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Contamination of the 02 SoU Horizon by Zinc Smelting and its Effect on Woodlouse Sani"Val1 

W. N. BEYER, G. W. MILLER, AND E. J. CROMARTIE2 

ABSTRACT 

Samples of ltter frul tile Ol llorizoll of Dekalb !Oil (loaaly

..W. adxetl, --= Tn* ~ - rollected ,.,. 11 
~op sites 011 a n..d .... raa lty two Zll smelters ill Pabaert011, 
h. Metal eOK'flltratiHI IKieaetl by replar pwbldoiiS fi'OIII a ailli
... at a site 105 m west ., tile smelters !67 Jllllq Zll, 0.15 ~~~~~~~ 
C4, 150 mcfkl Pit, 11 ec!\1 C•) 1o a ma.-'limam l.l km eut of the 
•dters (35 000 mal k& Za, tJOO mg/kg Cd, JlOO m&fka Pb, 280 
111/'kl Ca), ud din cleaaled util llley m~CIIecl aa eastena miai· 
-• at tile easaen.wt..., 1J ba froa tile ~ All ble.rase ill 
• P coaceatntJo.- tile -'ten sllowed tbt the -asioa wen 
.._pdaa autrieat flcrtlr lllroqti the et:osy5tem. An illeftase In tile pH 
.., tbe Slllelten wu attributed to tile up co~aestntioiiS of Za. The 
let of tbe dlstaace of tile lites frolll tile smelter.! wu silaifk:lllltly 
conelated (r • - 0.18, p < 1.05) tritlt the mortaUty of woocllke 
IPrwr:ellio sa~ber Latreille) fed amples of tile litter durfa& 1111 1-wedl 
test. There was substaadai!Dortality of woodl.ia obsened evea ill die 
02 litter collected 19 km eut of the smelters. Zinc, eadmiam, lead, 
ropper. and sulfur wene nperimentally added, alone or In combina
tion, to Ol Utter collected far from any known 50urce of metal emis
tlou. Tbe lll&best conemtnd011 of Zn added (20 000 m&fkl) "u 
loUc: enouah to account for the mortality obsened in the earlier test . 
.\ lower coneeatradou of Za (5000 ma/ kl) as wdl as die- eo11CC11tra
i:loa of Cd (500 lqlq) laled .aso sianilkudy (p < 0.05) illeneued 
• aortality of woodlice. 

Additiolltll/tula Words: Porce/lio scalur, lelld, cadmium, copper, 
,_,horus, pH. 

Beyer. W. N., G. W. Miller, and E. J. Cromartie. !984_ Contamina
tion of tbe 02 soil horizon by zinc smdting and its effect 011 wood
louse~urvival. J. Environ. Qual. 13:247-2!5 1. 

Strojan (1978a) showed a reduction in the densities of a 
wide variety of arthropods inhabiting the litter on Blue 
Mountain near two Zn smelters in Palmerton. Pa. Emis
sions from the smelters have done much environmental 
damage, including stunting and killing of forest trees 
(Jordan, l97S), reducing the density and species diversi
ty of lichens (Nash, 197S) and mosses, decreasing the 
numbers of bacteria, actinomycetes, and fungi in the 
soil (Jordan & Lechevalier. 1975), and poisoning of 
farm animals (Guns<5n et al., 1982) and wildlife (Beyer, 
1983). The organic horizons near the smelters are ab
normally thick and have a reduced rate of respiration 
compared with organic horizons farther from the 
smelters (Strojan, 1978b). Knowledge of the metals in 
the litter is critical to understanding their movement 
through the ecosystem. The 02 litter is where much of 
the aerially deposited emissions from the smelters be
comes concentrated, and it is an imponant source of 
both nutrients and contaminants to plants. to organisms 

'Contribution of the U.S. Fish &: Wildlife SerYice. Earuxent Wild-
life Res . Center , Laurel. MD 20708 eceiv Ma.v 8J_ 

: R.:search Biologist, Biological Technician. and R.:search Chemtst , 
respectively. U.S. Fish&: Wildlife Service. 
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. feeding in the litter, and to hither in the food 
chain. Tyler ( 1972) suggested _the orpnisms in an 
ecosystem that are most sensitive tO heavy metal con
tamination may be the decomposers of plant material. 

