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INTRODUCTION

The weathering of spilled oil in'the environment has been the subject of
many research efforts in recent years. When crude oil or petroleum distillate
products are _accidently released to the ‘marine environment, they are
immediately subject to a wide variety of weathering processes {1]. These
processes can include: spreading, evaporation, dissolution, dispersion,
photochemical oxidation, water-oil emulsification, microbial  degradation,
adsorption onto suspended particulate materials, sinking and sedimentation.
in the short term after an ofi spill (hours to days), evaporation is the single most -
important weathering process and causes considerable changes in chemical
composition and physical properties of the spilled oil [2-9). In the first few days

_ following a spill, the loss caused by evaporation can be up to 75% and 40% of

their volume for light crudes and-medium crudes respectively. For heavy or
residual oils the loss will be onty about 5-10% of their volume [10]. The rapid
loss of low molecular weight hydrocarbons (such as C1 to C10) can greatly
reduce the biological toxicity and restrict possible adverse effects to areas near
the spill site. Hence, a thorough understanding of the quantitative relationship
between the weathering by evaporation and the chemical composition changes
is espacially important for studying the behaviour and fate of spilled oil in the
environment and taking appropriate means to restore the damaged resources.

Untit recently, methods did not exist to quantify the extent of oil

-weathering. This information is assential to the full understanding of the fate and

behaviour of oi! in the environment . This data is also useful for spill modelling.
The key to-acquiring data on oil weathering is the availability of precise and
reliable chemical information. Exact quantitation of compounds in the oil can
provide this crucial data. There are compounds in oil which do .or do not
evaporate, degrade, photooxidize, etc. Thus, examination of the ratio of the
amount of two compounds, and/or two compound classes, one of which does
not undergo some weathering process and one of which does, can provide this
key. This method is the only way to measure the extent of a weathering process
in the case of actual spills, and therefore, it is the method which can correlate
laboratory data to actuel spill data. : :
in the past decade, some laboratory experiments and field studies have
been conducted to determine .evaporation and measure the loss of
hydrocarbons from oil. The variation in the results that have been obtained,
appear to be associated with different evaporation models and experimental
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tachniques. There are a number of parameters which are used to describe the
waathering behaviour of oils. For example, the ratio of alkanes/isoprencids
(such as n-C17/pristane and n-C18/phytane) has traditionally been used to
evaluate the extent and degree of cil weathering and degradation by many
rasearchers, However, due to the inherent composition of petroleum. and
differences from oil to oil as compared with other hazardous materials, some
traditional diagnostic ratios are insufficient to describe the weathering process.
There have been few siudies in which more comprehensive and complete
chemistry data are correlated to different weathering degrees.

~Inthis report, a light crude oil (Alberta Sweet Mix Blend, ASMB) was usad
to study the effect of weathering (the oil was weathered to varying degrees, 0%
to 45%, wiw) on the chemical composition and concentration changes of the oil
on a laboratory scale by means of evaporation. This oil was chosen as the target
oil for the following reasons: (1) the chemical composition of this oil has been
extensively characterized and quantified {11]; (2) this oil is often used by other
laboratories in Canada and abroad as a reference material for use in the
comparison of analytical methods and results. The analytes include not only the
toxic constituents polynuclear aromatic hydrocarbons (PAHS) and their alkyl
homologues which cause great environment concerns, but afso the major oit
constituents n-alkanes {n-C8 to n-C40) and isoprencids which are useful as
indicators of the weathering of oll in environment, and minor (but extremely
valuable in tracing and evaluating the fate of oil) constituents biomarker
compounds (triterpanes and steranes). The main objectives of this study are: (1)
to obtain more complete compositional information about ASMB oil at various
degress of weathering; (2) to quantitatively determine the concentrations of all
monilored components at different weathering degrees, and therefore to
compute, tabulate and compare the composition changes and concentration
changes of corresponding compounds; (3} to quantitatively examine the ratios

of the amounts of two compounds, and/or two compound classes, one of which

does not undergo weathering process and the ancther does; {4) to quantitatively
correlale weathering percentages by evaporation with the concentration

changes of the target analytes by mathematical equations. That is, to firmly

base the modelling effort on complete analytical data.
" The information obtained from this study will be useful for avaluating the

weathering behaviour and predicling the composition and concentration
changes of oil in the short term. following & spill. It will also be valuable for

assessing the possible biological effects and the spill damage to the -

environment and natural resources. This study is undertaken as part of a large
effort in the Emergencies Science Division of Environment Canada and
the U. S. Minerals Management Service to investigate various counter-measures
in responding to oil spills-and to investigate the fate and behaviour of oil for both
short and long temm in the environment. Further studies of the weathering effects
on the chemical composition and concentration of various oils of different
classes {such as medium and heavy crudes, and petroleum products as well)
from different regions and studies of oil biodegradation are being conducted in
this laboratory. The information obtained from further weathering studies will be
combined with the information presented in this paper and used for field
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muu:om:o:m:aﬁo o«mmﬁo.om_.immpsmaa Boam_mzm. . i
predictive capabilty ‘ .c. ving operational and

EXPERIMENTAL

Materials; - . .
All solvents including n-hexane, benzéne, dichloromethane
m:a mnm.no:m were distilled chromatographic-grade and were used Smﬁr.oﬁwﬂ_ﬁwhm__ :
_u_c_.._mnmwo:. Silica gel (100-200 mesh, pore size 150 Angstroms, pore 1.2 om/g
active surface 320 m¥g) was purchased from F isher Scientific (Fair Lawn, New
Jersey, USA). Before use, 200-300 grams of silica gel was placed in a h..._ mm
1.D. x 800 mm length chromatographic column with 2 coarse-porosity fritted disk
The column was serially rinsed with approximately 3 x 250 mL of acetone, n-
me.m:m and dichloromethane. The silica gel was removed from the column m:a
leftina .E_.:m:.o.oa overnight and then completely dried in an oven at 40-50 °¢.
The .a:mn silica gel was then put in' a shallow tray, loosely covered with
aluminum foil, and activated at 180 °C for 20 hours . -

