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Abstract.  The vertical distr ibution o f  microbial  biomass,  act ivi ty,  com-  
muni ty  structure and the minera l iza t ion o f  xenobiotic chemicals  was ex- 
amined  in two soil profiles in nor thern  Wisconsin.  One profile was impac ted  
by infiltrating wastewater f rom a laundromat ,  while the other  served as a 
control.  An unconfined aquifer was present  14 meters  below the  surface at 
both  sites. Biomass and c o m m u n i t y  structure were de termined by  acridine 
orange direct counts and measur ing  concentrat ions of  phosphol ip id-de-  
r ived fatty acids (PLFA). Microbial  act ivi ty was est imated by  measur ing 
fluorescein diacetate (FDA) hydrolysis,  thymid ine  incorporat ion into DNA,  
and mixed  amino  acid (MAA) mineral izat ion.  Mineral izat ion kinetics of  
linear alkylbenzene sulfonate (LAS) and  linear alcohol e thoxylate  (LAE) 
were de termined at each depth.  Except for M A A  minera l iza t ion  rates, 
measures  o f  microbial  b iomass  and act ivi ty exhibited similar  pa t te rns  with 
depth. PLFA concentrat ion and  rates o f  F D A  hydrolysis and  thymid ine  
incorporat ion decreased 10-100 fold below 3 m and then exhibi ted  little 
var ia t ion with depth. Fungal fatty acid markers  were found at  all depths  
and represented f rom 1 to 15% of  the total  PLFAs.  The relative propor t ion  
oftuberculostearic acid (TBS), an act inomycete  marker,  declined with depth 
and was not detected in the saturated zone. The  profile impac t ed  by waste- 
water  exhibited higher levels o f  P L F A  but  a lower propor t ion  o f  TBS than 
the control profile. This  profile also exhibi ted faster rates of  F D A  hydrolysis  
and amino  acid mineral izat ion at mos t  depths.  LAS was minera l ized  in 
the upper  2 m o f  the vadose zone and  in the saturated zone o f  bo th  profiles. 
Little or  no LAS biodegradat ion occurred at depths  between 2 and  14 m. 
LAE was mineral ized at all depths  in both  profiles, and the minera l iza t ion  
rate exhibited a similar pat tern with depth  as b iomass  and act ivi ty  mea-  
surements.  In general, b iomass  and  biodegradat ive  activities were much  
lower in groundwater  than in soil samples  obtained f rom the s ame  depth.  
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Introduction 

The presence of synthetic organic chemicals in groundwater has stimulated 
interest in the microbial ecology of subsurface environments and the biodegra- 
dative capabilities of indigenous subsurface microorganisms. Many studies [1, 
2, 4, 6, 8-10, 12, 14, 16, 18-21, 23, 25, 26] have demonstrated the existence 
of metabolically active microbes in groundwater and subsurface soils, and 
several [7, 9, 20, 27] have shown that subsurface communities, particularly in 
contaminated sites, degrade xenobiotic chemicals. It is common that subsurface 
environments are impacted by infiltrating wastewater. Few investigations have 
examined the effects of wastewater infiltration on biological activity in the 
subsurface or have attempted to relate specific biodegradative processes with 
the distribution and composition of subsurface communities. 

Surfactants are among the most widely utilized synthetic organic chemicals 
[24]. They have many industrial uses and are ingredients in a variety of con- 
sumer products including detergents and household cleaning agents. The most 
heavily utilized synthetic anionic surfactant is linear alkylbenzene sulfonate 
(LAS). Approximately 987 thousand metric tons of LAS are consumed annually 
in the United States, Western Europe and Japan. The most commonly used 
nonionic surfactants are the linear alcohol ethoxylates (LAE) with annual con- 
sumption of  467 thousand metric tons. As a consequence of their widespread 
usage and volume, surfactants occur in domestic and industrial wastewaters. 
Generally, they are well removed by biodegradation and sorption in public or 
private treatment systems, but reduced concentrations may remain in treated 
effluents. Typically effluents are discharged to rivers or streams, but occasionally 
may be discharged to leach fields or seepage pits. These latter disposal practices 
result in the entry of surfactants into subsurface environments, where their fate 
will depend upon the biodegradative activities of  the indigenous microbes. 

The mineralization of LAS and LAE was determined in subsurface soil and 
groundwater at two sites. Both sites were characterized by sandy soil, and 
mineralization in each soil profile was evaluated as a function of depth. One 
profile had been impacted by infiltrating wastewater from a rural laundromat 
since 1962; the other was not affected by wastewater. Groundwater was obtained 
from two monitoring wells, upgradient and downgradient from the leach field. 
The vertical distribution of microbial biomass and activity was determined in 
the soil profiles. Biomass was estimated by measuring the concentration of 
phospholipid derived fatty acids and by acridine orange direct counts of bac- 
teria. The distribution of fungi and actinomycetes was determined by measuring 
relative concentrations of fatty acids diagnostic for these groups. Microbial 
activity was estimated by measuring rates of fluorescein diacetate (FDA) hy- 
drolysis, thymidine incorporation into DNA and amino acid mineralization. 