Previous studies of woodlice (Onisau QSf!//us) have 
shown that they may accumulate high concentrations of 
metals (Martin et al., 1976), that the concentration of 
Cu in their bodies is a good indicator of Cu concentra
tions in litter (Wieser et al., 1976), and that the uptake 
of Ca is influenced by the uptake of Pb (Beeby, 1978). 
The present study shows that woodlice may also be used 
to evaluate the toxicity of litter contaminated with 
metals. 

The 02 litter at Palmerton was sampled previously by 
Buchauer (1973). who concluded that the smelter emis
sions greatly increased the concentrations of metals near 
the smelters, and that the theoretical limits of the con
tamination of Zn, Cd, Pb, and Cu were 19 to 39 km to 
the east and 12 to i6 km to the west. The present study 
examines the contamination of the 02 litter in detail; it 
shows the extent of the contamination by analyzing 
litter coUected as far away as 100 km from the smelters, 
shows how the survival of woodlice (Porcellio scaber 
Latreille) in litter is related to the distance from the 
smelters, and shows that the concentrations of Zn in 
some of the sart!Pies of litter are toxic. 

METHODS 

Collection of 02 Soil Utter 

Eighteen sites were >elected aio9g a transect at various distances 
from two Zn smelters in Paimenon, Pa. Distances were measured to 
the main smokestack of the east plant. Fifteen of the sites were along a 
line on Blue Mountain, enending from a site 19 km east of the 
smelters to a site 72 km west of the smelters. At its clo5est point the 
transect passed about l km :>Outh of the >melters. Three western sites 
were located on ?'!ters Mountain {85 km) and Broad Mountain (98 km 
and 105 km). The soils at ail sites lJelonged to the Deltalb series 
(loamy-~keleral, mixed, mesic Typic Dystrochrept), ;ufd were either a 
very stony loam or a very stony sandy loam (Ackerman, 1970; Fisher 
et al., 1962; Kunkle et ai., 1972; Staley, 1974). No sites fanher than-19 
km east of the smelters were sampled because it was thought thar in
dustrial emissions from New Jersey might obscun: the pattern of de
position of metals from the smelters. All sites were ridgetops, bad an 
elevation of between 425 and 475 m, and were located at least 0.5 km 
from all roads. The prevailing winds in the region were from the west 
(Kunlde et al., 1972; Staley, 1974). 

At each site IS samples of the 02 litter horizon were collected with 
trowels and were combined into one composite sample. The 02 hori
zon is defined as an "organic horizon in •hich the ori1inaJ form of 
most plant and animal matter cannot be m:opi.zcd with the naked 
eye" (SCS, 197S). Additional, relatively uncontaminated 02litter was 
collected from a site on Broad Mountain, 98 km to the west of the 
smelters, and far from any other known significant !IOUrces of metal 
emissions. R()O(S and other coarse fragments were removed from the 
samples, and the litter was subsampled for chemical analysis. 

Handling of Woodlice and Litter 

Porcellio scaber Latreille, a woodlouse, was selected as a titter 
anhropod to test the toxicities of the litters colii!Cted at different sites. 
It is common in the nonhero Unitt:d States and is frequently -'lSSOCi
ated with human habitations (Van Name, 1936), Its selection was not 
meant to imply that it is normally an important pan of the fauna of 
Dekalb soil or that it normally feeds solely 01102 litter. The woodlice 
were collected in July from the grounds of a private residence in 
Bowie, Md. and were kept in the laboratory for a few weeks to allow 
them to acclimate, All animals used were at least 6 mm long, Gravid 
females were tdentiti ed by their brood pouches, Remaining !~males 
were separated from the males after they were narcotized with CO, 
and examined under a microscope, 
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Fig. l-Perceat mortality ( :1: SE) of woodlice kept in Dekalb 01 
collected at various disunces from toro Zil :smelters in Pld_....,. 
Pa. Tile most western point is u avengl! from five !lites (OIIe 
cste of eacb) and the other points are from individual :lites 
repliates of eacbl. 