Aliphatic standards (purity > 99%) from N-Cs to n-Cy, including pristane,

"phytane and S5-a-androstane were obtainad from Aldrich (Wisconsin, USA),

mﬁsm.. Chemical Company (St. Louis, USA) and Pol science Cor i
(Miinois, USA). PAH standard mixtures were VnEn:mmm% from Ultra mﬂﬂwﬂmm
Azgr.x_nmmﬁos.:. RI, USA). The PAH calibration standard {SRM 1491), and
deuterated intemal and surrogate standards (d1 4-terphenyl, d1 o-mom:mbsim:m
d10-phenanthrene, d12-benz{a)anthracene and d12-perylene) were ouﬁmmnmm
from the Nationa! Institute of Standards & Technology (NIST, USA) and Supelco
ﬁo:&o:ﬁ. PA, USA), respectively. The alkylated PAH compounds and
dibenzothiophene (purity >08%} were obtained from Aldrich,

. .:.6 biomarker standards {purities >96%, 0.1 mgimL) were purchased
WBB Chiron Laboratories A. § (Trondheim, zgqms. Triterpane standards
included C,; 17ai(H)-22, 29,30-trisnorhopane, Cso 17B(H)} 21B(H)-hopane Cuw
178(H) 21a(H)-hopane, and Cy 17B(H) 21afH)-30-nothopane, Sterane
standards were n.“s 5B{H)-pregnane, C.; 20-methyl-5a(H)-pregnane, C,. 5B(H)-
cholans, and series of Cy;, Cy @nd C,y (20R aaiax, 20R Boa, 208 aoa, and 20R
aBB) steranes. : . * ‘ -

The Alberta Sweet Mix Blend crude oil is the standard oil used for

a_mu.mama treating tests in the Emergencies Science Division (ESD),
' Environment Canada. Its density is 0.84 g/mL and it has a sulphur content of
0.56% (wiw). : _ : |

it: : :

>. new om_.m<mv2m=oa. technique applying a lab-scale rotary evaporator
was designed and cmmn for this purpose. The oil-weathering system consists of
a Wheaton N-10 Spin Vap with a 10 L flask, an integrai Haake F3-CH

Circulating Water Bath (capacity 14 L}, and a Millipore Vacuum Pump. The bath

Hms.v%BE:w can be controlied to & 0.5 ®and the thermo control range is 1 °C to
120 °C. The rotation speed can be continuously. varied from 10 to 135 rpm.
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Testing with the rotary evaporator at temperatures .9,. 20, 40, 60, and 80 om
indicated that evaporative losses of oil were similar to that under actua
environmental conditions (wind speed 30 kmhour, oil slick ._.._nr..:amm 1mm) [12].
The following evaporation procedure was used to ogm_:a”:m émm..ﬁaqma
ASMB oils with varying weathered percentages from 0% to 45%: (1) Fill _u.m:_
with distilled water and bring to desired Eauminc_.m.ﬁcmcmf start immz._m::.u_
at 60 °C); (2) weigh sample flask, then add mbm_dx_am_w_w\ 2 L of ASMB crude oi
into the tared roto flask, and take the final weight, .@ v_mnm.zmmx on m<muo38m
and run at full speed, 135 rpm. Maintain a flow of air (13 L/min) :.#ocu: ﬂ.,._m mwm
by leaving the vacuum release stopcock open, (4) after set ‘vm:oam of nﬁmm.\o M
sample flask is removed, reweighed and then the percent ,ﬁmﬁm_‘ma { ..Wg\
calculated. A sample of about 5 mL is taken at mvvax_amﬂm_ﬁm,\o._e. b
weathering; (5) sampling is continued for about 100 hours c.o”o,\mvin.c:”m.w. om
until thera is little or no change in the % weathered over mﬁ 8 hour nonou. ., on“ .
- 100 hours at 80 °C to nmaﬁ the most Emmﬁoaa wﬂmaun_uo Awm %). In oo::mmr it only
e i 60 °C to obtain 10% weathered oil.
took momﬂhwﬁm.mawwam.nmm of this method are oc&ocmu (1) the immﬁmzﬂa
percentages of any target oil can be precisely controlled md.n. then n__.ﬂﬁ y
correlated to compositional changes of the target Emm.»sman o_". {2) by m_ﬂ hﬂm
“weight % lost versus time, it is possible to %83_50 a uo_qﬁ ‘mﬁ M:_o | e
.o<muoqm=o: rate is sufficiently slow that 3@ oil may be considere "n._o\ e
achieved the maximum evaporative loss __xmv‘ io be og.mzma.:nn MM_ o
conditions of a marine spill; (3) it is also ommm_c_m. by Eo:._:o weig o ﬁ
versus viscosily to relate evaporative loss directly to a physical measuremen
“which is-easily obtainable in the field. :

o_:S: Chromatography Fractionation.

) m length). was plugged with Pyrex glass wool at .§m bottom, and
w%..ﬂ.%ﬂ:w:@a i:m m_,w..m__ volumes of methanol, mem:m and a_os_oqoﬂﬂrm_o%m.
and allowed to dry. The column was dry-packed with 3 grams of activa m silid !
“gel with tapping to settle the silica gel, and ﬁnmvma s&: mcocm wsmwwzm
anhydrous sodium sulphate. The column was conditioned with 20 mL of _ :m&.
.and the eluent was discarded. Just prior to exposure of the moa_ca su bk te
layer to air, a 200 pL aliquot of weathered >m_<_m oil (100 E@.Br in 3waﬂwxﬁsm
quantitatively transferred onto the calumn using an maa_._.o:& 3m Ao \oxane
to complete the transfer. All o_cmam_ cﬂ ﬁw Erm mﬂ“w HMM%.MMM&%%.B _%M ve mL

re used to elute aliphatic hydr . .
mw:ﬂwﬂw_.ﬂ wﬁmmﬂw {viv) were used to elute m.‘.oamao. Eaamm_.cn._:m. _._mz of Sm
hexane fraction was labelled "F1" and used for analysis of aliphatics, triterpane

and steranes; half of the 50% benzene fraction was labelled "F2" and used for.

