
Research Articles PAHs in Crude Oil-Contaminated Soil 

Research  ticles (! i ~iiy ~ 

Polycyclic Aromatic Hydrocarbons in 
Crude Oil-Contaminated Soil: 

A Two-Step Method for the Isolation and 
Characterization of PAHs 

Mohammed Shahid Akhlaq 

German Petroleum Institute, Walther-Nernst-Str. 7, D-38678 Clausthal-Zelterfeld, Germany 

Corresponding address: Dr. Mohammed Shahid Akhlaq, Institut fi~r Erd61- und Erdgasforschung, Walther-Nernst-Str. 7, 
D-38678 Clausthal-Zellerfeld, Germany; e-mail: Shahid.Akhlaq@ife-clausthal.de 

Abstract 

A two-step analytical method is developed for the isolation 
and characterization of polycyclic aromatic hydrocarbons 
(PAHs) in crude oil contaminated soil. In the first step, those 
crude oil components were isolated which are easily mobi- 
lized with water from the contaminated soil (determination 
of groundwater pollution potential). In the second step, the 
fraction containing the remaining crude oil compounds was 
extracted using toluene. After the cleanup of the fractions, 
both fractions were analyzed using high-performance liquid 
chromatography (HPLC). 
The HPLC of the toluene extracted fraction shows that along 
with the sixteen priority pollutants from the US-EPA list, many 
other polycyclic aromatic hydrocarbons (PAHs) are present 
as well. It is evident from the chromatograms that a signifi- 
cant amount of PAHs are present as is also the case in the 
fractions eluted by water. 
The described method allows the determination of total or- 
ganic pollutants from crude oil, some of them being potential 
groundwater contaminants. The major part of the total pol- 
lutants could not be mobilized by water and therefore remains 
in the soil, which was extracted in the second step. 
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1 Introduction 

The polycyclic aromatic hydrocarbons (PAHs) are known 
components of petroleum and petroleum-derived products. 
The PAHs are important environmental pollutants because 
of their carcinogenicity (MISFELD and TIMM, 1978; HARVEY, 
1985). These compounds are routinely determined in in- 

dustrial wastewater, drinking water and groundwater. 
Regulations on these toxic chemicals are already in effect 
in North America and Europe. The PAHs represent a class 
of compounds with a high toxic potential and consequently 
belong to the group of priority pollutants. 

High-performance liquid chromatography (HPLC) has 
been widely used for PAH determination. Ultraviolet (UV) 
absorption and fluorescence spectrometry provide sensi- 
tive and selective detection for PAHs by HPLC (EscRIVA 
et al., 1991;WISE et al., 1993; DONG and GREENBERG, 1988; 
GREMM and FRIMMEL, 1990). According to the US-EPA 
Method  610 (US-EPA, 1982) and the DIN 38407/8  
(Deutsche Einheitsverfahren, 1991), 16 and 6 priority 
PAHs, respectively, must be determined using HPLC in 
combination with UV and fluorescence detection. 

The contamination of soil with crude oils and fuels cause 
problems for humans and the environment (DEAN et al., 
1995). The survey and removal of such hazardous pollut- 
ants are demanded. Seepage, aging, mobilization in water 
and air are some of the important factors which should be 
investigated. The leaching ability of oil contaminants with 
water from soil is of particular interest; a method to deter- 
mine the groundwater pollution (AKHLAQ, 1995). 

A two-step analytical method has been developed for the 
characterization of soil and groundwater pollution, caused 
by crude oil-contaminated soil. In the first step, those crude 
oil components are isolated which are easily mobilized from 
the contaminated soil using water. In the second step, the 
fraction containing the remaining crude oil compounds is 
extracted from the dry soil (DEAN et al., 1995; GEERDINK 
et al., 1995). After the cleanup of the fractions (NIRMAmR 
et al., 1996; RIVERA et  al . ,  1996), both fractions were 
analyzed using the HPLC technique. 
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2 Experimental  

2.1 Standards and Solvents 

The sixteen US-EPA PAHs (used as a standard in this study) 
were purchased from Aldrich, Germany, and were used as 
received. The water was purified with a Millipore Q-filter 
system. The quality of this water is equal to tri-distilled 
water. The "analar" grade toluene and acetonitrile were 
supplied by Riedel de Hahn, Germany. The crude oils in- 
vestigated were Arabian heavy, Suria, Jakarta Arco, a 
North See crude oil and two North German crude oils. In 
order to compare the crude oils with fuels; a diesel fuel 
was also investigated. 