The woodlice were kept at about 20"C in open plastic · 
boxe:l (15 by IS by 20 em high) that contained about 
moistened 021itter, a shallow clay dish to provide :shelter, 
dish of CaCO, to ensure that they bad adequate Ca for their 
tons. Four replicate ooxes were prepared from the litters 
easternmost sites. The five westernmost collection >ites 
to be far enough away from the smdters (63-105 km to 
their litters to be considered as "controls" and, cotnsc:quemflt 
one replicate was prepared from the litter from each of 
Seven male and seven female woodlice were put !nto each 
Once a wr:ek about 20 mL of distilled water was :1dded to 
Surviving woodli<:e were counted after 2, 4, 6, and 8 week!!. 

After this first experiment showed that some of the samples 
were toxic to the woodlice, a second experiment was 
identify the toxic qent. Zinc, cadmium, lead, copper, 
(either alone or in combination} were added to the relatively 
taminated 02 titter collected 98 km to the west of the smelters 
2). The concentrations used were those that would be present 
4 or 5 ~m east of the m~dters. A lower concentration of 
mglkg) was also tested. Metals were added as oxides (ACS 
certif!Cd), since they are the main emissions from the 
(Buchauer, 1973). The samples wen: sbai:en in m Ebl:rblldl 
ical sbalter to disperse the metal J)O'IJders evenly. The 
tested with a dye (mcthyf.ene blue) to be sure that tbc 
adequately mixed. Each treatment was replicated sa ti~ 
male and six female woodlice to a replicate. In other respects. 
perimental procedures were the same as those used in the first 
mem. Survival of woodlice in the various treatment groups 
pared with survival of woodlice in the control group by 
analysis or variance (ANOV~~} and Olmnett'' (J~S) procedue;;J 
nett' .• procedure aUoW'5 the simultaneous comparison of 
mcnts to a control at a significance level that applies to 
parisons jointly. 

Chemical Analyses 
' Samples of the 02 litter were analyzed at the Soil 

Analysis laboratory of the University of Georgia; Ca, Mg, 
were determined by plasma spectrograph, soil pH with a 
Model 7 pH meter, soil-buifer pH with Adam' s lime buffer 
and S by a leco sulfur analyzer. Cation exchange capacities 
culated by adding together the milliequivaients of Ca, Mg, K, 
Organic matter was determined by dry combustion at the Soir 
Forage Testing Laboratory at Pennsylvania State University. 

Metal concentrations were determined at the Patuxent 
search Center. Five-gram ponions of the homogenized 
dried in Vycor crucibles for 2 h at II0°C, then ashed nv•""'-
5500C in a muffle furnace . The -;ool~ ash was dissolved in 3 
HNO, and 1 mL HCI over a aot plate, transferred to a 12-mL 
propylene tube, and dilutt:d to to :nl with distillt:d, deionized 
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rrom Dekalb rid&etop soils coiiKted at variou distaac:a east or 
•nl of two ZII.RIIdten I• Pllllaertoe, Pl. 

[)cterminations were made on a Perkin-Elmer model 703 atOIDic: 
abSOrption spectrophotometer, by comparuon to aqueous staDdards 
at 213.9 nm (Zn), 22&.8. nm (Cd), 217.0 nm (Pb), and 324.7 nm (Cu) 
wavelengths. Backgrounlt-eorrectjon was used for Pb and Cd. Re
cOVeries from ~piked 5alllples ranged from 70 to IOIIJ'a, and the lower 
limit of quantification was 0.! msf\1. Coacentrations were reponed 
IS mg/kg, dry weight. 