Mater ia l s  and Methods  

Chemicals 

[u-~4c ring] sodium tridecylbenzene sulfonate (LAS) with a specific activity of 8.69 mCi/mmol 
was obtained from New England Nuclear (Boston, MA). Purity was 98% based upon thin-layer 
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chromatography (TLC) on silica gel G with chloroform/methanol/water/formic acid (80/25/3/1). 
[U-'4C ethoxylate] linear alcohol ethoxylate (LAE) was obtained from Amersham. Its specific 
activity was 4.34 mCi/mmol and it consisted of 70% CH~(CH2hoCH2(OCH2CH2)9OH and 30% 
CH3(CH2)toCHz(OCH2CH0sOH based upon gas chromatography. [U-t4C]L-amino acid mixture 
(specific activity 50 mCi/mmol) was obtained from ICN (Irvine, CA) with a purity > 98%. [Methyl- 
3H] thymidine with a specific activity >62 mCi/mmol was obtained from ICN Pharmaceuticals 
Inc. (Irvine, CA). 

RPI Scintillator scintillation cocktail was purchased from Research Products International (Mount 
Prospect, IL). Cyctoheximide, chloramphenicol, tetracycline, acridine orange, fluorescein diacetate, 
thymidine and DNA were obtained from Sigma (St. Louis, MO). Fatty acid standards were obtained 
from Alltech Associates (Deerfield, IL). Highest purity GC 2 chloroform, methanol, acetone and 
hexane were obtained from Burdick and Jackson (Muskegon, MI). 

Sampling 

Soil cores were obtained from two sites in north central Wisconsin, near the town of  Summit Lake. 
One core (Leach Field) was drilled in an area intersected by buried perforated pipes, which transport 
wastewater from a rural laundromat. The other core (Control) was drilled approximately 30 m to 
the northeast in an area not influenced by wastewater. Aseptic samples were obtained at various 
depths using a modification of procedures described by Dunlap et al. [5] and Wilson et al. [26]. A 
bore hole was drilled with a 10.2 cm diameter hollow stem auger to the desired depth. A coring 
device then was driven into the soil. The corer was recovered and in the field the soil was extruded 
with a hydraulic jack. Approximately 5 cm was extruded and removed with a sterile spatula to 
produce an uncontaminated face. The remaining core was extruded through a flame sterilized 
paring device which removed the outer 1 cm of core material. The inner core material was placed 
into sterile jars and stored at 4~ Redox potential was measured with a platinum electrode in the 
field and EH (normalized to the hydrogen electrode) ranged between 339 and 474 mV. Physical 
chemical characteristics of the soil were determined using standard procedures [22] and are listed 
in Table 1. The depth to the water table was approximately 14 m. 

Groundwater was obtained aseptically from existing monitoring wells located approximately 4 
m from the coring sites. The wells were downgradient and upgradient from the Leach Field and a 
nearby wastewater treatment pond. 

Bacterial Counts 

Bacterial numbers in soil samples were determined using the direct count procedure of Ghiorse 
and Balkwill [10]. Soil was mixed with sodium pyrophosphate (0.1%) and an aliquot of this 
suspension was combined with molten agar (1%) then smeared onto a slide. The smear was stained 
with acridine orange (0.01%) and 30 to 60 fields were counted using epifluorescence microscopy. 
Bacterial numbers in groundwater samples were determined using the method of  Hobbie et al. 
[13]. 

Phospholipid Analysis 

Soil samples (40 g) were extracted with methanol, chloroform and buffer (0.01 M monosodium 
phosphate; 0.53 mM disodium EDTA) using the procedure of  Federle et al. [8]. The recovered 
lipids were separated into neutral, glyco- and phospholipid fractions by column chromatography 
using silicic acid. The phospholipid fraction was subjected to mild alkaline hydrolysis and the 
resulting fatty acid methyl esters were purified by thin layer chromatography and analyzed by gas 
chromatography or combined gas chromatography/mass spectrometry. Detailed descriptions of 
the lipid fractionation, purification and analysis are contained in Guckert et al. [11]. 
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Table 1. Characteristics of Control site and Leach Field soils as a function of depth 

Inorg. 
AEC a CEC ~ N' Total P TOC a % Composition 

Location (rag/ (meq/ (me,/ (rag/ (me,/ 
depth (m) pH kg) 100 g) kg) kg) kg) Sand Silt Clay 

Control site 

0.5 m 6.2 96 8.1 59 1,250 1,080 52.9 43.8 3.2 
1.7 6.9 28 1.3 60 1,250 1,180 78.5 18.4 3.1 
2.4 7.2 66 1.3 47 578 563 96.8 2.3 0.9 
5.5 7.7 22 0.7 41 964 741 90.9 8.5 0.6 

15.4 8.2 26 0.9 48 540 843 98.9 1.1 0 
17.7 6.3 1I 0.3 39 636 616 90.8 9.1 0.1 

Leach field 

0.5 m 6.3 26 7.6 51 869 3,100 78.6 18.1 3.3 
1.8 6.3 32 9.1 47 1,003 4,550 82.5 16.0 2.3 
3.3 7.0 24 1.9 37 370 1,260 97.3 2.1 0.6 
4.9 6.7 28 1.7 47 337 599 96.8 2.7 0.5 
7.9 7.0 74 4.7 52 1,074 783 86.5 9.5 4.0 

