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ABSTRACT (IAA, 1982). After 1985, these products were restricted
for soil application and substituted for about 3 yr by theUntil 1985 persistent organochlorine compounds such as aldrin
chlorinated hydrocarbon endosulfan (6,7,8,9,10,10-hexa-[(1�,4�,4a�,5�,8�,8a�)-1,2,3,4,10,10-hexachloro-1,4,4a,5,8,8a-hexa-
chloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,4,3-benzo-hydro-1,4:5,8-dimethanonaphthalene] and heptachlor (1,4,5,6,7,8,8-hep-

tachloro-3a,4,7,7a-tetrahydro-4,7-methano-1H-indene) were recom- dioxathiepin 3-oxide) and more recently by the less per-
mended and used as insecticides on a large scale in sugarcane (Sac- sistent organophosphate terbufos (S-[[(1,1-dimethylethyl)
charum officinarum L.) cropping in Brazil. The environmental impact thio]methyl] O,O-diethyl phosphorodithioate) and the
of these applications was not investigated in the past neither prior to carbamate carbofuran (2,3-dihydro-2,2-dimethyl-7-ben-
nor after their restriction of use in Brazil. In a case study conducted zofuranyl methylcarbamate). In the past, a lack of coor-
during 1999, organochlorine insecticides were investigated in soils, dination and awareness among the government, indus-colluviums, submerged sediments, and organisms in a watershed lo-

try, trade, extension, research, and pesticide consumerscated in a traditional sugarcane-growing region in the southeastern
resulted in the absence of systematic research or moni-region of Brazil. The results indicated that past applications of organo-
toring of possible environmental or human-related im-chlorine insecticides (prior to 1985) do not represent an environmental
pacts from the use of organochlorine substances on suchthreat at the present time. Most insecticides applied in the past were

not detected or were present only in amounts that were below the large areas (Yorinori, 1983). Currently, most organo-
detection limit. The organochlorine compounds lindane [(1�,2�,3�, chlorine research is kept on a large-scale basis, focusing
4�,5�,6�)-1,2,3,4,5,6-hexachlorocyclohexane] and heptachlor that re- on global distillation effects (Simonich and Hites, 1995),
mained on the market after 1985 for purposes other than for soil regional cold condensation processes (Blais et al., 1998),
application were still detectable in significant amounts in soils, sedi- or highly contaminated areas (Haimi et al., 1992). The
ments, and soil organisms (heptachlor in form of the epoxide metabo- high environmental persistence (Edwards, 1976) of mostlites). This may suggest that these residues were originated from

organochlorine compounds was reported for tropicalapplications after 1985. These compounds showed a capacity for accu-
conditions (Grace et al., 1993). Significant amounts ofmulation in sediments and soil organisms. The enrichment ratio from
heptachlor metabolites were still found 16 yr after appli-soils to sediments was 2 to 3 times and from soils to organisms up to
cation in soils of highly contaminated sites (Nash and20 times.
Harris, 1973). In addition, the potential enrichment in
sediments of surface-water resources (Burgoa and Wau-
chope, 1995; Ghadiri and Rose, 1993) makes it possibleThe world’s sugarcane production area amounts to
that “hot spots” or bioaccumulation processes may oc-about 20 � 106 ha of land, of which 5 � 106 ha
cur in Brazilian sugarcane-growing regions.(25%) is located in Brazil. Most of these crops (65%)

The objectives of this study were to (i) determine theare concentrated in the southeastern region of Brazil
remaining residues of organochlorine compounds in soil(AGRIANUAL, 1999). Sugarcane is usually grown as
in a representative watershed of commercial sugarcanea monoculture concentrated around the sugar and/or al-
production, (ii) evaluate their redistribution in trappingcohol processing industries (and therefore, mostly close
positions such as floodplain colluviums and submergedto urbanized areas). The application of insecticides for
sediments in a water reservoir, and (iii) estimate theirthe control of termites and soil bug larvae is a routine
current bioaccumulation potential. The selected studypractice. The insecticides are sprayed on the nursery
area was the Ceveiro watershed, located in a sugarcane-stalks and surrounding soil in the planting furrow and/or
growing region in southeastern Brazil (Fig. 1).placed as a continuous deep layer by positioning the ap-

plication nozzles behind the plow (Novaretti et al., 1991).
Organochlorine insecticides, mainly aldrin and hepta- MATERIALS AND METHODS
chlor, were officially recommended and used until 1985
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Fig. 1. Location of the samples used for previous soil erosion studies (outlined circles) and for the organochlorine analysis (filled circles).

