects of toxic metals in sewage on crops. Water 
Pollut Contr 71:404-413 

Wheeler GL, Rolfe GL (1979) The relat ionship between dai ly t r a f f i c  
volume and the d is t r ibu t ion  of lead in roadside soil and vegeta- 
t ion. Environ Pollut 18:265-274 

Received October 5, 1984; accepted November 8, 1984 

524 