12.5 7.1 86 2.4 53 698 747 97.5 2.4 0.I 
18.3 7.4 44 1.5 63 630 724 96.2 2.8 1.0 

Anion exchange capacity CI- 
h Cation exchange capacity 
' Inorganic nitrogen = NH4 + + NO_,- + NO3- 
d Total organic carbon 

FDA Hydrolysis 

Microbial activity was estimated by measuring the rate at which fluorescein diacetate (FDA) was 
hydrolyzed using a modification of the procedure of Federle et al. [8]. FDA is hydrolyzed by a 
wide range of  enzymes including lipases, proteases and esterases. Replicate soil samples (50 g) were 
incubated with 100 ml sterile 60 mM phosphate buffer (pH 7.6) amended with 2 mg each of FDA, 
cycloheximide, chloramphenicol and tetracycline on a rotary shaker. Periodically, subsamples (5 
ml) of the suspension were removed and mixed with l0 ml acetone to terminate the reaction. The 
subsamples were centrifuged (5,000 x g; 5 rain) and the absorbance of the supernatant determined 
at 490 nm. Autoclaved samples treated as above were used as abiotic controls. Rates of FDA 
hydrolysis were estimated by linear regression of increased absorbance versus time and expressed 
as nmol hydrolyzed/hour/g dry wt soil. 

Thymidine Incorporation 

Thymidine incorporation into DNA was measured using methods described in Thorn and Ventullo 
[21]. Soil samples (3 g) were incubated in 2 ml water amended with 250 pmoles [3H-methyl] 
thymidine in the dark for 3-5 hours. The reactions were terminated and DNA extracted by addition 
of NaOH, EDTA and sodium dodecyl sulfate to final added concentrations of 0.3 M, 25 mM and 
0.1%, respectively. DNA was extracted and RNA hydrolyzed in this mixture for 12 hours at 25~ 
The samples were centrifuged and the supernatants were quantitatively recovered, neutralized with 
HC1 and amended with thymidine (17 gg/ml). Trichloracetic acid was added to a final added 
concentration of  5%, and the samples were chilled on ice for 45 min. TCA insoluble material was 
collected on Millipore HA filters and the filters were subjected to acid hydrolysis (I M HCI; 30 
min; 95~ to hydrolyze DNA. Radioactivity in the hydrolysate was determined by liquid scintil- 
lation counting (LSC). 
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Minera l i za t ion  Assays 

Soil (15 g) was aseptically transferred into triplicate serum bottles (60 ml), adjusted to 20-25% 
moisture content with sterile water containing approximately 750 ng ofradiolabeled test compound 
and mixed with a sterile applicator stick. Groundwater samples ( l 0 ml) were likewise aseptically 
transferred to sterile serum bottles and amended with 50 ng/ml of the test chemicals. The bottles 
were sealed with rubber stoppers equipped with plastic wells containing a fluted filter paper soaked 
with 0.2 ml of 1.5 N KOH to trap the evolved ~4CO2. They were incubated under static conditions 
at 24~ Periodically the filter papers were removed and replaced with fresh filters. Typically, filters 
were exchanged after 4 hours, 8 hours and I, 2, 4, 8, 16, 32, and 64 days. The recovered filters 
were placed in scintillation vials with RPI scintillator and radioactivity was determined by LSC. 
At the termination of the incubations, residual ~4CO2 was recovered by acidifying the samples with 
6 N HC1. Data were expressed as the cumulative percentage of the radiolabeled chemicals recovered 
as ~4CO2. The data were corrected utilizing abiotic controls amended with 1% formalin and fitted 
to a first-order production equation [l 5]: 

y = a(l-e -k') (1) 
where y = percent recovered as ~4COz, a = upper asymptote (total % recovered), k = first-order 
rate constant and t = time (days). The constants (k and a) where estimated from the data by 
nonlinear regression using the NONLIN program of SYSTAT (Systat, Inc., Evanston, IL). The 
quality of the fit was evaluated by examining the residual sum of squares and the standard errors 
of the estimates. 