redistribution. The floodplain positions are filled with recently criteria for location selection. The locations of the subsamples
used for this study were highlighted among the total samplingdeposited colluviums, characterized by a very initial succes-

sional stage of the vegetation, composed predominantly of locations and are shown in Fig. 1. This sampling procedure,
based on the previous investigations about soil erosion andgrass. In recent years no significant land use changes have

occurred, so the available data for land use for 1995 composed sedimentation processes (Sparovek et al., 2000), was designed
to allow a comprehensive assessment of the influence of theof sugarcane (66%), pastures (14%), forests (18%), and non-

agricultural use (2%) represent the land use over the last 20 yr. erosion and sedimentation processes on the redistribution of
organochlorine compounds with a relatively small numberSugarcane is also the dominant crop in the region, covering

80% of arable land. At the lower part of the watershed, a of samples. The submerged sediments were collected in two
positions and in different depths of the reservoir, to makewater reservoir was constructed in 1982–1983 for providing

fresh water for human consumption. The sediments trapped the study representative in relation to spatial variability and
sedimentation period. One position (Sample 21) was locatedin this reservoir were originated from the time after the soil

application of organochlorine pesticides was officially banned close to the inflow of the main stream into the reservoir and
was sampled from 0 to 10 cm depth. The other position (Sam-in 1985.

Interviews with local sugarcane producers and pesticide ples 22–26) was located close to the reservoir’s outlet and was
sampled at different depths, as indicated in Table 1. Thisdealers indicated that in this watershed soil applications of

pesticides have always followed the official recommendations. procedure aimed to include a wide range of trapping positions
(close to the main stream inflow position or the reservoir’sFrom the introduction of sugarcane in the area in the early

1960s, several organochlorine pesticides, mainly aldrin and outlet) and sedimentation periods (the deeper samples repre-
sentative for sediments trapped close to the reservoir’s con-heptachlor, were sprayed in the soil by sugarcane planting

and renewal until 1985. The exact applied amounts, locations, struction period and the surface samples for more recent
times) in the sediment subsamples. For statistical analysis theand products could not be identified.
six sediment samples were considered as replications.

Soil (10 samples) and colluvium (10 samples) were collectedSoil, Colluvium, and Sediment Sampling
during 1999 at a depth of 0 to 20 cm. The samples were stored

The samples used for this study are part of a larger set of frozen (�18�C) as collected from the field until they were
samples. In total, 316 soil, colluvium, and sediment positions prepared for analysis. The samples were dried at room temper-
were collected and analyzed for chemical and physical proper- ature and sieved (2 mm) prior to analysis.
ties important for soil erosion calculations (Sparovek et al.,
2000). The objective of the selection of subsamples at 26 loca- Sampling Organisms for Bioaccumulation Evaluationtions used for this study was to include the entire expected
range of concentrations of organochlorine compounds in a The positions used for soil and colluvium sampling were

checked for aboveground living organisms with the objectivesmaller number of samples. The selection criteria were based
on soil types (mainly surface soil clay content and soil organic to obtain co-located samples of soils and colluvium and bioin-

dicators from the soil’s mesofauna. Organisms were sampledmatter), the calculated erosion rates, and the sedimentation
conditions observed in the watershed. The trapping positions by digging and hand-sorting. Earthworms in sufficient num-

bers for analysis were found in seven locations and insectalong the main stream (including colluvium positions very
close to the sediment source, located in the middle of the area larvae in one. The earthworms were identified as Pontoscolex

corethrurus (Müller, 1857) according to external anatomy,to the downstream submerged sediments) were also used as
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Table 1. Organochlorine compound concentrations in soils, collu- Analytical Procedures
viums, sediments, and organisms from the Ceveiro water-

Soil (50 g), sediment (50 g), and organism (�1 to 3 g ofshed (Brazil).
lyophilized worm or larvae) samples were extracted with

Heptachlor- 200 mL of 1:1 cyclohexane–ethylacetate (Merck, Darmstadt,epoxide
Germany) in a Soxhlet extractor for 16 h. The extracts were

Sample Type Depth Lindane cis trans concentrated and filtered with a membrane filter (Macherey &
Nagel, Düren, Germany) of 45 �m. The cleanup was performedm �g kg�1

according to the DFG S19 multimethod (DFG Pesticide Com-1 soil 0–0.2 4.0 �1 �1
worm† 0–0.2 �2 2.0 �2 mission, 1987) by gelpermeation chromatography (bio-beads