RESULTS 

The mortality of woodlice after 8 weeks was highest 
(84-89aJ'o) in the 02 litters collected nearest the smelters 
and decreased gradually to about 32-,• in the 02 litters 
coileaed from sites 1.5 Jan or more west of the smelters 
(Fig. l ). Substantial mortality was observed even in the 
02 litter collected 19 km east of the smelt~s. The 
mortality was significantly correlated (r = - 0.80, p 
< 0.05) with the log of the distance from the smelters 
(Table t) . Because the mortalities during each of the 2-
week intervals were similar, only data collected after 8 
weeks were shown. 

Concentrations of metals in the 02 litter also were re
lated to the distance of the collecting sites from the 

Table 1-COftfllatioo ....tfiriea&a (7t nk&iac the lac ol the 
distaac:e to tlte maeltera ad the~ ol1nl0dlice 

to 121itter TUiabl-. 

Log of cfurtance Mortality 
LiUK variable tosmak« al. woodlice 

Mortality of woodlice -0 .• 
Loir of cone of metals in litter 

Zn - 0.96• - o.ss• 
Cd -0.96* - 0.87* 
Pb - 0.91* - 0.82* 
Cu -0.90* - 0.80* 

Other litter variables 
s - o.s..• - 0.56* 
pH -0.78• - o.n• 
Ca - 0.39 -0.50* 
Mg 0.~ 0.28 
!{ 0.78* 0.80* 
p - 0.68* -0.611* 
Or;p~nic !IllitU!r 0 .• 3 'l.J:J 
Cation exch.oinge ca.!>"city 0.43 <l. l .-1 

• Significant a t t he 0.06 level 

~1~---,-------r----~----r-----~----~~ 
I 10 100 

Distance to smelter (km) 

fig. 3-Coaaotratioas (dry 1ft. ) of la (opea triaqjes) aad Cd 
(closed triaaaies) in 02 Htter collK!ed at •arioa clisaaac:es fro• two 
Zn sm<elten 111 P'llmertoa, Pa. Sites to the "est of tile maeltea an 
repreenled by triangle! j)Oiating doovn and sita to the east by tri
angles pointing up. 

smelter (fig. 2, Table I), ranging from a minimum at a 
site 105 km west of tbe smelter (67 mg,lka Zo, O..&S 
mg/q Cd~ ISO mg/q Pb, H melll Cu) to-•_,.io.._ 
at the site 1.2 km east of the smelters f-lS CJ00-malt8 Zi1. 
1300 mglkg Cd, 3200 mglkg Pb. 280 mglkg Cu). The 
concentraaion of Zn was hiaher at the site IIICIRSl the 
smelter by a factor of m and that of Cd by ISOO. The 
actual degree of contamination was greater tbao these 
factors imply. since there was an accumulation of or
ganic matter in the 02 horizon ncar the smelters 
(Strojan, 1978b). The relation between the distaDce to 
the smehe:rs and the concentrations of Zn and Cd was 
evident even 100 km. away (Fig. 3). 

1 "ooo 
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F~. 4-V81es of etpt litter variabiles ill die 02 lloriza. of Debfb 
'!Oils collected al •:ulnas distant.~ el.'ll or west of 1-vo Zn smelter:! in 
Plllmerton, Pa. 0 . .\t:. = organic matter. CEC = cstion exchange 
apadty. 
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Concentrations of ter clemarts ill the 02 
litter varied with the distance to the smdters (Fig. 4. 
Table 1). Concentrations of S and P tended to be 
highest at sites nearest the smelters. Concentrations of K 
tended to be lowest at the sites nearest the smelters. 
Both the pH and the exchangeable Ca content were 
higher at the ~tern end than at the western end of the 
transect; however. an increase in the pH near the 
smdters was aot associated with an increase in the ex
chang~bie Ca content. 