2.2 Soil Preparation and Contamination with Crude Oil 

The uncontaminated soil samples were collected from 
Clausthal-Zellerfeld and Goslar (Germany). After trans- 
portation to the laboratory, the soil was air-dried. All large 
stones and extraneous materials were removed by hand 
and the soil was pulverized in an electric blender for 5 min- 
utes. The powdered soil was sieved and the 63 to 500 rim 
fraction was used in this study. The prepared soils were 
stored in air-tight containers. The 150 g of prepared soil 
was mixed thoroughly with 1.5 g of crude oil or diesel 
fuel and equilibrated at 30~ for one week in air-tight vials. 

with 10 ml of water and 7 ml of acetonitrile. 1 ml acetoni- 
trile solution of extracts were added to the cartridge and 
eluted with 10 ml acetonitrile. After the cleanup proce- 
dure, the resulting solution was analyzed using the HPLC 
technique. 

2.6 Analysis of Extracts by High-Performance Liquid 
Chromatography (HPLC) 

The analysis of all the extracts was carried out on a HPLC 
apparatus which was equipped with a quaternary pump 
(1050 Ti-Series), an autosampler  (1050 Series) and a 
Degasser model (1050 Series), all from Hewlett Packard. 
For the detection and identification of aromatic hydrocar- 
bons, an HP 1100 (Hewlett Packard) diode array detector 
(DAD) with a 10 mm flow cell was used in this study. DAD 
allows the identification of PAHs by means of retention 
times and UV-VIS spectra of the corresponding compounds. 
Data acquisition and data analysis were performed using 
HPLC-Chem-Sta t ion  (DOS Series) software (Hewlet t  
Packard). The gradient system used in this study for the 
separation of PAHs is shown in Table 1. The column used 
consisted of Nucleosil 5 C18 PAH (Macherey-Nagel, Ger- 
many) 150 mm x 4.0 mm i.d. with 11 mm pre-column 
(Macherey-Nagel, Germany) having a particle size of 5 rim. 

2.3 Elution with Water 

Deactivated glass wool was fitted at the bottom of a glass 
column (800 m m x  5 mm i.d.). 150 g portions of contami- 
nated soil were filled into this column and covered with 
deactivated glass wool. The soil column was eluted with 
500 ml water at a flow rate of about 1 ml per minute. The 
resulting contaminated water was treated in a liquid-liq- 
uid-extraction procedure to extract the organic contami- 
nants with toluene. After separation of the organic phase, 
the toluene solution was dried using anhydrous calcium 
chloride. 

2.4 Soxhlett Extraction Procedure 

Soxhlett extraction was performed on 10 g portions of 
the dry contaminated soil to which 40 g of anhydrous so- 
dium sulphate was added. The mixture was transferred to 
a cellulose extraction thimble (Schleicher & Schuell, Ger- 
many) and inserted into the soxhlett assembly. This appa- 
ratus was fitted with a 250 ml flask containing 100 ml of 
toluene. The assembly was heated and refluxed for 6 hours. 
The resulting toluene extract was stored in the dark. 

2.5 Cleanup of the Extracted Fractions 

The toluene extracts were evaporated under vacuum and 
dissolved in 1 ml acetonitrile. To remove the unwanted 
soil matrix (humic substances) from the extracts, a C18 
SEP-pak cartridge (Millipore, Waters Chromatography) 
was used. The bonded phase of the cartridge was solvated 

Table 1: HPLC gradient system (linear) for the separation of 
polycyclic aromatic hydrocarbons, extracted from the contamin- 
ated soils 

Time Moble phase Flow rate 
(min) A (%) B (%) (ml/min) 

W a t e r  Acetonitrile 

Start 10 90 0.50 

15 10 9O O.50 

20 2 98 1.00 

35 2 98 1.00 

Re-equilibration 

4O 10 90 0.50 

5O 10 90 0.5O 

2.7 Quantification of the isolated fractions 

Since some of the isolated material was lost during the 
cleanup of the extracted fractions, we determined the 
amount of the extracted fractions gravimetrically prior to 
the cleanup procedure. A blank sample from the uncon- 
taminated soil was prepared with the above mentioned 
method and subtracted from the contaminated samples to 
lead to the neat isolated amounts of contaminants in the 
corresponding fractions. 
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3 Resu l t s  a n d  D i s c u s s i o n  