2 soil 0–0.2 �1 3.0 �1 S-X3 8 (Bio-Rad) cyclohexane–ethylacetate (1:1) and addi-
worm 0–0.2 �3 25.0 �3 tionally by minisilica gel column chromatography, purified,3 soil 0–0.2 4.0 �1 �1

cleaned up and eluted with toluene. The determination wasworm 0–0.2 �3 �3 �3
4 soil 0–0.2 1.0 �1 �1 carried out on a Hewlett–Packard (Palo Alto, CA) 5890II gas

worm 0–0.2 2.0 �2 �2 chromatography–electron capture detector with an injector
larvae‡ 0–0.2 23.0 41.0 3.0 temperature of 280�C and a detector temperature of 330�C.5 soil 0–0.2 1.0 �1 �1

Analysis was repeated in DB-35 and DB-5 capillary columns6 soil 0–0.2 1.0 �1 �1
7 soil 0–0.2 1.5 �1 �1 (30-m length, 0.25-mm i.d., 0.25-�m film thickness; J&W Sci-
8 soil 0–0.2 2.8 �1 �1 entific, Folsom, CA) using helium as the carrier gas at 1 mL
9 soil 0–0.2 �1 �1 �1 min�1. Typical quantification limits for 50 g soil and sediments10 soil 0–0.2 �1 1.7 �1

were 1 �g kg�1 and for 13 g organisms �2 to 3 �g kg�1.x̄ soil§ 1.7a
11 colluvium¶ 0–0.2 4.0 �1 �1 For quality assurance, fortification experiments were per-

worm 0–0.2 �3 �3 �3 formed in duplicate for soil and worm samples. In these experi-
12 colluvium 0–0.2 �1 �1 �1 ments, 50 g of soil was spiked at a concentration level of 1 �gworm 0–0.2 �3 �3 �3

kg�1 and 1 g worm material at a concentration of 25 �g kg�1.13 colluvium 0–0.2 �1 1.0 �1
worm 0–0.2 �3 �3 �3 In soil samples the recovery rates for lindane, heptachlor, cis-

14 colluvium 0–0.2 2.0 �1 �1 heptachlorepoxid, transheptachlorepoxid, cischlordane, trans-
15 colluvium 0–0.2 1.4 �1 �1 chlordane (1,2,4,5,6,7,8,8-octachloro-2,3,3a,4,7,7a-hexahydro-4,16 colluvium 0–0.2 3.0 �1 �1

7-methanol-1H-indene), and dieldrin [(1a�,2�,2a�,3�,6�,6a�,17 colluvium 0–0.2 3.0 �1 �1
18 colluvium 0–0.2 �1 �1 �1 7�,7a�)-3,4,5,6,9,9-hexachloro-1a,2,2a,3,6,6a,7,7a-octahydro-2,
19 colluvium 0–0.2 �1 �1 �1 7:3,6-dimethanonaphth[2,3-b]oxirene] were determined in the
20 colluvium 0–0.2 �1 �1 �1 range of 70 to 110%. Each series of soil, sediment, or wormx̄ colluvium 1.6a

samples was accompanied by a blank sample.21 sediment# 0–0.1 2.0 1.0 �1
22 sediment 0–0.05 3.5 �1 �1 A first screening test with 10 samples was analyzed and
23 sediment 0.05–0.1 2.4 �1 �1 evaluated for HCB (hexachlorobenzene), lindane (alphaHCH,
24 sediment 0.1–0.2 6.3 �1 �1 betaHCH, deltaHCH), PCNB (pentachloronitrobenzene), hep-25 sediment 0.2–0.3 3.6 �1 �1

tachlor, cisheptachlorepoxide, transheptachlorepoxide, alpha-26 sediment 0.3–0.5 1.7 �1 �1
x̄ sediment 3.3b chlordane, gammachlordane, oxychlordane, alphaendosulfan,

betaendosulfan, endosulfansulfate, aldrin, dieldrin, endrin [(1a�,† Geophagous earthworm Pontoscolex corethrurus (Müller, 1857) ex-
2�,2a�,3�,6�,6a�,7�,7a�)-3,4,5,6,9,9-hexachloro-1a,2,2a,pressed in dry matter (lyophilized).

‡ Bug larvae Migdolus fryanus (Westwood, 1863) expressed in dry mat- 3,6,6a,7,7a-octahydro-2,7:3,6-dimethanonaphth[2,3-b]oxirene],
ter (lyophilized). p,pDDE, o,pDDT, p,pDDD, p,pDDT, mirex [1,1a,2,2,3,3a,4,5,

§ Mean values calculated considering the measured rates or half the con- 5,5a,5b,6-dodecachlorooctahydro-1,3,4-metheno-1H-cyclo-centration of the detection limit. Different characters after mean values
buta[cd]pentalene], methoxychlor [1,1�-(2,2,2-trichloroethyli-indicate significant (* or p � 0.05) differences according to Duncan test.