Results  

Subsur face  Soi l  

Tab le  1 shows character is t ics  o f  the soil as a f unc t i on  of  dep th  in  the two 
profiles. Ca t ion  exchange capaci ty (CEC), total  organic  ca rbon  (TOC) ,  silt con-  
ten t  a n d  clay con ten t  decreased wi th  inc reas ing  de p t h  in  bo th  profiles.  The  
uppe r  2 m in the Leach Fie ld  profile had  3 to 4 t imes  higher levels  o f  T O C  
t h a n  c o m p a r a b l e  depths  in  the Con t ro l  profile. F igure  1 shows bac te r ia l  coun ts  
( A O D C )  a n d  the concen t r a t i on  o f  p h o s p h o l i p i d  fat ty acids (PLFA)  in  the two 
profiles as a func t ion  of  depth.  Bacter ial  n u m b e r s  were highest  at 0.5 m,  dec l ined  
sharply  be low this dep th  and  were no t  s ignif icant ly  different  in  the  two  profiles. 
Bacter ia l  coun ts  in  the sa tura ted  zone  (below 14.5 m)  were c o m p a r a b l e  to those 
in  the i m m e d i a t e l y  over ly ing  vadose  zone  (4 -14  m).  In  contras t ,  P L F A  con-  
cen t r a t i on  has highest  at  1.7 m a n d  differed as a f u n c t i o n  o f  profile.  In  the 
Con t ro l  profile, P L F A  c o n c e n t r a t i o n  dec l ined  10-fold be low 1.7 m;  i n  the Leach 
F ie ld  profile, it dec l ined  near ly  100-fold be low 3.3 m.  There  were  10 to 100 
t imes  higher  levels o f  P L F A  in the top 3.3 m of  the Leach Fie ld  profi le  c o m p a r e d  
to s imi la r  depths  in  the Con t ro l  profile. Below this  depth ,  P L F A  c o n c e n t r a t i o n  
was s imi la r  in  bo th  profiles wi th  one  except ion .  The  sample  f rom t he  sa tura ted  
zone  in  the Leach Field  (18.4 m) had  o n e - t h i r d  the P L F A  level o f  s i m i l a r  depths  
in  the Con t ro l  site. P L F A  c o n c e n t r a t i o n  was pos i t ive ly  cor re la ted  wi th  T O C  
(r = 0.93; P -< 0.01) a n d  nega t ive ly  cor re la ted  wi th  dep th  (r = - -0 .63 ;  P _< 
0.05). A O D C  and  P L F A  c o n c e n t r a t i o n  were no t  s ignif icant ly  cor re la ted  (r = 
0.42). 

Mic rob ia l  ac t iv i ty  (Fig. 2), e s t ima t ed  as the rates of  f luoresce in  diacetate  
(FDA)  hydro lys i s  and  t h y m i d i n e  i n c o r p o r a t i o n  in to  D N A ,  e x h i b i t e d  the same 
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Fig. 1. Bacterial direct counts 
(A) and phospholipid fatty acid 
concentration (B) as a function 
of  depth in subsurface soil pro- 
files. 

general pattern with depth as bacterial numbers  and PLFA concentration. FDA 
hydrolysis was positively correlated with cation exchange capacity (r = 0.62; 
P -< 0.05) and TOC (r -- 0.71; P -< 0.01) but  negatively correlated with depth 
(r = - 0 . 8 7 ;  P -< 0.01). Thymidine  incorporat ion correlated with FDA hydro-  
lysis (r = 0.85; P -< 0.01) and likewise correlated positively with TOC (r = 
0.74; P -< 0.01) and negatively with depth (r = - 0 . 6 6 ;  P -< 0.05). FDA hy- 
drolysis and thymidine  incorporat ion were most  rapid in the 0.5 and 1.7-1.8 
m samples. FDA hydrolysis declined nearly 100-fold and thymidine  incor- 
porat ion decreased 10 to 100 fold below 2 meters. Rates o f  FDA hydrolysis 
in the Leach Field were on average twice those in the Control  site. Only between 
2.4 and 4 m were the rates of  thymidine  incorporat ion significantly higher in 
the Leach Field profile. FDA hydrolysis correlated positively with AODC (r = 
0.56; P -< 0.05) and PLFA concentrat ion (r = 0.74; P _< 0.01); thymidine 
incorporat ion likewise correlated with A O D C  (r = 0.63; P --< 0.05) and PLFA 
(r = 0.75; P < 0.01). 

Table 2 shows the relative abundance o f  PLFA at selected depths in the 
Leach Field site. A total of  52 fatty acids was identified in the samples. Fatty 
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Fig. 2. Rates offluorescein di- 
acetate (FDA) hydrolysis (A) and 
thymidine incorporation into 
DNA (B) as a function of depth 
in subsurface soil profiles. 

acids are designated as the number of carbon atoms: number of double bonds 
and position of the double bond closest to the aliphatic (~0) end of the molecule. 
The prefixes, i and a, refer to iso and anteiso branching, respectively; br refers 
to methyl branching at an unconfirmed location; and cyc indicates cyclopropane 
substitution. Other methyl branched fatty acids are designated based upon the 
methyl groups position relative to the carboxylic acid (e.g., 10-methyl 18:0). 
The greatest number and diversity of fatty acids were found at depths above 
2 meters, where the most abundant fatty acids were 16:1~07, 16:0, 18:1w9, 18: 
lw7 and cycl9:0. Below this depth in the vadose zone, the fatty acid profile 
was dominated by 16:1,07, 16:0, cycl7:0/17:lw6, and 18:1~07. In the sample 
from the saturated zone, 16:0, 18:1o~9, 18:1~o7 and 18:0 were most abundant. 
A fatty acid unique to photosynthetic organisms, 16:1~013t, was not detected 
in the samples indicating that PLFA were derived from soil microbes rather 
than plant debris. Figure 3 shows relative abundance of fatty acids unique to 
fungi (18:2w6 and 18: 3~o6) and tuberculostearic acid (10-methyl 18:0), a marker 
for actinomycetes, as a function of depth in the two profiles. In the control 
profile, fungal markers accounted for 1 to 7% of the total fatty acids; in the 
Leach Field profile, they accounted for 2 to 15% of the total. The relative 
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Fig. 3. Relative abundance offungal fatty acids (18:2c06 and 18:3o~6) and the actinomycete marker 
(tuberculostearic acid) as a function of depth in subsurface soil profiles. 