. ini if of F1 and F2

i rgot PAHs and alkylated PAHs: The remaining half of F1 and
éaam:mewwﬂ._wﬂw%wao a fraction (labelled as "F3") and c.m.oa for 50%5352_0:
of total nmqo_mcs. hydrocarbons.: These three fractions. were oo:mm:qmﬂma
“{o a preinjection volume of 0.5 to 1.0 mL under a a_zommu stream in & pre-

calibrated centrifuge tube. :

The chromatographic column equipped with a Teflon-stopcock (1 0.5mm .

The analysis for individual n-alkane, pristane and phytane, and total
petroleum hydrocarbons (G, through C.) was performed on a Hewlett Packard
(HP) 5880 gas chromatograph equipped with a flame ionization detector (FID)
and an HP 7673 autosampler. The column was 30 m x 0. 32 mm LD, x 0.25 ym
film DB-5 fused silica capillary column (J&W, Folsom, CA, USA). The carrier gas
was helium (2.5 mLimin). The injector and detector temperatures were set at 290
“C and 300°C, respectively. The temperature was programmed from 50 °C- with
2 minutes hold to 300 °C at 6 °C/min, and 16 min hold at 300 °C. A 1-tiL aliquot
was injected in the splitiess mode with a 1. min purge-off. B
, The analysis of target PAHs, alkylated PAH compounds, and biomarker

_ compounds were performed on a HP 5890 gas chromatograph - 5972 mass

- spectrometer (GC-MS). System control and data acquisition were achieved by
HP G1034C MS ChemStation (DOS series). The MSD was operated in selected
ion monitoring {SIM) mode for quantitation of target compounds. The columns
used were 30 m x 0.25 mm 1.D. x 0.25 um film HP-5 fused sitica columns. The
chromatographic conditions were as follows: carrier gas, helium {1.0 mL/min);
injection mode, splitless; injector and detector temperature, 290 °C and 300 °C
respectively, temperature program for target PAHs, 90 °C for 1 min, then 25
C/min to 160 °C, and then 8 °C/min t0 290 °C and hold 15 min; temperature
program for alkylated PAHs and biomarker compounds, 50 °C for 2 min, then 6
%Cimin to 300 °C, hold 16 min. : :

QUANTITATION

The concentrations of individual n-alkanes, selected isoprenoids such as
pristane and phytane, and total petroleum hydrocarbons were-determined by
high resolution capillary GC/FID. Prior to sample analysis, the instrument was
calibrated using a standard solution, which was composed of C, through C,, n-
alkanes, pristane and phytane, and 5-a-androstane as the internal standard. A
S-point calibration was established demonstrating the linear range of the
analysis. The relative response factor (RRF ) for each hydrocarbon component
was calculated relative to the internal standard., o )

Quantitation of target PAHs and alkylated PAH homologues was
performed on GC/MS in SIM mode with RRF's for each compound determined
during instrument calibration. The ions monitored were 128, 142, 156, 170, and
184 for alkyl homologues of naphthalene; 178, 192, 208, 220, and 234 for
phenanthrene alkyl series; 184, 198, 212, and 226 for dibenzothiophene alkyi

- series; 166, 180, 184 and 208 for fluorene alkyl series, and 228, 242, 256, and
. 270 for chrysene alkyl series. The .RRF for target PAH compounds were

calculated from authentic standards. PAH atkyl homologues were quantified by
using the straight baseline integration of each level of alkylation. Although the
alkylated homologue groups can be quantified using the RRF of the respective
unsubstituted parent PAH compounds, it is preferable to obtain the RRFs
directly from alkylated PAH standards, if they are commercially available. It has
been found that 30% to. 150% of errors may be introduced if alkylated



138

naphthalene homologues are quantified using the RRF obtained from the parent
naphthalene {11]. In this work, the RRFs obtained from 1-methyl-naphthalene,
2-methyl-naphthalene, 2,6-dimethyl-naphthalene, 2,3,5-trimethyl-naphthalene,
and 1-methyl-phenanthrene were used for quantitation of 1-methyl-naphthalene,
2-methyl-naphthalene, C,-naphthalene, Cy-naphthalene, and C,-phenanthrene
in oil, respectively. The RRFs of 2,3,5-trimethyl-naphthalene and 1-methyi-
phenanthrene were used for quantification of C-naphthalene, and Cy Gy and |
C.-phenanthrenes respectively. The selection criteria for the integration and
reporting of each alkylated homologue were based primarily on pattern
recognition and the presence of selected confirmation ions. -
The average RRF for the biomarker compound Cs, 17B(H) 21a(H)-
hopane was determined relalive to the internal standard C,y 17B(H) 21B(H)-
hopane. The average RRF for C,, 178{H) 21a(H)-hopane {mfz 191) was used
for quantitation of Cy, 17a(H) 21B(H)-hopane and other triterpanes in the oil
sample. For quantitation of steranes, the RRF of Cy, 20R aaa-ethyicholestane
monitored at mfz 217 was detarmined relative to Cyy 17B(H) 21B(H)-hopane
monitored at miz 191, and then the average RRF of C, 20R aaa-
ethylcholestane was used for estimation of sterane compounds in the oil.

RESULTS AND DISCUSSION

omposition and Concentration Changes of Aliphatics :
Figures 1A through 1D show the gas chromatographic profiles of aliphatic

compounds (F 1) of AGMB oil at varying different weathered percentages (0%,
29.8%, 34.5%, and 44.5%). Figures 2A through 2C show the representative
GCMS chromatograms (0%, 29.8%, and 44.5%) of the m/z 85 fragment (one of
the characteristic fragments for n-alkanes) of saturated hydrocarbons (F1). A
significant advantage of using highly selective SIM mode is that it provides clean
traces {compared to GCIFID chromatograms) and detailed compositional
information about n-alkanes in oil with minimum interferences from other
aliphatic hydrocarbons. Another prominent feature is that the five important
isoprenoids in the Cy3-Cyp range —i-Cys, i-Cie i-Cygr -Cro. (pristane), i-Cyo
{(phytane)— are very distinguishable. These chromatograms are not particularly
useful for determining the source of the spill, but they give clear information on
the degree of weathering or freshness of the samples, which are indicated by
the distribution of n-alkane m/z 85 fragments and the hump in the bottom of the
chromatograms.

