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' -	 Introduction1 

_J 

This protocolis a test for assessing the efficacy ofbioremediation products designed to treat oil 
on contaminated shorelines._For the purposes.ofthis test, a bioremediation product is defined as 
"that which can stimulate the biodegradation or co-metabolism ofcontaminants" (see Swannell 
et al., 1996a). The target contaminant in this protocol is weathered crude oil. 

The protocol consists oftwo experimental phases: 

1. 	 A flask test designed to determine whether the product can stimulate the metabolism ofoil 
uncle~ optimal conditions. This test is based on the NETAC Tier II test (NETAC, 1993)used 
by the USEPA. 

2. 	 A microcosm test designed to determine whether the product can stimulate the metabolism 
ofoil in a simulated beach environment. This test uses microcosms designed by AEA 
Technology to simulate the marine environment (Croft et al., 1995). .. 

Ifno evidence ofenhanced oil metabolism is noted in the flask experiment then the product 
will be deemed to have failed the test, and it will not be tested further. A product will only be 
deemed effective ifit significantly (p<Q.OS) enhances oil biodegradation above that recorded in 
untreated controls under the conditions ofeach test. A microcosm test should then be 
conducted to assess efficacy under simulated marine conditions. The product passes the test ifit 
significantly (p<O.OS) enhances oil biodegradation and substantially reduces oil concentrations in 
comparison to negative controls. 

Ifa product is found to pass the efficacy test as described herein, this does not mean that it will 
work successfully for any oil type, on any shoreline type, at any time of the year. The aim ofthe 
efficacy test is merely to establish whether the product can stimulate oil biodegradation under 
controlled conditions, and therefore can be justifiably used as a bioremediation product in the 
shoreline environment. 

AEA Technology 
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2 Flask Test 

.... 

2.1 OVERVIEW OF TEST 

The aim ofthe test is to determine whether a bioremediation product can stimulate the 
biodegradation ofoil under optimal conditions. This is done by determining oil biodegradation 
in Erlenmeyer flasks treated with product, in comparison to untreated sterile controls. Products 
containing nutrients alone are tested in flasks containing a standard oil-biodegrading microbial 
in~cula. A positive control containing a standard inocula ofoil-biodegrading bacteria, and a 

• I 

standard amount ofnutrient is also conducted. The positive control biodegrades oil efficiently •..;., 

and is used to confirm that the test is operating satisfactorily. All flasks are treated with an 
identical quantity ofoil and all are conducted in a standard artificial seawater or marine 
Bushnell-Haas medium. Bushnell-Haas medimn is specially designed to stimulate microbial 
hydrocarbon biodegradation (Brown & Braddock, 1990). ,..

•
I .... 

2.2 QIL 

Weathered Forties crude oil is used for the test procedure as it is biodegradable and has been 
spilled in UK coastal waters. The oil is weathered to remove volatile compounds which rapidly 
evaporate after a spill at sea or on shorelines. This involves distilling the oil to a vapour 
temperature of250°C in a fume hood using standard distillation apparatus heated by an 
electrical mantle. This results in the oil being weathered to the same degree as it would over a 
24 to 48 hour period at sea. The mass ofthe oil is recorded prior to distillation and on 
completion, once the oil has cooled to ambient temperature. 

The precise composition ofForties is variable, however since the test is based on comparison 
between the concomitantly run product and control flasks this is unimportant as long as th e 
same batch ofoil is used for the product being tested and the controls. 

:.. 
2.3 ARTIFICIAL SEAWATER 

IArtificial seawater is made by preparing Instant Ocean (Aquarium Systems Inc.), or an 
"' equivalent, in accordance with the manufaCturer's instructions. 

2.4 STANDARD MICROBIAL INOCULUM 

The standard microbial inocula consists of six hydrocarbon-degrading micro-organisms: 

1. Micrococcus luteus NCIMB 13267, 
2. Pseudomonasjluorescens NCIMB 9046, 
3. Pseudomonas putida NCIMB 9571, ... 
4. Pseudomonas nautica 
5. Alteromonas sp. .. 