The first step in this study was the isolation of such com- 
pounds which were easily mobilized with water from the 
contaminated soil. In the second step, the fraction con- 
taining the remaining crude oil compounds was extracted 
from the dry soil with toluene. The HPLC of the toluene 
extracted fraction shows that many other polycyclic aro- 
matic hydrocarbons are presen as well along with the six- 
teen priority pollutants from the EPA list (-+ Fig. 1). It is 
evident from the chromatograms that a significant amount  
of PAHs are present as well in the fraction eluted by water 
(-9 Fig. 1, Chromatogram A). 

analyzed. The chromatograms of the extracted fractions 
in Figure 1 (Chromatograms A and B) are much more com- 
plex then the s t andard  PAHs f rom the US-EPA list 
(Chromatogram C). The reason for the poor separation is 
the co-elution of many different substituted aromatics at 
the same time. The aliphatic compounds do not contrib- 
ute to the poor resolution in the chromatograms.  The 
aliphatic compounds do not absorb at ~ = 254 nm,  so they 
could not be monitored at a UV wavelength of 254 nm. 
On the other hand, the aromatic sulphur, nitrogen and 
oxygen heterocyclic compounds are present in the fractions 
shown in Figure 1. These heterocyclic aromatic compounds 
have polarity similar to that of aromatic compounds and 5 o o  2 
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Fig. 1: HPLC of pollutants: 
A: Chromatogram of the fraction extracted with distilled water. 
B: Chromatogram of the fraction extracted after the water elution from the dry soil with toluene. 
C: Chromatogram of the purchased 16 US-EPA PAHs standard dissolved in acetonitrile. 
Peaks: 1 = Naphthalene; 2 = Acenaphthalene; 3 = Acenaphthene; 4 = Fluorene; 5 = Phenanthrene; 6 = Anthracene; 
7 = Fluoranthene; 8 = Pyrene; 9 = Benzo(a)anthracene; 10 = Chrysene; 11 = Benzo(b)fluoranthene; 12 = Benzo(k)fluoranthene; 
13 = Benzo(a)pyrene; 14 = Dibenzo(a,h)anthracene; 15 = Benzo(g,h,i)perylene and 16 = Indeno(1,2,3-cd)pyrene. 
A 25 pl volume of the solutions was injected. HPLC conditions are provided in the experimental section and Table 1 

The crude oils and fuels are complex mixtures containing 
hundreds of different aliphatic and aromatic components 
(AKHLAQ, 1993). The aliphatics consist of linear n-alkanes, 
branched-chain alkanes and cycloalkanes (BvNDT et al., 
1991), while the major aromatic components are one, two, 
three and four-ring alkylated derivatives (BUNDT et al., 1991; 
AKHLAQ and GoTzE, 1994). In addition, crude oil also con- 
tains polar compounds, resins and asphaltenes (AKHLAQ 
et al., 1996). 

Only the aromatic compounds including the 16 US-EPA 
PAHs were investigated in the present study, the aliphatic 
compounds extracted with the described method were not 

they can be detected at 254 nm (AKHLAQ, 1993). In agree- 
ment, the sulphur (1.6%), nitrogen (1.1%) and oxygen 
(0.8%) is found in the elemental analysis of the collected 
HPLC fractions. 

Since the aromatic compounds  are known to be toxic 
(HARVEY, 1985), all of the aromatic components found in 
the extracted fractions have to be assumed to be more or 
less carcinogenic, even if the differences in carcinogenic 
potential among the PAHs cover several orders of magni- 
tude (KALBERLAH et at., 1995). 

In the present study, about  4% of crude oil components 
were eluted with distilled water. The soxhlett extraction 
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with toluene of the remaining contaminants of soil resulted 
in 81% of total yield, e.g. 85% of the crude oil compo- 
nents were isolated with this combined method of water 
and toluene extraction. It is worth mentioning that the 
used soil (blank run) does not reveal any aromatic com- 
pounds in the HPLC. 