p ropor t ion  o f  fungal markers  was greatest  at 3.3 m in the Leach Field but did 
not exhibit  a consistent pattern as a funct ion o f  depth or site. Tuberculostear ic  
acid (TBS) accounted for 0 to 3.5% of  the total  PLFA,  and its relative abundance  
exhibi ted a decreasing trend with increasing depth.  The  relative propor t ion  of  
TBS in the control profile was on average twice that  at comparab le  depths  in 
the Leach Field profile. No TBS was detected below 8 m in the Leach Field 
profile, while in the Control  profile TBS was detected to a depth o f  12.4 m. 
Nei ther  site contained TBS in the saturated zone. Fatty acids characteristic o f  
p ro tozoa  (20:3o~6 and 20:4w6) were detected above  3 m in both profiles, ac- 
count ing for 0.7 to 2.7% of  the total PLFA.  While not detected below 3 m in 
the vadose  zone, low levels o f  these acids were detected in the saturated zone 
(0.23-1.26%). 

Figure 4 shows mineral izat ion of  LAS, LAE and mixed  amino  acids (MAA) 
as a function of  t ime in soil f rom three representat ive  depths  in the Leach Field 
profile. Figure 5 contains kinetic pa ramete r s  describing the mineral izat ion o f  
MAA.  Mixed amino  acids were mineral ized without  a lag period in every 
sample .  First-order  rates ranged f rom 0.15 to 0.49 days -~, and the corresponding 
half-l ives varied between 4.6 and 1.4 days. Between 20.7 and 42.5% of  the 
carbon in the mixed amino  acids was recovered  as ~4CO=. In the control  profile, 
the rate of  amino  acid mineral izat ion exhibi ted a marked  decrease below 3 m. 
In the Leach Field, the rate increased below 2 m. Below 3 m, rates of  MAA 
mineral iza t ion in the Leach Field were approx ima te ly  twice those in the Control  
profile. The  rate of  MAA mineral izat ion did not  correlate with any soil char- 
acteristic or measure  of  microbial  b iomass  or  activity.  The  recovery o f  '4CO2 
f rom M A A  correlated positively with depth  (r = 0.78; P < 0.01), p H  (r = 0.61; 
P -< 0.05), and sand content  but correlated negatively with with cation exchange 
capaci ty  (r = - 0 . 6 7 ;  P < 0.05), silt content  (r = - 0 . 7 5 ;  P _< 0.01) and clay 
content  (r = - 0 . 7 6 ;  P _< 0.01). 

Kinet ic  parameters  describing LAE minera l iza t ion  are shown in Fig. 6. LAE 
was mineral ized at every depth in both  profiles. Short  lag periods ( < 2  days) 
were associated with samples  obta ined below 2 m in both  profiles. Firs t -order  
rates var ied between 0.018 and 0.500 days  -1, and  the corresponding half-lives 



Table 2. Relative abundance (% of total) of  phos- 
pholipid fatty acids as function of depth in the Leach 
Field profile 

0.5 1.8 6.4 12.5 18.6 
Fatty acid m m m m m 

a13:0 0.2 0 0 0 0 
i14:0 0 0.4 0 1.5 0 
14:0 0 0.9 0 8.6 0 
i15:1 0 0.4 0 0 0 
a15:l 0 0.9 0 0 0 
i15:0 0.8 5.4 0.4 0.8 0 
a15:0 0.7 3.8 0.3 0.3 0 
15:1 0 0.1 0 0 0 
15:0 0.t 0.8 0.3 0.6 0.9 
i16:0 0.9 1.4 0.2 1.5 0 
16:1<o9 0.8 1.7 0.4 2.0 1.4 
16:1<o7 5.2 9.0 11.5 14.5 4.9 
16:1<o7t 0.1 0.3 0.9 2.4 0 
16:1<o5 2.3 4.0 0.3 0.3 0 
16:0 7.4 12.0 13.7 18.6 20.0 
brl7:x 0.7 0.4 0 0 0 
i17:1 1.9 2.4 0.3 1.1 0 
10-methyl 16:0 4.4 4.4 1.0 0.2 0 
brl7:0 0.9 0.7 0.8 0 0 
i17:0 1.2 1.3 0.7 0.8 2.I 
a17:0 1.8 0.3 0.9 0.7 3.2 
cycl 7:0/17:1<o6 5.0 4.8 17.4 4.4 0 
17:0 0.3 0.4 1.1 0.6 2.1 
I 0-methyl 17:0 0.8 0.7 0 0 0 
brlS:0 0.4 0 0 0 0 
18:3<o6 0 0.4 0 0.1 1.0 
18:x 0.9 0.5 0.9 3.5 0 
18:2<o6 9.1 4.4 2.3 3.6 2.5 
18:3<o3 1.3 1.6 1.2 3.8 0 
18:1<o9 10.1 6.2 2.5 1.6 9.6 
18:1<o7 16.2 11.6 27.8 I6.6 11.0 
18:1<o7t 0.5 0.4 0.9 1.I 0 
18:1o~5 1.4 0.9 0.3 0 0 
18:0 2.4 1.9 3.6 3.2 19.2 
brl9: l  1.1 0.6 1.5 1.6 2.0 
/0-methyl 18:0 1.4 1.2 0.5 0 0 
19:1<o12 0.8 0.4 0 0 0 
19:1<o8 0 0.2 0 0 4.2 
cycl9:0 11.4 6.2 4.5 4.3 0 
20:4<o6 0.6 0.6 0 0 0 
20:5<o3 0.2 0.3 0 0 0 
20:3<o6 0.4 O. 1 0 0.2 0 
20:2<o3 0.2 0 0 0 0 
i20:0 0.3 0 0 0 1.5 
20:1<o9 0.3 0.2 0 0 0 
20:0 1.9 0.8 2.3 0 0 
21:0 0.2 0.3 0 0 0 
22:1<o9 0 0.2 0 0 14.0 
22:0 1.5 0.6 1.4 0 0 
23:0 0.2 0.1 0 0 0 
24:0 1.3 0.4 0.9 0 0 
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Fig. 4. Mineralization of  linear alkyl- 
benzene  sulfonate (LAS), linear alcohol 
ethoxylate (LAE) and mixed  amino  ac- 
ids (MAA) as a function of  t ime at 
three selected depths in the Leach Field 
soil profile. 