,.. 
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6. PlanococalS alkanodasttlS 

All the above will be fully classified and lodged at the National Collection ofIndustrial and 
Marine Bacteria (NCIMB) 

All six micro-organisms grow in the presence of marine concentrations ofsalt. The latter three 
micro-organisms were isolated from the intertidal zone ofStert Plats (Somerset UK). All the 
organisms are stored in glycerol at -25°C (Gerhardt et al., 1981). Before each experiment, the 
organisms are removed from the freezer and allowed to defrost at room temperature. They are 
then separately added aseptically to 100 ml of sterile marine broth in 250 ml Erlenmeyer flasks 
and incubated at 2o±1°C for 4 days to revive the bacteria. An aliquot volume (1 ml) of each 
micro-organismis then transferred separately to fresh sterile marine broth under sterile 
conditions and incubated again at 20±1°C for 4 days. Agar plates are inoculated with samples 
from each of these flasks to monitor the-colony colour and morphology and to check for the 
presence ofcontaminants. Ifcontamination is found, then a fresh culture is removed from the 
freezer and the above process repeated Before use, the number ofbacteria contamed wit:hln the 
culture is established by measuring the optical density ofthe culture. This is then converted to a 
microbial number in Colony Forming Units (CPU) per ml using a previously determiried 
calibration curve. Each culture is grown to an optical density of1 at 570 nm prior to use. 

2.5 STANDARD NUTRIENT PREPARATION 

The positive control (standard microbial preparation, oil and standard nutrients) and the 
negative control (standard nutrient, oil and filter-sterilised microbial preparation) are prepared 
in sterilised tap water mi'<ed with marine Bushnell Haas medium. This meclium is well known 
to provide all the required nutrients for oil biodegradation (Brown & Braddock, 1990). 

2.6 STERILISATION PROCEDURE 

Sterilisation is achieved either by autoclaving at 121°C and 15 psi for 30 min, or by passage 
through a sterile 0.2 J.lm filter into a sterile cont:Uner under aseptic conditions. The success of 
autoclaving is con.fi.rmed using autoclave tape and Brown's tubes. Sterilisation will only be 
accepted if the strips on the autoclave tape change colour and the Brown's tubes change from 
red to green. All aseptic procedures are conducted in a laminar flow hood All surfaces are 
cleaned with 70 % ethanol before and after use, and they are cleansed regularly with an 
antiseptic cleaner (Vircon or equivalent). 

2.7 TEST DESIGN AND OPERATION 

The experiment is conducted in sterile 250 ml Erlenmeyer flasks at 20±1°C in a rotary shaker at 
200 rpm (±20 rpm). The flasks are plugged with sterile foam bungs to allow free passage of 
filtered air, and the shaker speed is selected to maintain aerobic conditions during the test. The 
flasks are placed in the middle ofthe shaker plate, as placing them at the edge can cause oil 
contamination ofthe foam bung. Temperature is monitored throughout the experiment to 
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confirm it is maintained within the limits mentioned above. The experiment is conducted in 
triplicate and the addition to each flask is given in Table 1. 

The artificial seawater used in the test is filter-sterilised as autoclaving causes a precipitate to 
form. The oil is added using a graduated glass syringe and the density of the oil is measured in 
order to calculate the volume to be added to each flask. Details of the amount of 
bioremediation product to be added to each flask are suppliedby the manufacturer. 

The test is conducted for 28 days. At the end of the experiment the oil is extracted from each 
flask and analysed for total oil content. The change in composition ofthe oil is also determined 
using the technique outlined below. 

Table 1 Design ofFlask Experiment 

Flask Aqueous Phase Oil Addition Inoculum Conunents 
Nuntbers 

1,2,3 Marine 0.5 g 1 ml ofeach ofthe Negative Control 
Bushnell-Haas 6 standard micro To determine the abiotic 

medium orgarusms. fate ofoil under test 
Filter sterilised. conditions. 