To investigate the effect of soil types and the nature of 
crude oils on the extraction yield, six different crude oil 
samples and a diesel fuel were included in this study. 
Moreover, the extraction ability of a sandy soil and a loamy 
soil was investigated. The results are presented in Table 2. 
It is evident from Table 2 that more oil components are 
retained in the sandy soil then in the loamy soil. The total 
recovery is dependent on the type of crude oil used. The 
recovery of oils which are rich in colloids and polar com- 
pounds (heavy oils) is less than that of the so-called light 
crude oils. For example, more than 90% of the crude oil 
components were recovered from a light crude oil (North 
See crude oil). In the case of heavy oils, like Arabian heavy, 
only 65% of the crude oil substances could be isolated 

Table 2: The total recovery of crude oils and diesel fuel compounds 
as a function of soil type. The experiments were carried out at 
20~ 

Sandy Soil Loamy Soil 
[%] [%] 

Arabian heavy oil 60.3 65.2 

Suria oil 72.8 78.6 

Jakarta Arco oil 76.3 81.1 

North Sea Oil 89.6 90.4 

North German oil A 75.4 76.7 

North German oil B 81.7 84.9 

Diesel fuel 95.8 96.3 

from the loamy soils. The contamination of  soil with die- 
sel fuels leads to a quantitatively extractable amount of 
about 96%. 

The results indicate that the polar crude oil components, 
including resins and asphaltenes, are not recovered from 
the soils by using the method described. These results agree 
with the wettability experiments of crude oils on quartz 
sand where the resins and asphaltenes play a dominant 
role (--+ Fig. 2). The adsorbed resins and asphaltenes on 
quartz sand can only be extracted with a sequence of or- 
ganic solvents (chloroform, acetone, acetone/chloroform, 
and methanol/chloroform) from the solid material (AKHLAQ 
et at., 1996). 

3.1 Influence of  Temperature on the Extraction Yield 

To study the influence of temperature on the extraction 
yield, the column containing the contaminated soil as well 
as the elution water was thermostated at 20~ 40~ and 
60~ respectively (elution model of contaminants for rains 
on the hot soil during the summer months). The elution 
and extraction were performed and the yields were deter- 
mined. Figure 3 (see p.221) shows that the recovery of 
crude oil components is increased with increasing tempera- 
ture. For example, about 3.6% of crude oil components 
were mobilized with water at 20~ This amount was in- 
creased to 6% at 40~ and to 8% of crude oil compounds 
at 60~ in the fraction eluted with water. The results re- 
flect the better solubility of crude oil components in water 
with increasing temperature. The experimental results in- 
fer that the mobilization of contaminants to groundwater 
may increase with temperature. 

In agreement with the above findings, the soxhlett extrac- 
tion of the remaining dry soil with toluene resulted in less 
amounts of contaminants for soils which were elmed previ- 
ously at high temperature with water (-+ Fig. 4, see p. 221 ), 
although the total extracted amount  of contaminants from 
the water and toluene fractions only varies between 85 
and 87%. 
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Fig. 2: HPLC of a crude oil solution in cyclohexane before and after wetting with quartz sand. (--) Crude oil solution; (...) Remaining 
crude oil solution after wetting. HPLC conditions are given in AKHLAQ, 1993 
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Fig. 3: HPLC of the fractions extracted with water: 

A: Chromatogram of the fraction eluted with water at 20~ 
B: Chromatogram of the fraction eluted with water at 40~ 
C: Chromatogram of the fraction eluted at 60~ with water. Peak identification is given in the legend of Fig. 1. 

A 25 pl volume of the solutions was injected. HPLC conditions are provided in the experimental section and in Table 1 
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Fig. 4: Comparison of the isolated amounts of crude oil com- 
ponents from the fractions extracted with water arid toluene as a 
function of temperature. (e) Fraction eluted with water; (m) Frac- 
tion extracted, after the water elution, from the dry soil with toluene 

4 Conc lus ions  

The described method allows the determination of total 
contaminants in soil. Some of the isolated PAHs as well as 
other aromatic compounds may potentially contaminate 
the groundwater. The total recovery of crude oil compo- 
nents from soil is normally better than 85%. The recovery 
is influenced by the soil type and the composition of crude 

oils. The resins and asphaltenes of crude oils cannot be 
recovered from soil. The wetting behavior of such compo- 
nents plays a important role (AKHLAQ et al., 1997). They 
can be extracted from the quartz sand with a sequence of 
organic solvents (A~HLAQ et al., 1996). In any case, the 
resins and asphaltenes cannot cause a pollution of ground- 
water. They may biodegrade in the soil. 