¶ Recently deposited sediments located at the floodplain positions along dene)bis(4-methoxybenzene)] and tetradifon [1,2,4-trichloro-
the main stream. 5-[(4-chlorophenyl)sulfonyl]benzene]. Other samples were only

# Submerged sediments deposited in a water reservoir at the watershed evaluated for the compounds present in levels above the quan-outlet position.
tification limit in the screening samples (the quantification
limit was defined as five times the standard deviation of the
background of the bulk sample).

calm behavior after capture, and habitat, following the descrip-
tions of Righi (1990). Pontoscolex corethrurus is the most
abundant geophagous earthworm species in South America RESULTS AND DISCUSSION
(Righi, 1990), migrates only a few meters each year (Gates,

Although several organochlorine insecticides as diel-1973), and is frequently observed in agroecosystems (Zou and
drin, cis- and transchlordane, oxychlorddane, lindane,Gonzalez, 1997), especially in sugarcane (Spain et al., 1990).

Earthworms are accumulators of organochlorine compounds and heptachlor metabolites could be qualitatively de-
(Haimi et al., 1992), represent an important transfer mecha- tected in soil, sediment, and worm samples, only hepta-
nism of organochlorine compounds to the aboveground biota chlor metabolites and lindane were present in amounts
(Beyer and Gish, 1980), and are indicators in tests for chemi- that were high enough for a reliable quantification (above
cals and plant protection products in several countries (Kula, quantification limit). The past intensive use of organo-
1998). All these characteristics make P. corethrurus a valuable chlorine pesticides and the narrow spectrum of com-organism for indicating potential bioaccumulation of organo-

pounds with low residues of 1 to 6 �g kg�1 in soil, collu-chlorine substances in the study area. At one sampling point,
vium, and sediment samples (Table 1) indicate thatlarvae from Migdolus fryanus (Westwood, 1863) were found in
degradation or removal processes reduced the contami-sufficient quantities and collected for analysis. The organisms
nation to a level comparable with that in areas wherewere stored frozen (�18�C) and lyophilized prior to the

analysis. no intensive use was made. The semivolatile characteris-
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tic of these compounds (Blais et al., 1998) associated anism for dispersion into the environment. In this case
the foreseen exclusively local action under current legalwith atmospheric redistribution (Simonich and Hites,

1995) spread the persistent organochlorine substances use would not occur and environmental dispersion
should be considered also in this case. Another pathwayeverywhere on the Earth. Low levels of a wide spectrum

of organochlorine substances, as observed in the Ce- could be the continuity of soil application, even if illegal.
These products are still available on the market andveiro watershed, were also observed in other tropical

regions where no intensive applications were known their well-known high efficacy for soil pest control may
encourage farmers to keep using them. The methods(Osibanjo et al., 1994). Based on this data we may con-

clude that, in this case study area, the past frequent use used in this case study do not allow the confirmation
of one hypothesis or the other. Independent of which isof organochlorine substances for sugarcane production

does not represent a significant environmental threat at the more important redistribution pathway, maintaining
these compounds on the market is essential for the exis-the present time. Nevertheless, a more detailed analysis

of the compounds lindane and heptachlorepoxides that tence of both. The complete restriction of these com-
pounds and substitution by products of similar efficiencyfall in the quantification range raises some interesting

observations. but lower bioaccumulation or danger for living organ-
isms would probably bring detection levels to zero in aIn Brazil, the organochlorine pesticides were officially

banned for soil application in 1985, and thus withdrawn few years, as has occurred with other banned organo-
chlorine compounds.from legal sale for this purpose. Currently, some organo-

chlorine compounds are allowed for purposes other than
for soil application and can therefore still be purchased. CONCLUSIONSHeptachlor is allowed for the treatment of power and