Most of the litter variables examined were correlated 
with both the log of the distance from the smelters and 
the observed mortality of woodlice (Table i). and most 
of the litter variables were also correlated with each 
other. For example, the correlation coefficients (r) for 
the log o f the concentration of Zn vs. the log of the con
centrations of the other metals were as follows: Cd, 
0.:99; Pb, 0.96; and Cu, 0.94 (all significant ar p 
< 0.05). 

The 02 litter used in the second experiment had a nu
trient content similar to that of the samples collected 63 
to I 05 km to the west of the smelters: 16 mgl kg P, 150 
mglkg K. 300 mg/kg ea. and 44 mglkg Mg. The sam
ples treated with 20 000 mglkg Zn had the highest pH 
(5.3) and the samples not treated with Zn had pH values 
in the range of 3. 7 to 4.0. The control litter contained 98 
mglkg Zn, 1.4 mgltg Cd, 106 mg!kg Pb. and 9.4 
mg!kg Cu. The metal concentrations in the treated Sam
ples, measured by atomic absorption spectrophotome
try (data not shown), were similar to the concentrations 
calculated from the amounts of metals added experi
mentally (Table 2), differing by an average of< 15111e. 

An ANOV A showed statistically significant (F = 
39.4; 7 and 40 df; p < 0.05) differences in the rates of 
survival of woodlice after 8 weeks in the experimentally 
amended litters. The rate of survival in the control litter 
was lWIJo (Table 2). The rate of survival of woodlice ex
posed to 20 000 mg!kg Zn was only 29tfe. There was no 
signifJCaDt difference (p < 0.05) in the survival of 
woodlice exposed either to 20 000 mg!kg Zn or ro Zn 
and th~ four other elements combined. Survival of 
woodlice in 02 litter treated with 5000 mg!kg Zn was 
intermediate between that in control 02 litter and that 
in 02 litter treated with 20 000 mg!kg Zn (both differ
ences significant at p < 0.05). Fewer woodlice survived 

Table Z-5anival of woodJice after 8 weeks ill Deb.lb 02litier 
ameDded with Z.. Pb, Cd. Cu, or S, either aloae 

1 I Control 02 litter 
21 20 000 mWk« Zn 
31 5000~qZn 
4) 2 000 ml!l'kg Pb 
5) 500 mg>'kgCd 
6) 2fl0 mgfkg Cu 
7) .. 001) mglkg s 
13) 20 000 ~kgZn+ 

2 I)(}() mg!kg Pb + 
500 ml!l'kg Cd + 
200 mg:iq Cu + 

4000 mg!kgS 

or in egmbinatioo. 

Wean~ woodlice ~Survival~ 
survival with contnU 

86 

~ ~· 64 ,... 
78 91 
69 so• 
as 102 
79 92 
36 .f2· 

• Treatment is .!ignifican tly different from the control iby Dunnet t ·! 
Method. P < \l.061. 

r Each trelltment coll!fist.C of six replicates, each containing 12 .. oodlice. 
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in 02 litter tn·-· with C4, Pb, or S than in 
02 litter, but the difference was sipif"tcant (p 
only in the 02 litter treated with Cd ...... u·uuogr; 
mg!kg did not affect mortality. The large 
woodlice used per treatment and the ge1:u:rall! 
agreement in mortality amoq replicates 
relatively small standard error ( :t: 3.5-r. of 
survival for each treatment). 

DISCUSSION 

The abnormally low density of arthropods 
the soil litter on Blue Mountain near the 
(Strojan, 1978a) can be related to the high 
tions of Zn in the soil. \\lnereas as much as 
mg/ kg Zn is present in the 02 litter collected near 
smelter , concentrations of both 5000 mg/ kg Zn · 
20 000 mg/ l<g Zn increased mortality of woodlice 
8-week test. Even lower concentrations of Zn 
could be shown to be toxic to woodlice if the test 
were substantially lengthened and the woodlice 
to complete rheir life cycle. Concentrations o f 
contaminants (Cd, Pb, S) on Blue Mountain 
be toxic to woodlice, but not nearly as toxic 
centration of Zn. 