4,5,6 Marine 0.5 g 1 ml ofeach ofthe Positive Contr~l 
Bushnell-Haas 6 standard micro To confirm that oil is 

medium orgarusms. being biodegraded rmder 
the test conditions. 

7,8,9 	 Artificial 0.5 g 1 ml ofeach ofthe Test ofa fertiliser 
Seawater 6 standard micro- product. . 

~· ·,, 
..~ ..............................................:.:..~.~!..f.~~.~!:..................................................................~E~~~:...................................................................................... 


10,11,12 Artificial 0.5 g Product (Micro Test of a product 
Seawater organisms and containing nutrients and 

fertiliser). bacteria. 

2.8 CHEMICAL ANALYSIS 

2.8.1 Introduction 

In order to confirm the efficacy ofthe test product, the composition ofthe test oil is studied in 
detail at the end ofthe experiment. The most effective method ofdetermining the degree to 
which oil has been biodegraded is to calculate the ratio ofselected petroleum compounds 
against an oil component know to be resist biodegradation (a "biomarker"). The C30 hopane, 
17a.(H), 2113(1-I)-hopane, was selected as the conserved biomarker for the test because ofits 
abundance in the test oil, and because it has not been found in significant quantities in sediments 

AEA Technology 4 



AEAT-1981 
. 

1 	 uncontaminated by petroleum hydrocarbons. Hopanes have a low water solubility and 
J volatility, and tend to remain with the oil while other petroleum components are lost by other 

processes such as evaporation, dissolution and biodegradation (Bragg et al. , 1994). Thus, changes 
in the relative concentration of the hopanes provide a quantitative assessment ofthese 
weathering processes. 

~ 

I 

Although evaporation and biodegradation may occur in each test vessel, evaporation will be 
reduced because of the prior weathering of the oil (Swannell et al. 1 1994a). Hence, by 
contrasting the ratios ofhopane to more biodegradable petroleum compounds in the negative 
control with those in the treated sediments, the effect of bioremediation products can be 
determined. 

Oiledsamples are extracted, fractionated and individual compounds quantified by the method 
described below. The compounds that are specifically quantified are given in Table 3. Quality 

-~ assurance procedures are in place to ensure that all s:unples are traceable. All samples are stored 
! 
I 	 at -20°C for 12 months after analysis, should the measurement require confirmation. 
·' 

2.8.2 Materials 

..., 
I 	 The solvents used are dichloromethane, methanol and light petroleum spirit (petroleum ether 
I-I 	

B.P. 40-60°C), all ofwhich are Distel grade. Granular sodium sulphate is analytical grade; silica 
gel60 is chromatographic grade with a particle size o£0.2-0.5 mm; alumina is Brockmann 
grade 1 for column chromatography; all are extracted with dichloromethane (DCM) in the 
soxhlet apparatus prior to use and stored at 120°C. 

All glassware is soaked for 24 hours in a 5% Decon solution rinsed in distilled water and oven 
dried. Prior to use glassware is rinsed with DCM. In the extraction procedure stainless steel 
centrifuge tubes (100 rnl) and pear shaped separating funnels with a 11itre capacity are used. 

Both internal and surrogate standards are used to quantify oil recovery and the response factors 
for the target hydrocarbons .. The mass spectrometer is tuned in accordance with EPA Method 
#8270 (US EPA 1992). 

-1 
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Table 3 List ofCompounds Q uantified 

ALIPHATIC COMPOUNDS AROMATIC COMPOUNDS 

n-Cll 

n -C12 

n-CU 

D-C14 

n-C15 

n-C16 

n-C17 

Prisanc: 

G-Cl8 

PbyDne 
n-CI9 

n-C20 

n-C2l 

n-02 
,..cJ 

n...c24 

n-C2S 

n-C26 

n-C27 

n-C28 

n-C29 
n -CJO 

n-C31 

n-C32 

n-C33 

n-C3<1 

n-C35 

1 7a(H),21j3(H)-Hop~ 

2.8.3 Methods 

2.8.3.1 Extraction 

~(m/1128) 

2~(mlll42) 