Past applications of organochlorine insecticides (priortelephone pedestals or wire fence posts to prevent ter-
to 1985) do not represent an environmental threat atmite damage. Lindane is a traditional component of lo-
the present time in the case study area located in ations, creams, and shampoos for the control of lice and
traditional sugarcane growing area in southeastern Bra-mites in humans and in veterinarian products for ectopar-
zil. Organochlorine compounds still available in com-asites. Other components, previously recommended for
merce after 1985 for purposes other than soil applicationsoil application, such as DDT, aldrin, and dieldrin, were
were detectable in significant amounts in soils, sedi-completely restricted and withdrawn from commerce.
ments, and living organisms showing a high capacity ofA wide range of organochlorine insecticides were used
bioaccumulation. A complete marketing ban is probablyuntil 1985 in the area but only lindane and heptachlor
the best solution for avoiding the dispersion of thesemetabolites could be detected in significant amounts.
products into the environment.The persistence in soils for heptachlor is lower and for

lindane is equivalent when compared with other for-
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Hydrologic Response and Radionuclide Transport Following Fire at Semiarid Sites

Mathew P. Johansen,* Thomas E. Hakonson, F. Ward Whicker, J. Roger Simanton, and Jeffery J. Stone

ABSTRACT over time and may be subject to large shifts induced by
infrequent, high-impact events such as wildfire, drought,Infrequent, high-impact events such as wildfires, droughts, biologi-
biological activity, mechanical disturbances, floods, andcal shifts, floods, and mechanical disturbances can greatly change land

surfaces, including vegetative cover and soil characteristics, which in extraordinary wind or precipitation events. However, such
turn can trigger high rates of hydrologic erosion and associated trans- events are not routinely incorporated into contaminant
port of sediments and sediment-sorbed contaminants. Where persis- risk assessment, or only cursorily so, mainly due to lack of
tent soil contamination exists, infrequent mobilization of contami- information on how they affect basic contaminant mobil-
nants may dominate in determining long-term risks to human and ity. Further, infrequent disturbances that induce episodes
ecological receptors. Among these infrequent events, fire stands out of accelerated contaminant movement are not included
as having the capacity to cause large increases in sediment transport.

in most risk assessment models that typically assumeThis study measured runoff, sediment yield, and mobility of sediment-
steady-state surface conditions and thus may underpre-sorbed contamination (137Cs) on burned and unburned plots at the
dict risk over long time frames (Whicker et al., 1999).Waste Isolation Pilot Plant, New Mexico (WIPP), and the Rocky

Specific examples of infrequent events that triggeredFlats Environmental Technology Site, Colorado (RFETS). Results
showed that 137Cs transport from burned plots was up to 22 times concerns about increased contaminant mobility occurred
greater than that from unburned plots at WIPP and 4 times greater in the summer of 2000 when forest and rangeland wild-
at RFETS. Associated runoff was up to 12 times greater on burned fires burned in the western USA at three nuclear weap-
plots at WIPP and sediment yields up to 6 times greater. Further, ons facilities. Wildfires occurred at the Los Alamos Na-
137Cs concentrations in transported sediments were enriched compared tional Laboratory, New Mexico (approximately 3000 ha
with parent soils (expressed as enrichment ratio ) by a factor of 2.3 burned), the Hanford Site, Washington (approximately
at WIPP, and 1.3 at RFETS. However, enrichment ratios were not

24 300 ha burned), and the Idaho National Engineeringsignificantly different in sediments from burned and unburned plots.
and Environmental Laboratory, Idaho (approximatelyOur results provide new data on the effects of fire on the transport
16 000 ha burned). These wildfires burned on and nearof sediment-sorbed contaminants, and demonstrate that rare events
radiological waste areas and raised heightened concernssuch as fire can greatly increase contaminant mobility.
over post-fire transport of radiological contamination
by wind and water. As a result, new risk assessments
were initiated to assess if accelerated transport of con-Risk levels posed by contaminants in the environment
taminants was occurring in post-fire conditions, and ifare largely determined by basic processes such as
risk levels were raised by fire. Further, these risk assess-erosion and sediment transport that can mobilize contam-
ments are being conducted in the context of an increas-inants from source areas and carry them to receptors.
ingly accepted view that at nuclear weapons sites, radio-These erosion and contaminant transport processes vary
logical and nonradiological wastes will remain, posing

M.P. Johansen, T.E. Hakonson, and F.W. Whicker, Dep. of Radiologi- potential risk to humans and the environment for tens or
cal Health Sciences, Colorado State Univ., Fort Collins, CO 80523- even hundreds of thousands of years (National Research
1673. J.R. Simanton and J.J. Stone, USDA-ARS, Southwest Water- Council, 2000). Over these long time frames, wildfire
shed Research Center, Tucson, AZ 85719. M.P. Johansen, current

can reoccur many times in semiarid landscapes (Swet-address: 528 35th Street, Los Alamos, NM 87544. Received 22 Sept.
2000. *Corresponding author (mjohansen@doeal.gov).
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