~ Figures 1 and 2 demonstrate a number of chemical changes that
ocourred during the evaporation process: (1) the first major change in the oil is
the loss of the relatively volatile low moiecular weight (MW) aliphatics through
evaporation; (2) build-up of less volatile high MW aliphatic components, (3)
significant increase of the "hump" {(which appears as the area between m,.m. lower
baseline and the curve defining the base of resolvable peaks) representing the
GC unresolved hydrocarbons. ‘ .

Table 1 summarizes quantitation results of n-alkanes from n-C8 to n-C40 .

plus pristane and phytane in the weathered ASMB oils. In order to quantitatively
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compare the n-alkane concentration chariges on the same basis, the ratios of
n-alkanes relative to n-C30 are calculated and tabulated in ﬁmv_.m 2.n-C30is
chosen as reference because it is well-resolved, highly degradation-resistant
and has _‘Qm.nzm_q high abundance. Figures 3A through 3F depict graphically S.m.
n-alkane distribution as determined by using the integrated peak areas by
. GCIFID m_..a intarnal standard method. For comparison purpose, the sams
concentration scale is applied to Figures 3A to 3F. Figure 4 plots "_:m ratios of
n-alkanes relative to n-C30 in weathered oil samples versus carbon numbers .

Far the source ASMB oil, the most abundant n-alkanes are around n-C8 .

to n-C1 .\ and the abundance of n-alkanes gradually decrease as. the carbon
om_sco.q increases. As the weathered percentages increase, the most abundant
aliphatic components shift to higher carbon number n-alkanes. For examplea, the
:..m_.xm:m of the highest concentration before n-C16 are n-C9 for 0% s.mmﬂ:_.w_.mn
oil {4.8 mg/g oif) and n-C16 for 44.5% weathered oil (5.7 mg/g oil}, respectively

it is noted that even the ASMB oil was weathered from 0% to 45%; the sum Ow
:.-m;m:mm for six weathered ASMB oil samples was not .nzmrnma “much
(in 5.@ range of 70-76 mgig oil). This can-be expiained as the result of the
combination of two opposite effects: one is the loss of low MW aliphatic
oo:._uo:_.wnﬁw. -and another is the buildup of high MW aliphatic components by
evaporation. Due to the very similar volatilities, the ratios of n-C17/pristane, n-
C18/phylane, and pristane/phytane are virtually unaltered (see Table 1). .__zm

values of carbon preference index (CPI), defined as the sum of odd n-alkanes

over Em sum of m<ma,:-m_xm:mm. are found to be around 1.0 for all samples,
i.?o: ts @ characteristic indication of petroleum. it can be clearly seen from
Figure 4 that from n-C20 to n-C22, all data points from six weathered oils

" converge, indicating that relative to n-C30, the high MW n-alkanes (e.g. >C22)

are <_.q.Em.=<. undegradable by evaporation. The variability in Fraction 1 is
n:_.am:_x in proportion of low MW aliphatics which are most susceptible to
evaporation, _ . SR
Based on the quantitation results, a mathematical equation has been
developed to quantitatively describe the correlation of oil component
concentrations to the weathered percentages by evaporation as follows:

Com = Coun (1P} (1)

_where: Ceonv - defined as converted concentrations of oil noauoamanm in
weatheéred samples, which is equivalent to the concentrations in
the source oil; :
Cya - concentrations of oil components in weathered samples
determined from GC anaiyses;

P - weathered percentages of oil by weight (%)

_Table 4 lists the converted concentration <m_c.mm of n-alkanes in

weathered ASMB ¢il samples obtained from Equation-1. Figure 5 compares
plots of C,, (5A, top) and C,,,, {58, bottom) of several selected n-alkanes {n-

- €10, n-C12, n-C16, n-C20, n-C25, and n-C30) versus weathered percentages.

There are two opposing factors which affect the concentration changes
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of oil components during the evaporation procass, The first factor is evaporation,
* which results in the concentration decrease of oil components; the second is
- volume reduction by evaporation, which results in the concentration increase of
oil components. The importance of Equation 1 is that it eliminates the effect of
volume reduction and focuses the effect of evaporation on the oll component

concentration changes. Thus, the composition and concentration changes are’
compared on an equal basis. Figure 5A reflects the combined effects of -

evaporation and volume reduction of oil aliphatics, while Figure 5B directly
reflects the effect of the single factor evaporation on the composition changes,
based on the assumption that the oil volume was not altered during the
weathering process. For example, the plots of the measured concentration of n-
C16, n-C20, n-C25, and n-C30 versus weathered percentage are all upward, as
shown in Figure 5A; however, after the effect of the volume reduction is
~eliminated, the plot of n-C16 becomes downward and the plots of n-C20, n-C25,
and n-C30 are parallel to the x-axis, indicating that the concentration of n-C16
is actually decreased, while the mass of n-C20, n-C25, and n-C30 are almost
unchanged. Table 3 and Figure 58 clearly demonstrated that: (1) from C8 to
€22, the evaporation rate is a function of carbon chain fength with shorter chain
n-glkanes decreasing in concentration more rapidly than longer n-alkanes; (2)
n-alkanes with carbon number greater than 22 virtually are not lost by
evaporation; {3) n-C8, n-C9, and n-C10 to n-C12 are completely lost as the
weathered percentages approach 30%, 35% and 45%, respectively; (4) pristane
- and phytane show small evaporative loss as well, in approximately the same

rates as n-C17 and n-C18. Some studies by other researchers [13-18] and the
study on various oils with varying natures recently conducted in our laboratory
{19) have shown that microorganisms are readily capable of preferentially
metabolizing alkanes. Therefore, if the ratios of n-C17/pristane, n-C18/phytane,
and pristane/phytane show some dramatic osm:@mm it is often an indication of
involvement of biodegradation.

Based on the findings discussed above, a imm?m::@ index_{WI) by
evaporation {Equation 2), definad as the concentration sum of n-C8, n-C10, n-
€12, and n-C14 divided by the sum of n-C22, n-C24, n-C26, and n-C28, is
introduced to describe the weathering behaviour of oil and to evaluate the
- weathering degrees of real samples.