1-IDI:lh)'!Nphdulcnc (m/1 142} 

2.6-12.7-ctiMc:mpblhakne (mil 156) 

1,}-11,7-diMc:mp~ (m/1 156) 

L,~(mlz.156) 

1,5-11,4-~(mlz.l56) 

1,5-11,4-~b&hacnc (pt./'L 156) 

1,2-di.\icmp~ (mlz. lS6) 

1,3,7-a:iMcN>phda. (mlt.l70) 

1,3,6--czk~hda. (mil 170) 

1,3,5-/ 1,4,6-ai\ic:N.pblh. (m/lt 170) 

2,3,6--czk'lcNJpbrh. (zah 170) 

1,2.7-11,6,7-/1~ (mlz. 170) 

1.2,~bdl.. (mlz. 110) ,..1,.2.5-m.'id-bpbdl.. (mlz 170) 

Dibcn:mduopbm.e ( mlz. 184) 

4-M~b.c:ne (mlz. 198) 

2-13-Mcdibcnzathiopb.c:ne (mlz. 198) 

1-Mcdibcm.orhiopb.::n.. (mh 198) 

DiMccfibcn:zothiopbcnamh 212} 

Pbawuhrcnc (mlz. 178) 

3-Mcpbawl&hn:ne (mlz 192) 

2-Mcpbcmnthrc:n.e (ml:r: 192) 

9-Mcpbenaruhtc:ne (ml:r: 192) 

1-Mcphc:rwuhrcne (m/1192} 

DiMcpben:anth.rcncs(ovt 206) 

Chrysc:nc (ml:t 228) 

Pcrylcne (mit 252) 

C20 Me Triarom~~tic: llctoid (m/z 231) 

C21 Me Ttiarom~~tic: Jtcroid (u1h 23 1) 

C26 205 Me Tri:arom2tic ncroid (ml:r. 231) 

C26 20R. & C27 20S Me Triaronwiestcroid (ml:r. 231) 

C28 20S Me Tri:aroiDllric nc:roid (m/'z. 231) 

C27 20R. Me Tri:aromatic steroid (mh 231) 

C28 20R. Me TrU.rcnnatic slCI'Oid (ash. 231) 

After removal from the: freezer and thawing. the: sample: is mixed weD and the full flask contents 
arc: placed into a centrifuge rube together with an aliquot ofthe surrogate standard solution. A 
further aliquoc of the surrogate standard is removed storedfor arua.lysis with the sample fractions.. 

AEA .,..echnolcgy 6 
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Methanol (40 ml) is added to the sample in a separating funnel. The supernatant liquid is 
decanted into a second separating funnel containing 200 ml ofdistilled water. The sample is 
further extracted and centrifuged with methanoVdichloromethane (1: 1; 40 ml) and the liquid 
decanted off into the separating funnel; the procedure is then carried out twice more with 40 ml 
portions ofdichloromethane. The flask is rinsed with dichloromethane three times to remove 
oil attached to the glass. The DCM is added to the second separating funnel 

The separating funnel is vigorously shaken, allowed to settle for approximately one hour and 
the organic layer Qower) removed into a r ound bottom flask. The aqueous layer is then 
extracted three more times with DCM (50 ml), each time allowing the layers to separate before 
removing the organic layer in to the round bottom flask. The extract is rotary evaporated to ca. 
5 ml before anhydrous sodium sulphate is added to remove any water. After rinsing the round 
bottom flask, the extract is accurately made up to a known volume , and a known aliquot is 
transferred to a pre-weighed round bottom flask and rotary evaporated to near dryness. After 
any traces ofsolvent are removed using a stream ofdry nitrogen, it is allowed to dry overnight 
(approx. 40°C) to constant weight, in order to determine the Extractable Organic Matter 
(EOM). 