ranged from 38.5 and 1.4 days. In both profiles the rate decreased dramatically 
below 2 meters. At 0.5 m and between 3 and 12 m, LAE mineralization 
was significantly more rapid in the the Control  profile than Leach Field. The 
rate o f  LAE mineralization posit ively correlated with the rate o f  thymidine 
incorporation (r = 0.58; P -< 0.05), silt content  (r = 0.65; P -< 0.01), and P 
content  (r = 0.61; P -< 0.05). It correlated negatively with sand content (r = 
- 0 . 6 5 ;  P -< 0.01). The asymptotic yield o f  ~4CO2 ranged from 21 to 52.2% 
and tended to be highest in the uppermost  and lowermost  samples. This pa- 
rameter did not correlate with any physicochemical  or microbiological char- 
acteristic o f  samples. 

Table 3 contains data on the mineralization o f  LAS. Significant mineraliza- 
t ion o f  LAS occurred above 2 m and in the saturated zone (below 14 m) o f  
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both profiles. Little or no minera l izat ion  was  observed in the unsaturated 
vadose  zone  (2-14  m) o f  either profile. First-order rate constants  were an order 
o f  magnitude lower in the saturated z o n e  compared  to upper soil. LAS was 
mineral ized  without  a lag in the upper soil  o f  both profiles, but mineral izat ion 
was  preceded by lags in the saturated zone .  The  Leach Field profile was char- 
acterized by a faster rate at 1.8 m and shorter lag period in the saturated zone;  
otherwise  LAS mineral izat ion was  s imilar in both profiles. 

Groundwater 

Groundwater  was obtained from two moni tor ing  wells, upgradient and down-  
gradient from the Leach Field and adjacent wastewater  pond.  LAS, measured 
as interference l imited methy lene  blue act ive  substances [17], and LAE, de- 
tected as cobalt-thiocyanate act ive substances  [3], were not  detected in the 
downgradient  well. O f  14 water quality parameters  measured,  only  total al- 
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T a b l e  3 .  P a r a m e t e r s  d e s c r i b i n g  the  m i n e r a l i z a t i o n  o f  

L A S  as  a f u n c t i o n  o f  d e p t h  in  t w o  soi l  p rof i les  

L o c a t i o n  
d e p t h  % L a g  

( m )  M i n e r a l i z e d  a k ( d a y s - t )  a ( d a y s )  

C o n t r o l  s i te  

0 . 5  m 35 .8  -+ 1.0 0 . 3 5  -+ 0 . 1 9  0 

1.7 3 5 . 0  + 2 .3  0 .35  - 0 .15  0 
2 .0  1.5 - 1.9 b N D  - -  

2 .4  17.1 -4- 8 .4  b N D  - -  

5 .5  12.1 • 7 .8  b N D  - -  

12 .4  4 .9  4-_ 4.1 h N D  - -  

14.8  4 2 . 7  + 2 .0  0 . 0 3 2  + 0 . 0 0 2  5 

15 .4  37 .8  - 0.1 0 . 0 3 3  _ 0 . 0 0 3  5 

L e a c h  f ield 

0 .5  m 4 9 . 8  + 8 .4  0 .45  + 0 .13  0 

1.8 4 7 . 8  + 2.1 0 . 6 0  4- 0 .13  0 
3 .3  2 .9  +- 2 .3  b N D  - -  

4 .9  2.1 4- 1.5 b N D  - -  

6 .4  11 .4  +_ 9 .9  b N D  - -  

7 .9  2 .7  4- 1.35 N D  - -  

12.5 12.2  4- 3 .3  b N D  - -  

t 8 . 4  63 .1  -+ 7 . t  0 . 0 3 5  -+ 0 . 0 0 8  2 

M e a n  + s t a n d a r d  d e v i a t i o n  (n = 3) 
h % r e c o v e r e d  as  ~4CO2 a f t e r  100  d a y s  