Wi =(n-C8 + n-C10 +n-C12 + n-C14) + (n-C22 + n-C24 + :.-Omm +n-C28) (2)

Ciearly, the value of Wl is sensitive to the changes of weathering degree.
As the weathered percentages increase, the value of the numerator significantly
decreases and the denominator, in contrast, grows larger. A significant feature
of using Equation 2 is that the selected eight n-alkanes are well-resolved and
‘have relatively high abundances, and therefore the ratio can be accurately
determined. The values determined according to Equation 2 are 2.70, 2.23,
1.70, 1.23, 0.88, and 0.27 for the six standard weathered samples, respectively.

For samples in which the low-boiling saturated hydrocarbons n-C8 to n-C14 are .

. completely lost, the weathering index approachas zero. If the weathering indices
are drawn against the weathered percentages, a straight fine is obtained (see
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‘Figure 6). Figure 6 can be used to estimate the immz._m::o extent and degree
of real field-collected oit samples through the preferential depletion of n-C8 to
n-C14 relative to virtually undepleted n-C22 to n-C28. For example, Equation 2
has been succassfully used to estimate the weathering degrees of residues from
the Newfoundland Offshore wcS Experiment [20],

Figures 7A, 7B, and 7C show the GC/AVS SIM orqoz._maaﬁmam of the’

-aromatic compounds (F2) of ASMB oil samples at 0%, 29.8%, and 45%

woeathered. Table 4 summarizes the quantilation results of alkylated PAH
homologues in 6 weathered ASMB oils. For comparison purposes, the converted
PAH data obtained by using Equation 1 are also shown in Table 4 (right side).
Figures 8A through 8F depict graphically the target alkylated PAH homologue
distributions. For comparison pufposes, the same concentration scale is applied
to Figure 8. The relative compositions of 5 groups of alkyl PAH homologues are
listed in Table 5. The decrease of the relative composition percents of C0- and
C1- naphthalenes as the weathered percentage increases are the most
pronounced among the 5 groups of alkyl PAH homologues 303 7.7% and
18.3% decreased to 0% and 2.4%, respectively)

The major compositional changes of PAHs as the weathered percentage
increases are summarized as follows:

(1) Among 126 identified aromatics, 33 ooavoc:n_m are alkyl benzenes
[11]. A significant feature of the early eluted alkylated benzene {1 ring} series
is their high abundance, especially the first-eluted C2-benzenas and C3-
benzenes, in comparison with PAHs (Figure 7A). As the weathering percentage
increases, the concentration of alkyl benzenes dramatically amo:wmmwm {Figure

7BY);

" {2) When the weathering percentage increases from 0% to Amo\o the low-
boiling alky! benzenes before retention time ~14 minutes were completely lost
(Figure 7C);

(3) Prenounced anmmmm in 3%2:2@:@ and its alkyl homologues
relative to other PAHs. Among the 5 target alkylated PAH homologues, the most
abundant atkyl homologues of naphthalene (2-rings) are the most easily
evaporated, followed by alkyl homologues of fluarene {3 rings, 13 carbons), end
a_umnuon.zovrmam (3-rings, 14 carbons). In general, the larger the number of
rings, the more stable the compounds; .

{(4) Most homologous group shows the same am@qmam:o: trend:

C0>C1>C2>C3>C4, .

"{5) No degradation of alky! chrysenes (4 rings) was observed, and they .
-exhibit the most pronounced relative increase in abundance due to the lowest
vapour pressures and the. :_ozmmﬁ ﬂmm_mﬁm:om to degradation among the 5 target
PAH homologues; .

B)No noticeable sign of loss by evaporation was ovmo?_ma for Ow- C3-,
and Cd-phenanthrenes, C2- and C-3 dibenzothiophenes and fluorenes.

(7) For methyl-naphthalenes, the isomeric ratio of 2-methyl-naphthalene
{2-M-N) to 1-methyl-naphthalene (1-M-N) was similar (2-M-N : 1-M-N = 1.3) in
all but the most heavily weathered residue {(44.5%) where the naphthalene was
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completely lost and the ._-_s-z was preferentially uE«m?mn (2-M-N ; 1-M-N =
0.99);

{8} One of the most pronounced features of the extracted ion profile _w
that the methyi-dibenzothiophenes (M-D) show three weli-resolved. isomer
peaks. They are identified as 4-M-D, 2-/3-M-D, and 1-M-D [11]. it is noted that

the isomeric distribution within the C1-dibenzothiophenes exhibits great.

consistency in their relative ratio (1.00:0.76:0.28, Table 4) for 6 weathered oils.

. We have found that pefroleum from different geographic regions all
contain these three isomers with different relative ratios [21]. Hence, this
valuable ratio information can be used as marker to distinguish and identification
of crudes and their products from each other. Also, this ratio can be used as an
indicator for biodegradation. Microbial degradation has bsen shown to be isomer
specific for aromatic compounds (17, 18, 22, 23], especially for isomers of
mathyl-dibenzothiophenes [19]. Thus, if biodegradation is involved, this ratio will
greatly be altered,; m:a the conclusion Smﬂ bicdegradation took place can then
be drawn.

Figure 9 u_oa the relalive mc::am:omm of 22 alkylated PAH homologues
to C3-phenanthrenes (C3-P, C3-P series are o_._omm: as reference for it is in
relatively high abundance and no lost occured by evaporation), in order to
compare the PAH concentration changes on the same basis. Figures 10A
through 10F plot C,, and C,,, of alkyl naphthalenes (10A and 10B), alkyl
phenanthrenes (10C and 10D), and alkyl flucrenes {10E and 10F) versus the
weathered percentages, respectively,

The gradual build-up in the relative muc:um:omm of alkyl phenanthrene
and alky! fluorene series are obvious (10C and 10E), while alkyl naphthaténes
{10A) show some-complicated trends as the combined resuits of two opposing
effacts on their concentration changes (decrease in concentration due to
evaporation loss, and increase in concentration due to volume reduction). In
contrast, Figure 108, 10D, and 10F are clear and simple: (1) the slope of the
naphthalene plot is significantly negative, indicating that its concentration
decreases rapidly as the weathered percentage increases; (2} the alkyl
naphthalene series and alky! fluorene series, with the exception of C4-
naphthalenes and C3-fiuorenes (they are almost parallel to x-axis), exhibit
downward trends in the order of C4<C3<C2<C1<C0, which means the alkyl
naphthalene and fluorene series have the degradation order of
C0>C1>C2>C3>C4; (3) phenanthrene only shows small degradation by