2.8.3 .2 Fractionation 

An aliquot of the remaining EOM is adsorbed onto alu:mina, using a stream ofdry nitrogen to 
remove the solvent. Samples of the added Forties crude oil are similarly adsorbed onto alumina 
for fractionation. Liquid chromatographic separation columns are made with activated silica and 
activated alumina. The extract is transferred to the top of the column and the saturated 
hydrocarbons are eluted with light petroleum (1 00 ml) and the aromatic hydrocarbons eluted 
with DCM/light petroleum (100 ml), with both eluates collected together in the same round 
bottom flask to give the total petroleumhydrocarbon (TPH) fraction. Excess solvent is removed 
from this fraction by rotary evaporation. An aliquot of this TPH fraction is placed in a 
auotsampler vial for gas chromatography (GC) and a further aliquot transferred to a vial for gas 
chromatography-mass spectrometry (GC-MS). To the TPH aliquot for GC an internal 
standard solution is added. To the TPH aliquots for GC-MS an internal standard solution is also 
added GC and GC-MS are conducted under standard conditions appropriate for oil samples. 

2.8.4 Quantification 

2 .8.4.1 GC Quantification 

For the TPH fractions the Total GC area is measured The Resolved GC area is the quantified 
peak areas reported by the GC data system. The Blank area refers to the area for a DCM blank 
run. The Total, Resolved and Unresolved GC areas are calculated relative to EOM. The n

alkanes (C11 to~. Pristane and Phytane were quantified against the internal standards 

2.8.4.2 GC-MS Quantification 

The Steranes (m/z 217) and Triterpanes (m/z 191) are quantified as for the GC data using the 
appropriate internal standard. The aromatics are quantified in the same way. 

AEA Technology 7 



AEAT-1981 

2.8.4.3 Correcting of Recovery data 

All values for individual compounds are corrected for losses during extraction and fractionation, 
and the triterpanes are further corrected for their response on the GC-MS. The surrogate 
standards were analysed on GC and quantified against the internal standards. 

2.9 ANALYSIS OF RESULTS 

The success of bioremediation products is assessed by comparing, statistically, the mass ofoil 
recovered from the test flasks with that recovered from the negative controls, and through 
analysis ofthe oil chemistry data. The oil chemistry analysis yields 4 measures ofoil 
biodegradation: EOM:hopane, Total GC detectable aliphatics:hopane, Total GC resolvable 
alipharics: hopane, and Total GC resolvable aromatics: hopane. For the purposes of the approval 
procedure, only the latter two measurements are used as part ofthe pass/ fail criteria. Both these 
measurements are determined by reference to appropriate analytical standards (see Section 3.8) 
and are therefore prone to a minimum oferror. EOM measurements can be in£luenced by 
non-petroleum sources oforganic carbon which may be present in some products. Tlie 
measurement ofTotal GC detectable aliphatics requires the accurate quantification ofthe 
unresolved complex mixture (UCM) seen on gas chromatographs ofpetroleum hydrocarbons, 
which may also be prone to error. This additional information will be reported as it may be of 
value to oil spill responders and may help them distinguish between similar products. However, 
the ratios ofEOM/hopane and Total GC detectable Aliphatics/hopane are not analysed 
statistically and not included as part ofthe pass/ fail criteria. 

The ratios ofTotal GC resolvable arom.aticslhopane and Total GC detectable 
aliphatics/hopane are analysed statistically. The variance of the data from each microcosm is 
determined and the largest and smallest variance from the test data are compared to check 
whether there is a significant difference using the Fmax test (Parker, 1981). If there is a significant 
difference (p<O.OS) then a non-parametric test is employed to determine statistical differences 
(i.e. Kruskal-Wallis test). If the variances are not found to be statistically different (p>O.OS) then 
the statistical analysis is conducted using a one-way Analysis ofVariance (Sokal & Rolfe, 1981). 
Differences between treatments are identified using the Dunnett procedure (Montgomery, 
1991) which compares many treatments with data from the negative control. 

The test is only regarded as valid if the positive control is foWld to be statistically different 
(p<O.OS) from the negative control. If no significant difference is found between these results, 
then the experiment must be regarded as being invalid and shouldbe repeated. 