kalinity and conduct ivi ty  were elevated in the downgradient  well. Acridine 
orange direct counts were 3.1 _ 0.7 • 10 5 and 6.0 _+ 2.0 • l0 4 cells/ml in the 
upgradient  and downgradient  wells, respectively. Figure 7 shows mineralizat ion 
o f  LAS, LAE and MAA with t ime in groundwater.  MAA mineralizat ion in 
water from the upgradient well was more  rapid and extensive than in that f rom 
the downgradient  well. LAS was not  mineral ized in water from either moni-  
toring well. LAE was mineralized in water  f rom both wells. In the downgradient  
well, mineral izat ion occurred without  a lag; in the upgradient well, the onset 
o f  mineral izat ion was preceded by an 8 day lag period. Like MAA, the extent 
o f  LAE mineralizat ion was much lower in the downgradient  well. In general, 
mineralizat ion was much slower and less extensive in groundwater  than in the 
soil samples obtained from the same depth.  

Discussion 

In agreement with other  studies, this work shows the presence of  active mi- 
crobial communi t ies  in the subsurface and the ability o f  these organisms to 
mineralize xenobiot ic  chemicals. Fur thermore ,  it shows a marked discontinuity 
in the distribution o f  active microorganisms in the vadose zone at a depth  o f  
2 to 3 m. Below this depth, rates o f t h y m i d i n e  incorporat ion and F D A  hydro-  
lysis as well as PLFA concentrat ion decreased approximately  a hundred-fold.  
Bacterial numbers  and rates o f  LAS and LAE biodegradat ion likewise exhibited 
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Fig. 7. Mineralization of linear alkylbenzene sulfonate (LAS), linear alcohol ethoxylate (LAE) 
and mixed amino acids (MAA) as a function of time in groundwater obtained from wells upgradient 
and downgradient from the Leach Field. 

sharp decreases below this level. Infiltrating wastewater  did not  al ter  the ex- 
istence depth of  the discontinuity.  Sharp declines in microbial  pa ramete rs  
have  been observed at a s imilar  depth  by  other  investigators. Webs te r  et al. 
[23] found that ATP  concentra t ion declined more  than 10-fold below 3 m at 
the Lula, O K  site. At this same location, direct counts, colony forming  units, 
and M P N s  for protozoa exhibi ted sharp declines below 1.5 m [1, 2]. In vertical 
profiles o f  a sand aquifer in Ge rm any ,  colony forming units in soil and  ground- 
water  decreased 1-2 orders o f  magni tude  below 4-5  m [14]. The  reasons for 
such a sudden discontinuity are unclear. Although a corresponding decrease in 
total organic carbon and an increase in sand content  were observed,  the mag-  
nitude of  these changes was modes t  relat ive to the changes in the microbio-  
logical parameters .  Changes in the concentra t ion o f  nitrogen and  phosphorus  
likewise were not  consistent with the microbiological  changes. However ,  mea-  
sures o f  total carbon and phosphorus  do not  give an indication o f  the bioavai l -  
ability o f  these nutrients. 

In a Pleistocene sand aquifer  in G e r m a n y ,  the n u m b e r  of  colony forming 
units cultured f rom sediment  were 10--100 t imes higher than those cultured 
f rom water  obtained at the same depth  [ 14]. In a like manner ,  direct  counts  in 
this s tudy were 10 to 100 fold higher in aquifer  solids compared  to groundwater  
f rom the same site and depth.  This  difference in b iomass  levels was reflected 
in much  lower levels o f  b iodegradat ive  act ivi ty in the groundwater  compa red  
to the saturated sediments.  In the case o f  LAS, no biodegradat ive act ivi ty was 
observed in the groundwater  but  significant activity was associated with the 
solids. This  finding indicates that  measur ing  biodegradat ion o f  a chemical  only 
in groundwater  does not give an accurate  evaluat ion o f  the potent ial  for biodeg- 
radat ion in the subsurface as a whole. Previous  work  by T h o m a s  et al. [20] 
similarly concluded that the use o f  g roundwater  in lieu of  soil to predict  biodeg- 
radat ion  potential  may  lead to er roneous  conclusions about  chemical  fate in 
the subsurface. 

In the subsurface soil, the concentra t ion  o f  PLFA was highly correlated with 
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rates of thymidine  incorporation into DNA and FDA hydrolysis. Direct counts 
correlated weakly with these activity measurements, and the correlation with 
PLFA concentration was not significant. This suggests that PLFA concentration 
is a better measure of  active biomass in this environment. Previous work has 
shown little correlation between direct counts and viable counts in the sub- 
surface [4, 10, 26]. In addition, the proportion of  active bacteria in the sub- 
surface determined using variations of  the combined direct count/INT reduc- 
tion method is extremely variable [ 16, 23]. Analysis of  the relative abundance 
of  PLFA generates information on the composition of  the microbial commu- 
nities. Overall, the fatty acid profiles in the lower vadose and saturated zones 
were less complex than those above 3 m. Previous studies have also noted less 
complex PLFA patterns in the subsurface [6, 19, 25]. Correspondingly, Bone 
and Balkwill [2] concluded that the subsurface microbial community was less 
diverse than that at the surface based upon colony types and direct microscopic 
observations. Tuberculostearic acid (TBS) is an indicator of  the presence of  
actinomycetes and related bacteria [7]. In both profiles, the relative abundance 
of  this fatty acid decreased with depth. The communities in the Control profile 
contained much higher levels of  TBS than those from the profile impacted in 
infiltrating wastewater. TBS was absent in samples obtained from the saturated 
zone. Overall, the abundance of  TBS seemed to be inversely related to the 
presence of  saturating or near-saturating moisture conditions. Although organ- 
isms morphologically similar to Nocardia have been observed in groundwater 
from shallow wells [12], actinomycetes generally have not been isolated from 
deeper subsurface sediments [4]. 