- evaporation weathering; (4) the plots of C2-P, C3-P, C4-P, C2-F, and C3-F are

.paralfel to x-axis, indicating these noSuo:m:,m are virtually not lost by
evaporation.

omposition and Concentration Changes of Biomarker Compounds
Studias on separation and identification of biomarker compounds in oil
~ samples have greatly increased in recent years [24-32]. This is because of the
importance of biomarker compounds in the recognition and distinction of oil
sources, of their usefulness in cilfoil correlations, and especially of their high
resistance 1o microbial degradation relative to- aliphatic and aromatic
compounds. Among the various types of biomarkers, lriterpanes and steranes
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are the best choice for source identification purposes q.._m. to their high Bo_mn:_mﬂ
weight and relatively high concentration in crude oil. It has been found that
hopanes have a very high resistance to photochemical and - microbial

-degradation in comparison to the aliphatic and aromatic compounds. Hence, the

analysis of biomarker hopane compounds is another valuable means to estimate
percent of oil depletion, especially for highly weathered cil which has undergone
not only evaporation weathering but also biodegradation, photooxidation and
other kinds of degradation,

Common features of the mass spectra of triterpane and sterane
compounds are a ralatively large parent ion, an important parent minus a methyi
ion, and a basepeak at m/z 191 and 217 respectively. It is ndted that triterpane
compounds in ASMB oil are distributed in a wide range from C,yto Cys with a
series of C,-C,y tricyclic and various pentacyclic hopanes being quite
prominent. As examples, Figure 11 and 12 show the GC/MS chromatograms of
the triterpane distribution {11A and 11B) and sterane distribution (12A and 12B)
for 0% and 44.5% weathered ASMB oil samples, respectively. In addition
to the ubiquitous regular hopanes, C, 17a(H) 18a({H} 21B(H)-25, 28, 30-
trisnorhopane and C,, 18a(H) 21p(H)-30-norneuhopane were detected. They
were identified based on the comparison of miz 177 and 191 fragment
chramatograms, and further confirmed by strong parent ions (370 and 398) and
parent minus & methyl ions (355 and 384) at the exact same retention times {11).
The identification of isomeric steranes are mainly based on the recognition of .
m/fz 217 fragment distribution pattern, the relative intensities of m/z 149 to 151,
and of m/z 217 to 218 [11]. From Figure 12, it can be seen that the dominance
of C;, and C,, steranes is apparent. A significant contribution from diasteranes -
is also noted. The most notable feature of sterane distribution is that the epimers
of aBP Cay, Cap and C., steranaes give much higher intensities of the mz 218 ion
than of the m/z 217 ion. . .

As a result, 8 tricyclic (C,, to C,4), 4 tetracyclic (C;; and Cy), 19
nmamowo_a triterpanes (C,, to Cy), and 22 sterane compounds {Cy.to Cy,) were
identified in all six weathered oil samples.

Figures 11 and 12 suggest that weathering has not altered the overall
pattern and profile of the hopane and sterane distribution at all. Gradual
buildups in the relative abundances of hopane and steranes from 0% to 45%
weathered samples are apparent. Even by eyeball comparison, it can be readily
seen from Figure 11 that the intensities of hopanes relative to the internal
standard C30-BB-hopane for 45% weathered oil are significantly higher than 0%
weathered oil, )

The detailed quantitation results for triterpanes and steranes are
presented in Tables 6 and 7 respectively. The values in the right side of Tables
§ and 7 are the converted concentrations obtained from Equation 1. Tables 6
and 7 demonstrate that the converted concentrations for triterpanes and
steranes are virtually constant. The sum of the measured concentrations (C,,,)
of hopanaes for six weathered oil samples are 992, 1074, 1195, 1325, 1428, and

1742 uglg oil, respectively, white the corresponding sum of the converted
concentrations (C.,,), in contrast, are 991, 968, 962, 828, 935, and 967
ug/g oil, showing very good consistency. Plotting the concentrations of the
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representative compounds C23, C24, Ts, Tm, C29 af-, and C30 Qm-aov.m:mm
against the weathered percentages, lines parallel to x-axis are obtained {Figure
13). Table 8 summarizes relative ratios of tricyclic trilerpanes, umamn,\nqo
hopanes, and C27 to C29 steranes. The most striking feature from Table Bis
that both hopanes and steranes show a great consistency in the relative ratios

of paired two biomarker compounds and/or two biomarker compound classes.

For example, the ratios of the paired hopanes C23/C24, TsfTm, and
C29af/C30af for six weathered oil samples are all around 2.0, 0.79, and 0.67
respectively; and the isomeric ratios (20S/(20S+20R)} within C27, C28, and C29
sterane series ara all around 0.39, 0.57, and 0.47, respectively. .
A general conclusion drawn from study of the effect on the chemical
-composition of biomarker compounds is that tricyclic and tetracyclic friterpanes,
C27 to C35 hopanes, -regular steranes and rearranged diasteranes were
unaltered during the evaporation weathering process. As for the resistance of
“ biomarker compounds to microbiological degradation, several studies have
shown that many biomarker compounds are relatively highly-resistant to
microbiological degradation [15, 18, 33-35). A GC/MS method using biomarker
compounds espacially using the relative abundance ratio of C29/C30 :omm:mm
to charactarize the 22-year-oid spilled Arrow oil has been developed in our
laboratory [36]. The facts found from this study demonstrate the uniqueness and
usefulness of biomarker compounds for identification and characterization oﬂ
highly and/or long-term weathered oil samples.

etermination of Weathered Percentages of <<mm=._m6q. i my les
Equation 1 can be rewritten-in the form as shown in Equation 3:

P=CJC,-1 (3)

where: C,.. the concentration of selacted compounds in the weathered
samples, which do not undergo weathering; .

C,: the concentrations of the corresponding compounds in the
source oil; . .

P: weathered percentages of the weathered samples by weight.