A product passes the flask test if the oil levels in the test flasks are significantly lower (p<O.OS) 
than those in the negative control, and if the oil in the test flask is significantly more 
biodegraded (p<O.OS) than that recorded in the negative control. Ifa product passes the flask 
test it is then tested in beach microcosms (Section 3). 

...
.
~ 

.~ 

·

·~ 

.. 
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Microcosm Test 

3.1 OVERVIEW OF TEST 

The aim ofthe experiment is to detennine whether a bioremediation product can stimulate the 
biodegradation of oil in beach microcosms (Figure 1). The most important features ofthe 
microcosm design are that the sediment is subjected to tidal cycle characteristic of the intertidal 
zone ofa natural beach, and that fresh artificial seawater is used for each tide. This tests the 
ability of the bioremediation product to resist tidal removal and persist within the beach. 

The ability ofbioremediation products to stimulate oil biodegradation will be studied in 
comparison to an untreated oiled microcosm (negative control), and an oiled microcosm treated 
with a product known to stimulate oil biodegradation (positive control). The product will pass 
the test ifit stimulates oil biodegradation to a significantly greater extent (p<O.OS) than that 
recorded in the negative control over the course ofthe experiment and results in a substantial 
decrease in oil concentration. Oil biodegradation is assessed by studying changes in the ratios of 
biodegradable petroleum components to the recalcitrant biomarker 17a, 21J3-hopane (Bragg et 
al., 1994). This latter compound is not thought to be present in uncontaminated sediment, and 
is know to be broken down only slowly in natural sediments Gones et al., 1986; Ries-Kautt & 
Albrecht, 1989; Bragg et al., 1994). This technique is capable ofdistinguishing oil 
biodegradation from processes which merely enhance oil removal from the microcosms (Bragg 
et al.1 1994; Swannell et al.1 1995; Swannell et al. 1 1997).The oil chemistry is analysed using the 
same methodology as that used for the flask experiment. However, changes in microbial 
number and activity are also measured, to confirm that the bioremediation product is 
stimulating hydrocarbon-degrading micro-organisms and promoting microbial decomposition 
processes. Stimulation ofoil biodegradation in the positive control above that recorded in the 
negative control serves as confirmation that the test is operating satisfactorily. 

3.2 MICROCOSM DESIGN 

Beach sediment is collected by coring from the inter-tidal zone and from the aerobic zone ofa 
beach. The sediment should be a fine sand according to a standard classification (Klute 1986) 
cont:a.in.ing 3% mud and with a mean total organic matter content of 0.6%. It must contain at 
least 10 3 hydrocarbon - degrading bacteria per gram ofsediment and should be free of 
hydrocarbon contamination. Such a sediment can be obtained at Stert FI~ts (Somerset, UK). On 
arrival at the laboratory the cores are sieved, washed with artificial sea water and placed in 3 
columns (glass, 0.32 m high, 0.1 m internal diameter, containing approximately 1.3 kg ofsand 
(Figure 1)). These columns are equilibrated for 7 days (i.e. at least 14 tidal cycles) before the 
addition ofoil. Peristaltic pumps are used to simulate a tidal cycle . Fresh artificial seawater is 
pumped into each core at a maximumbulk flow velocity of 0.33 m.h-1. The seawater is 
retained for 5.0 hand is then pumped from each microcosm into plastic 20 litre bottles, for 
storage prior to disposal No seawater is recycled to the microcosms. The tidal cycle is repeated 
every 12 h, ensuring that each core is covered with fresh seawater for 10 h in every 24 h (the 
filling and emptying ofeach microcosm takes approximately 2 h.day -I). The tests are conducted 
in the dark except when sampling. 

AEA Technology 9 
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Figure 1 Design ofLaboratory Microcosms 
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3.3 OIL 

Weathered Forties crude oil is used for the test procedure. This UK crude oil was selected 
because it is biodegradable and it has been spilled in UK coastal waters. The oil is weathered to 
remove volatile compounds which rapidly evaporate after a spill at sea or on shorelines (see 
Section 2.2). 