Fatty acids derived from fungi were present at every depth and their relative 
abundance did not exhibit a consistent pattern with depth or profile. These 
same fatty acids have been detected previously in the subsurface of other sites. 
Few studies have directly quantified fungi in the subsurface; Hirsch and Rades- 
Rohkohl [ 12] have microscopically observed fungal filaments in groundwater. 
Fatty acids characteristic of protozoa were detected in both profiles above 3 
m but not in the vadose zone below this depth. When present, these fatty acids 
accounted for 0.7 to 2.7% of the total. Low levels of  protozoan fatty acids were 
detected in the saturated zone of both sites. Sinclair and Ghiorse [I 8] noted a 
sharp decline in protozoan numbers with depth but detected significant num- 
bers of  protozoa in some saturated strata. 

Previous work at this site [7] indicated that substituted aromatic compounds 
were mineralized at every depth without lag periods. Furthermore, mineral- 
ization rates for these compounds did not covary with depth, biomass or 
activity. In the present study, only mixed amino acids were mineralized without 
lags at every depth. MAA mineralization also had little relationship to depth 
or microbial biomass and activity. In contrast, the mineralization of  LAE and 
LAS were profoundly affected by depth and exhibited vertical distributions 
comparable to those for biomass and activity measurements. LAS and LAE 
were rapidly mineralized in the upper 2.5 m. Below this depth in the vadose 
zone, LAE mineralization rates decreased dramatically and LAS degradation 
was no longer observed corresponding with sharp declines in total biomass and 
activity. It would appear that the same factors controlling the size and activity 
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o f  microbial  communi t ies  were governing the biodegradat ion o f  these two 
compounds .  

The  effects o f  wastewater  infiltration were highly variable as a function o f  
depth  and the microbiological  p a r a m e t e r  examined.  The profile impac ted  by 
infiltrating wastewater was character ized by  higher PLFA concentra t ion and 
faster rates o f t h y m i d i n e  incorpora t ion  and  F D A  hydrolysis,  part icularly in the 
upper  3 m. It  likewise had  a much  higher level o f  T O C  above this depth.  Below 
3 m, amino  acid mineral izat ion was faster and  LAE mineral izat ion was slower 
in the impacted  profile compared  to the control.  Infiltrating wastewater  ap- 
peared to depress the minera l iza t ion o f  LAE and to st imulate amino  acid 
mineral izat ion at mos t  depths  in the soil. In contrast,  b iomass  and  the rate 
and  extent o f  amino  acid minera l iza t ion  were lower in downgradient  ground- 
water  than in upgradient  groundwater .  These  differences are not explained by 
the differences in the water  chemis t ry  o f  these two sites. 

Previous  work in saturated subsurface sediments  [9] revealed that  exposure 
to detergent chemicals resulted in shor ter  lag periods and more  rapid  rates of  
biodegradat ion of  LAS and LAE, p resumably  as a result o f  adaptat ion.  In the 
present  study, adaptat ion was not  nearly as impor t an t  in the unsatura ted  sub- 
surface envi ronment .  In the vadose  zone, nei ther  LAS or LAE degradat ion was 
significantly st imulated by infiltrating wastewater ,  but  in the saturated zone, a 
small  s t imulatory effect o f  waste water  was noted. Despite the patchiness o f  
b iodegradat ive  activity in the subsurface,  nei ther  LAS or LAE were detected 
in the groundwater.  Thus,  the high levels o fb iodegrada t ive  activity in the upper  
vadose  zone and low levels o f  act ivi ty  in the saturated zone were sufficient to 
fully r emove  these compounds  before they could adversely affect water  quality 
in the area. Sorption likely plays an impor t an t  role in this process by  retarding 
the m o v e m e n t  o f  these c o m p o u n d s  through these biologically act ive zones. 

In summary ,  this work demons t ra t ed  i) that  there was a marked  discontinui ty 
in the vertical distr ibution o f  microbia l  b iomass ,  activity and the biodegra-  
dat ion o f  LAS and LAE below 2.5 meters  in soil profiles, ii) that  infiltrating 
wastewater  affected the magni tude  o f  this discontinui ty but not its existence or 
depth,  iii) that groundwater  had  lower bacterial  numbers  and exhibi ted less 
biodegradat ive activity than soil ob ta ined  f rom the same site and  depth,  and 
iv) that  despite patchiness in the dis tr ibut ion o fb iodegrada t ive  activity,  nei ther  
LAE or LAS accumulate  in ground water. Fur thermore ,  this work showed the 
usefulness o f  PLFA, F D A  hydrolysis  and  thymid ine  incorporat ion assays for 
determining the distr ibution o f  microbia l  communi t i e s  in subsurface sedi- 
ments .  
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