Equation 3-implies thal the weathered percentages of the oil can be
determined by quantifying the selected compounds in the €mm§m._.ma mm._.:Emm
which are not lost during the weathering process, and by comparison with the
concentrations of the corresponding compounds in the source oil.

- Equation 3 has been used to determine the fmmsmﬂma umﬂoo:.»m@mm of
some weathered ASMB oil samples and the results were compared with _.:omm
found by gravimetric method. These weathered samples were obtained using

the so-called pan evaporation technique which is a.&mﬁa :o.a the 86.<mu.
technique described in "Experimental” section. The following briefly describes

this pan evaporation weathering technique: I

The pan evaporation unit has been S:mzcoﬁn using an open pan
balance (Mettler 4000) capable of measurement precision to o.._9 g. The
balance is coupled fo.a computer for data-logging. A commercial program,
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"Acquire", was purchased and modified to allow time intervals to be increased
geometrically.. . , ]

. A m.,mmm evaporating pan is used. For most experiments, a single pan
having a diameter of about 140 cm is used.. This is a standard petri dish. Other

- diameters were used during experiments o measure the area effect. Qil of the

desired weight is placed into the pan and the computer logger started. A
pneumatic stirrer is put into place. This consists of a syringe with a low air-flow
(175 cc/min) through it. This prevents the formation of a “skin" on top of the oil,
which is a major interference in these types of experiments. The "skin"
formation will slow evaporation by as much as an order or twe in magnitude. The
experiment is run until the weight foss is very minimal. Experiments are
run for one-half day in the case of a gasoline which evaporates quickly and for
several days for a heavy residual oil. At the end of the experiment, the computer
is manually triggered to take a final reading and the remaining oil is saved for
potential future physical property and chemical composition analysis. The weight
difference between the stariing oil and the finished product can be measured
with an accuracy of £0.03 grams. This yields a typical maximum error of about
one part per thousand. :

. Three weatherad samples were randomly collected. and analyzed
together-with the original ASMB oil. Thirteen target compounds and compound
classes were quantified and their concentrations were used to determine the

‘weathered percentages by using Equation 3. Table 9 summarized the

quantitation results. The average values of weathered percenlages are
determined fo be 26.9+2.0%, 34.311.4%, and 40.322.1% for weathered
sample 1, 2 and 3 respectively. The corresponding values obtained by the
gravimetric method are 25.9%, 33.6% and 38.6%. Clearly, these two sets of
results from two totally different methods are in good agreement.

CONCLUSIONS'

A method applying a lab-scale rotary evaporator to study the effect of
weathering on the chemical composition and concentration changes of oil has

- been developed. The features and advantages of this study are summarized as

follows: .
(1) The key to acquiring data on oil weathering is the availability of

 precise and reliable chemical data. These data are essential to fully understand

the fate and behaviour of oil in the environment and predict oil property changes

and the concentration of toxic components remaining in the oil. This study

provides an effective means to obtain such information; - i .
(2) This study quantitatively correlates the degree of weathering by

" .evaporation to the chemical composition changes of the oil. The chemical

changes as the oil weathered were documented within homologous serigs (such
as n-alkanes, alkylated PAHs, and biomarker compounds), between
homologous series (such as n-alkanes and isoprenoids, alky! naphthalenes and
alkyl phenanthrenes), and within isomeric mixtures (such as
methyldibenzothiophenaes), . : B
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{3) The distribution of selected n-alkanes, alkylated aromatics, and
triterpanes and steranes offars unique, sensitive and relatively stable
fingarprints for examining the weatharing behaviour of oil in the environment,
The "pattern recognition” plots involving more than 100 important individual oil
components and component groupings would permit deduction of a best set of
values for exposure to evaporation weathering. It should be noted that there are
two opposing effects during evaporation weathering: one is the loss of oil
components due o ayaporation, and another is build-up of oil components due
to volume reduction. The complex.behaviour of some components and
companent groups during weathering can be explained as the resuits of the
combination of these two opposing effects; .

{4) The mathematical equations derived from this work are relatively
simple and very useful. They can be utilized to estimate the weathering degree
and extent of oil with the weathering process being dominated by physical
weathering; : :

~ (5) Toincrease the refiability of determination of weathered percentages,

. multiple fingerprints should be considered and the concentration changes of

muitipte target components and component classes should be calculated not

only relative to themselves but also in the overall context of the oil composition
thange, . o

(6) It should be pgssible in principle to use the comprehensive
information about chemical composition changes of oi as the oil weathering
degrees change, such as shown in‘this study, to construct a relatively simple
mode! with oil weathering predictive capability describing the weathering fate of
oil in the environment. in order to achieve this ultimate goal, more studies on

weathering of various oils are being conducted in this laboratory to apply the .

methad presented in this work and other methods to best correlate the oil
chemical composition and property changes o evaporation, dissolution, and
even biodegradation and photooxidation.
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. TABLE 1 Comparison and Concentration Changes of >=u.3wmom
Constituents in Weathered ASMB Oil (mg/g oil)

Evaporation Percent

—n =.>=an 0% 9.8% | 19.5% | 29.8% [ 34.5% | 44.5%
nCa 4088 | 277 | 1085 . ) .
n-C9 4,788 4.0 2.878 0.137 - -
n-C10 4,345 4,120 3528 | 1358 0.083 -
n-C11 4.287 4,420 4,483 3650 1.18% -