3.4 ARTIFICIAL SEAWATER 

Artificial seawater is made by preparing Instant Ocean (Aquarium Systems Inc.) or an equivalent 
in accordance with the manufacturer's instructions. 

3.5 STANDARD NUTRIENT PREPARATION 

In order to confirm that the test is operating successfully a positive control is incorporat~d as 
part ofthe test design. This consists ofadding a treatment which is known to promote the 
biodegradation ofoil under the conditions of the test. Previous research has shown that regular 
addition ofsodium nitrate and potassium dihydrogen orthophosphate promote oil 
biodegradation both in laboratory mesocosms and in the field (Swannell et al., 1995; Venosa et 
al., 1996). Hence, the positive control for the microcosm test consists of the weekly addition of 
sodium nitrate (3.05 g) and potassium dihydrogen orthophosphate (0.20 g, fertiliser grade), 
dissolved in 50 ml of tap water. The negative control is treated at the same time with 50 ml 
water. Three additions ofthe standard nutrient preparation are made over the course of the 
experiment. There is no need to add the standard microbial inoculum to the positive control as 
there is an active hydrocarbon-degrading microbial population in Stert beach sediment (as there 
is in most shoreline environments (Swannell et al., 1996b)). The presence ofa hydrocarbon
degrading population is confirmed by enumerating the population capable ofgrowth on Forties 
crude oil in all microcosms, at the beginning of the experiment and periodically as the 
experiment proceeds (Section 3.7). 

3.6 TEST DESIGN AND OPERATION 

After the sediment cores have equilibrated in the microcosms (Section 3.2), oil is added to each 
core at 3.7 kg.m-2

. Previous experiments have demonstrated that this application ofoil will 
penetrate rapidly into the beach sediment, simulating concentrations that could be achieved 
after a spill incident (Croft et al., 199 5). The oil is applied at high tide just before the ebb tidal 
cycle begins. The ebb tide draws the oil evenly into the surface ofthe beach sediment as the 
seawater is pumped out ofthe microcosms. The microcosms are left for two tidal cycles (24 h) 
to allow equilibration with the oil before the bioremediation treatments are applied (Table 2). 
The test bioremediation product(s) are applied to microcosms exactly as directed by the 
manufacturer. Ifthe product is a fertiliser, then its ability to stimulate the indigenous 
hydrocarbon-degrading population is assessed. No additional micro-organisms are added. As 
such, a fertiliser product will be tested in an identical manner as that described for the positive 
control. The treatments are allocated to the microcosms at random. The experiment is 
conducted for 28 days. 
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Table 2 Design ofMicrocosm Experiment 

Treatnl.ent ot:rient Inoculum Connnents 
Addition 

Negative 50 ml water None To do determine the background 
Control only biodegradation rate ofoil under test 

conditions. 

Positive Standard None To confirm that a standard 
Control Nutrient bioremediation treatment causes a 

Addition significant stimulation of oil 
(Section 3.5) biodegradation above that noted in 

the control 

Test 	 As directed by As directed by Test ofbioremediation product 
manufacturer manufacturer------------- ·-----------· 

3.7 MICROBIOLOGICAL ANALYSIS 

3.7.1 Microbial Activity 

As indigenous micro-organisms biodegrade oil they produce carbon dioxide, water and some 
breakdown products such as fatty acids and catechols (Prince, 1993; Swannell eta/., 1994a & b; 
Swannell et al., 1995). T herefore, monitoring carbon dioxide evolution indicates whether any 
treatment is stimulating microbial decomposition processes. Ifthe bioremediation treatment is 
inorganic then any stimulation ofC02 evolution is likely to be the result of oil biodegradation. 
Thus in the positive control, a stimulation ofC02 production is likely to indicate a stimulation 
ofoil biodegradation (Swannell et al., 1995 Swannell et al., 1997). However ifa product 
contains organic molecules, then a stimulation ofC02 evolution may indicate merely the 
biodegradation ofcomponents of the product (Croft el al., 1995). Therefore, C02 evolution is 
used for indicative purposes only and not as part ofthe pass/fail criteria for the product. 