The high-performance liquid chromatography in combi- 
nation with a diode array detector (DAD) is a selective 
and sensitive method for the analysis of polycyclic aro- 
matic hydrocarbons in environmental samples. 

The temperature of soil and elution water has a significant 
effect on the mobility of contaminants towards groundwater. 
This has to be considered if the oil spill happens during 
the summer months. 

5 References  

AKHI~AQ, M.S. (1993): Rapid Group-Type Analysis of Crude Oils 
Using High-Performance Liquid Chromatography and Gas 
Chromatography. J. Chromatogr. 644, 253-258 

AKHLAQ, M.S.; E GOTZE (1994): Detailed analysis of crude oil 
group types using reversed-phase high-performance liquid 
chromatography. J. Chromatogr. A, 677 (2) 265-272 

AKHLAQ, M.S. (1995): Separation and characterization of crude 
oil compounds from the oil contaminated soil. In: van den 
Brink, W. J., Bosman, R. and Arendt, E (Eds.), Contaminated 
Soi1'95. Kluwer Academic Publishers, Dordrecht, The Neth- 
erlands, 483-484 

ESPR - Environ. Sci. & Pollut. Res. 4 (4) 1997 221 



PAHs in Crude Oil-Contaminated Soil News & Views 

AKHLAQ, M.S.; D. KESSEL; W. DORNOW (1996): Separation and 
Chemical Characterization of Wetting Crude Oil Compounds. 
J. Colloid and Interface Sci. 180, 309-315 

AKHLAQ, M.S.; P. GOTZE; D. KESSEL; W. DORNOW (1997): Adsorp- 
tion of crude oil colloids on glass plates: Measurements of 
contact angles and the factors influencing the glass surface 
and contact angle readings. Colloids and Surfaces A, 126 (1) 
25-32 

BUNDT, J.; W. HERBEL; H. STErNHART; S. FRANKE; W. FRANCKE (1991 }: 
Structure-Type Separation of Diesel Fuels by Solid Phase Ex- 
traction and Identification of the Two- and Three-Ring Aro- 
matics by Capillary GC-Mass Spectrometry. J. High. Resolu- 
tion Chromatogr. 14, 91-97 

DIN. (1991): Deutsche Einheitsverfahren 24, 1, Bestimmung von 
6 polyzyklischen aromatischen Kohlenwasserstoffen (PAK) 
in Trink- und Mineralwasser mittels HPLC (DIN 3840718) 

DEAN, J.R.; I.J. BARNABAS; l.A. FOWLIS (1995): Extraction of 
polycyclic aromatic hydrocarbons from highly contaminated 
soils: A compar ison between soxhlett, microwave and 
supercritical fluid extraction techniques. Analytical Proceed- 
ings Including Analytical Communications 32, 305-308 

DONG, M.W.; A. GREENBERG (1988): Liquid chromatographic 
analysis for polynuclear aromatic hydrocarbons with diode 
array detection. J. Liq. Chromatogr. 11 (9-10) 1887-1905 

ESCRIVA, C.; M. MORALES; A. LA ORDEN; J. MA~ES; G. FONT ( 1991): 
Determination of polycyclic aromatic hydrocarbons in atmos- 
pheric particulate matter of Valencia city. Fresenius' J. Anal. 
Chem. 339, 743-745 

GEERDINK, M.J.; C. ERKELENS; J.C. VAN DAM; J. FRANK; K.CH.A.M. 
LUYBEN (1995): Fast screening of contaminated soil samples 
using thermal desorption mass spectrometry. Analytica 
Chimica Acta 315, 159-166 

GREMM, T.; EH. FRIMMEL (1990): Systematical investigations of 

polycyclic aromatic hydrocarbon determination with HPLC. 
Vom Wasser 75, 171-182 

HARVEY, R.D. (Ed.) (1985), in: Polycyclic Aromatic Hydrocar- 
bons and Carcinogenesis. ACS Monograph Series No. 283, 
American Chemical Society: Washington, DC, 1985 