Previous estimates of the metal content o( 
horizon near the smelters (Buchaucr. 
1978b) are similar to our estimates. Nevertbe:lesl~
Iieve that Buchauer underestimated the 
contamination from the smelters (12-16 km to 
19-39 lcm to the east) because she did not 
enough away from the smelters to accurately 
background concentrations. which she s-1 J- ~ ~cs-. 
about 330 mg/kg Zn, 6 mg/k& C~ 300 
30 mg!kg Cu. Figure 3 shows that the emiissicltll 
and Cd can be detected even 100 km from 
This finding is consistent with the work of 
and Hutchinson (1 980), who showed that about 
the emitted Ni and Cu and about 97~o of the 
were carried at least 60 !em away from a very 
stack (380 m) at a smelter in Sudbury~ ......... .......,~, ; 
tribute the excellent fit of the data points to 
sion lines to the lack of other important sources 
Cd emissions in the region and to the relative 
of the soils and of the topography of the """i"u''""' 

Metal concentrations detected in the 
Palmerton are much bilfler tllan those rPrn1"1tHI 

tively uncontaminated litter.' In a survey of 
horizons from 26 oak-dominated forests 
Pennsylvania and in neighboring states, 
(1980) found a mean of 139 mg/kg Zn. 174 
and 22 mg/ kg Cu. These concentrations are 
same as those detected in the 02 litters 
sites located 63 to 105 km west of the .,m,..r,oon: 
highest Zn (1800 mg/ kg) and Pb (520 mg/kg) 
trations detected by Andresen et al. were f 
Gap, Pa., which is on Blue Mountain about 25 
of the smelters. They attributed these high c 
tions to the smetters in Palmerton. Wind Gap is · 
km east of the easternmost site sampled in the · 
study, which had similar concentrations of Zn 
mg/kg) and Pb (400 mg/ kg). 

Emissions from the smelters have changed the 
ture and function of the :>oil. The 02 horizon is 



110rmally thick. is decomposinc at • y slow 
rate (Strojan, 1978b), and the soil contaiDs i'educed 
numbers of bacteria, actinomycetes, and funli (Jordan 
t Lechevalier, l97S). Tyler (1972) predicted that heavy 

111etal contamination could reduce the rate of decom
pesition of soil litter and lead to a decrease in the turn
over of P. since it would be bound in the undecomposed 
litter. Figure 4 supports Tyler's prediction, showing an 
increase in · the P concentrations in the 02 litter near the 
melters. The decreased concentration of K may be due 

;0 its rapid turnover in litter (Tyler. 1972). 
Although S ~missions from smelters commonly de

crease soil pH in their vicinity, the pH of the soil at 
palmerton is higher than normal (Buchauer, 1973; Fig. 
J). Generatly Ca, Mg, and K are the main cations that 
jetermine the percent base .~aturaticn and the pH of the 
soil. Near the smelters, however, the increase in the pH 
is not associated with an increase in the concentrations 
of these cations. Instead, the increase is probably due to 
the high concentration of Zn. which may function as a 
basic cation (Buchauer, 1973). Most of the S from the 
roasters is removed by a S plant. and most of the S that 
is emitted from the smokestack is probably carried far 
away, as shown by Freedman and Hutchinson (1980). 

The findings fiOm this and previous studies (Jordan, 
t975; Jordan & Lechevalier, 1975; Suojan, 1978a, 
t978b) demonstrate how the Palmerton smelters are 
.;hanging the surrounding environment. The 
::>Opulations of soil organisms, the soil profile, and the 
nutrient flow through the ecosystem have been altered 
1t sites near the smelters. This study has demonstrated 
the value of using laboratory populations of woodlice as 
bioassays to help interpret the observations from a 
polluted environment. The results from the analyses of 
the 02 litter show the extent of the contamination. If 
the emissions have been carried as far in other <.ti:rections 
as they have been carried to the west, then tne smelter 
emissions have increased th.e metal concentrations in 
10il on millions of hectares of land in eastern Pennsyl-
vania, much of which is farmland. · 
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