The evolution rate ofcarbon dioxide is determined in each microcosm before oil additio~ and 
on each working day thereafter at the same time in the tidal cycle. A graph of C02 evolution 
against time is plotted for each microcosm at each sample time, and the linearity of the 
relationship is confirmed using regression analysis. The results of the regression analysis are then 

1used to calculate the rare ofC02 production in vpm.min- • 

The device .is cahbrated each working day, prior to analysis, using C02 -free air (to zero the 
instrument), and a standard gas containing a known amount ofC02 mixed with nitrogen. The 
stability of the analyser over the duration of the measurements must be confirmed prior to 
conducting the test. 
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3.7.2 Enumeration of Hydrocarbon-Degraders 

When oil is added to marine sediments the indigenous hydrocarbon-degrading community 
proliferates to utilise the new source ofcarbon and energy. However, the proliferation is u.sually 
limited by the concentrations ofspecific nutrients, such as nitrogen and phosphorus. Thus 
adding these limiting nutrients may well stimulate the concentration ofhydrocarbon-degraders 
(Prince et al., 1993; Swannell et al., 1996; Swannel et a/., 1997.). The aim ofmonitoring the 
number ofhydrocarbon-degraders is therefore to confirm the presence ofan active 
hydrocarbon-degrading microbial community in the Stert sediment, and to study in outline the 
effect of the bioremediation treatments on the community. 

Three samples (1-2 g) are taken at random from each microcosm for microbiological analysis 
direcdy before addition of the oil, and 7 and 28 days after oil addition. Samples are collected 
within an 8 em diameter circle in the centre ofeach core to avoid edge effects. The numbers of 
hydrocarbon-degrading micro-organisms are determined using a Most Probable Number 
(MPN) technique based on the "sheen screen" technique (Brown andBraddock, 1990) and 
described by Swannell et al. (1995). --

3.8 CHEMICAL ANALYSIS 

This is conducted in the same manner as for the flask test except that 10 grams ofthe sediment 
are extracted rather than the volume ofthe Erlenmyer flask. The same quality assurance 
procedures are used for these analysis. 

3.9 ANALYSIS OF RESULTS 

The test will only be regarded as valid ifthe positive controls demonstrate significant stimulation 
(p<O.OS) ofthe biodegradation ofoiL in comparison to the negative control. O nce this has been 
confinned then the efficacy of the product(s) may be assessed. 

The oil chemistry data is analysed in the same way as for the flask test. The product passes the 
test if the oil in the test microcosm is significandy (p<O.OS) more biodegraded, and at a much 
lower concentration, than that in the negative control. 
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Reporting of Results 

Based on the results ofthe tests, statistical analysis is used to determine whether the product has 
significantly (p<O.OS) enhanced the biodegradation ofoil in comparison to untreated controls in 
both the flask and the microcosm test (Section 2.9 & 3.9). The following documentation will be 
generated at this stage: 

• 	 data listings ofeach ana.lyte (e.g. oil chemistry, C02 evolution, and MPN data where 
appropriate). 

• 	 a table ofsummary statistics for each ana.lyte including mean, standard deviation and 
vanance. 

• 	 th mean reduction(± standard deviation) in oil content in each test. 
• 	 an ANOVA table for each analyte tested statistically (i.e. oil chemistry results from flask and 

microcosm studies). · 

• 	 a clear sununary of the statistical findings as produced by the appropriate computer software. 
• 	 details ofthe computer software used to conduct the statistical analyses. 

Ifthe product fuils to stimulate oil biodegradation in the flask test, then the result will be 
reported to the Marine Environmental Protection Division of MAFF, and the testing will 
cease. If a significant difference is recorded in both the flask and microcosm experiments, it is 
reported to the Marine Environmental Protection Division of MAFF that the product does 
significantly enhance the biodegradation ofoil under the test conditions. Based on the results of 
the toxicity assessment and the efficacy test, MAFF will decide whether to approve the product 
for use on shorelines in the UK. 
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