KALBERLAH, E; N. FRIJUS-PLESSEN; M. HASSAUER (1995): Toxiko- 
logische Kriterien fair die Gef~ihrdungsabsch~itzung von poly- 
zyklischen aromatischen Kohlenwasserstoffen (PAK) in Altla- 
sten. Tell 1 - Verwendung von Kquivalenzfaktoren. Altlasten- 
Spektrum, 4 (5) 231-237 

MIsrEu), J.; J. TIMM (1978): The tumor-producing effect of auto- 
mobile exhaust condensate and fractions thereof. Part III. 
Mathematical-statistical evaluation of the test results. J. 
Environ. Path. Toxicol. 1 (6) 747-771 

NIRMAIER, H.-P.; E. FISCHER; A. MEYER; G. HENZE (1996): Deter- 
mination of polycyclic aromatic hydrocarbons in water sam- 
ples using high-performance liquid chromatography with 
amperometric detection. J. Chromatogr. A, 730, 169-175 

RIVER& L.; M.J.C. CURTO; P. PALS; M.T. GALCERAN; L. PU1GNOU 
(1996): Solid-phase extraction for the selective isolation of 
polycyclic aromatic hydrocarbons, azaarenes and heterocyclic 
aromatic amines in charcoal-grilled meat. J. Chromatogr. A, 
731, 85-94 

US-EPA (1982): Polynuclear Aromatic Hydrocarbons-Method 
610, U.S. Environmental Protection Agency. Environmental 
Monitoring and Support Laboratory, Cincinnati, OH, July 
1982 

Wise, S.A.; L.C. SANDER; W.E. MAY (1993): Determination of 
polycyclic aromatic hydrocarbons by liquid chromatography. 
J. Chromatogr. 642, 329-349 

Received: May 6th, 1997 
Accepted: July 23rd, 1997 

Studies on Human Impact on Forests and Floodplains in the Tropics 
German-Brazilian Program of Scientific Cooperation. Project ENV 52: 
Soil Fauna & Litter Decomposition in Primary and Secondary Forest and a Mixed Culture System in Amazonia 

A research project developed in cooperation between: 
Embrapa-CPAA: Empresa Brasileira de Pesquisa Agropecu~iria - Centro de Pesquisa Agroflorestal da Amaz6nia Ocidental, Manaus/AM, 
Brazil. Contact: M. Sc. Marcos Bastos Garcia, e-mail: mgarcia@internext.com.br 
SMNK: Staatliches Museum ftir Naturkunde, Karlsruhe, Germany. Contact: Prof. Dr. L. Beck or Dr. H. H/Sfer, e-maih 
lbeck smnk@compuserve.com or hhoefer smnk@compuserve.com 
INPA: Instituto Nacional de Pesquisas da Amaz6nia, Manaus/AM, Brazil. Contact: Dr. C. Martius, e-mail: martius@cr-am.rnp.br 
ECT: ECT Oekotoxikologie GmbH, Fl6rsheim, Germany. Contact: Dr. J. R6mbke, e-mail: J-Roembke@ect.de 
Visit the Website for updated information: http://www.cr-am.rnp.br/shift 

In the SHIFT programme, several projects are being carried out 
near the city of Manaus (Central Amazonia, Brazil). Their aim is 
to study the regeneration and better use of already degraded areas, 
to diminish the human impact  on pr imary rain forest in 
Amazonia. "Our basic hypothesis is that soil fauna and microflora 
communities are extremely important for the maintenance of 
'healthy' (functional) nutrient cycles in the systems. We hypothe- 
size, too, that biotic and abiotic factors may be manipulated to 
optimize the composition of the soil biota, to guarantee the 
efficient recycling of nutrients and their conservation in the 
system." 
In the present research project, factors like the quantity and 
quality of the litter produced in the systems, the decomposition 

rates, and the abundance, biomass, and respiration of micro- 
organisms and soil animals will be comparatively examined. The 
studies will be carried out simultaneously in primary and secon- 
dary forest and one of the mixed culture systems (a silvicultural 
plantation of four tree species) in the experimental area estab- 
lished by Embrapa, Manaus, in the project SHIFT ENV-23. Our 
aim is to obtain data on the specific contribution of the microflora 
and soil fauna to the decomposition of the organic matter, and 
on the importance of these processes for the nutrient supply to 
the plants. In particular, we will focus on studies on the interaction 
between microflora and fauna of the soil, an aspect that, up to 
now, has been poorly studied in the tropics. 
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