. nC12 4.150 4.185 4,337 4438 3.108 B
n-C13 413 4.169 4419 | 4848 4597 0.852
n-C14 4480 4.156 4578 5.154 5127 3021
n-Ci8 3018 4078 4.515 8.124 5226 4,063
n-C18 3.044 4,007 4.468 4953 | 5128 5.643
n-C17 3.940 4317 5010 5,607 5776 | 8127
pristane 1,055 2108 2351 2712 2765 3125
_n-Cis 3218 3.610 4.080 4719 4764 s.721
phytane 1,615 2053 2.333 2700 | 273 | . 320
5403 2562 2.736 3000 | 34084 3.824 4.544
n-C20 . 2.205 2470 2.802 3124 3.397 4,022
n-C21 2211 2364 | 2654 | 2884 | 3262 | 3928
n-C22 2.034 2234 2.547 2,835 3.002 3.568
n-C23 1.784 2.007 2303 |- 2530 2714 | 3144
n-C24 1.703 1.851 2228 2.448 2619 3.054
n-C25 1.562 1.609 1.894 2084 2.240 2685
n-C26 1,384 1.542 1.783 2.037 2.143 2536
n-C27 1.267 1.425 1.647 1.853 1.993 2337
n-C28 ° 1.088 1,198 1.422 1.589 1.712 1.984
n-C29 0.503 0,986 1.154 1.295 1.405 1.648
n-C30 0.722 0.774 | 0943 1,052 1.417 1.314
n-C31 0616 | 0674 0.782 0.910 0.960 1,163
n-Ci2 0.452 0.533 0,845 0307 0.75¢ 0913
n-C33 0.323 0.357 0.412 0.468 ¢.502 0617
n-C34 0.281 0.315 0.374 0408 | 0438 0.533
n-C36 0.192 0217 0.254 0.281 0.303 0.373
n-C3i6 0.117 0.135 0.159 0.162 .| 0.185 0,223
n£37 - < | 0.085 0.096 0.122 0.135 0.131 0.150
n-C38 0.061 0.070 | 0.084 0.093 0.099. 0.120
n-C39 0.048 0.057 0.065 0.073 0.079 0.095
..q._..nao. _ 0037 0.041 0.047 . 0.059 0.062 0.073
SUM 70.30 71.69 75.64 75.91 7377 7258

n-C17/pristane 2.02 2.05 213 2.10 2.07 215

- n-C18/phytane 1.7 1.71 1.75 175 1.78 1.78
pristane/phytana 1.02 | 103 | v 1.00 1.03 056 ~

[ 0.96 0.99 1.02 1.00 1.01 1.01

[CE+CI10+C12+CN(C TG4+ 28+C20) 270 223 1.70 1.23 0.88 0.27

* CPl: Carbon Preference _.._nox ={Sum of odd n-alkanes){Sum of even n-alkanes)
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TABLE 2 Ratios of n-alkanes Relative to n-C30 at Six Selected

Degrees of ASMB Oil Weathering

. : Evaporation Percent
n-Alkane 0% 9.8% | 19.58% | 20.8% | 34.5% 44.5%
nCs 5.68 3.58 1.15 - - -
neod 1 @es3 5,20 3.05 0.13 - -
n-C10 8.02 5.32 3.74 1.29 0.07 -
_n-Ct1 594 | 572 4,73 3.47 1.04 -
nt12 5.75 538 460 4.22 2.78 -
nC13 572 | 539 4,69 461 | 412 0.50
“n-C14 5.79 537 4,85 4,90 4.59 2.30
n-C15 5.43 5.27 4.79 487 | 488 3.78
n-C16 5.05 5.18 4.74 4.71 4,59 4.31
n-C17 5.46 558 5.31 5.42 5.17 513
pristane 271 | 272 2.49 2,58 2.50 2.38
n-C18 4.54 4.53 4.33 449 4.28 438
phytane 2:65 285 | 247 2.57 2.44 2.44
n-C1% .55 3.53 3.29 3.31 3.42 3.47
n-C20 3.18 3.19 2.97. 297 3.04 3.07
_n-G21 3.08° 3.05 2.81 2.84 292 259
n-C22 2.82 2.89 2,70 2,69 2.69 2.72
. n-G23 1 247 2.59 2.44 2.40 243 2,40
n-C24 2.36 2390 2.38 2.33 234 | 233
n-C25 216 | 208 2.01 1,98 2.01 2.05-
n-C26 1.92 1.99 1.89 1.04 1.92 1.3
n-C27 1.75 1.8% 1.75 1.76 1,78 1.78
n-C28 1.51 1.55 1.51 1.51 1.53 1.51
n-C29 1.25 1.27 1.22 1.23 1.26 1.26
n-C30 1.00 1.00 1.00 1.00 1.00 '1.00
n-C31 0.85 0.87 0.81 0.87 0.86 0.89
n-C32 068 |. 069 069 1 067 0.68 0.70
n-C33 0.45 0.46 0.44 0.44 0.45 0.47
n-C34 0.39 0.41 0.40 0.39 0.39 0.41
n-C35 0.27 0.28 0.27 0.27 0.27 0.28
n-C36 0.16 0.17 0.17 017 017 0.17
n-L37 0.12 0.12 0.13 013 0.12 0,11
n-Cis 0.08 0.09 ¢.09 0.09 0.09 0.09
nC39 - 0.07 0.07 0.07 0.07 0.07 0.07
n-C40 0.05 0.05 0.05 0.06 0.06 0.06

TABLE 3- o.o:ﬁnmn Concentrations of b:vrmmn Constituents
in Weathered ASMB Oil {mgl/g oil)
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Evaporation Percen

n-Alkane 0% 9.8% 19.5% 29.8% | 34.5% 44,59,
n-C8 4,088 2499 0873 | . - -
n-c9 4.788 3.627 2.317 0.098 - . -
n-C10 : 4.345 3.716 2.840 0.949 0054 | .
n-C11 4.287 3,995 3.593 2.555 0.760 -

. nci2 - | 4150 3.757 3.49t | 307 2.038 -
_ n-C13 4.131 3.760 3.557 3.304 3.011 0.382
n-Ci4 4.180 3,748 3.685 3.608 | a3ss 1.677
n-C15 3.918 3.878 3.635 3.587 3.422 2,754
n-C18 3.644 3614 | 23598 | 3487 3,358 3.135
n-C17 | 3040 3.804 4.033 3088 | 3783 3.733
ristane 1.955 1.889 1.893 1.898 1,831 | 1734
n-Ci18 - 32718 3.166 3.284 3,303 3.120 3,175
hytane 1.915 1.852 1.878 1,890 | 1.78% 1,778
n-C19 2,562 2468 2,485 2439 | 2505 |[. 28522
) n-C20 2.295 2.228 2.256 2.185 2.222 2.232
n-C24 2.211 2.132 2.138 2.089 2.137 2.178
; n-C22 2.034 2.015 2,050 1.985 1.966 1.980
n-C23 1.784 1.810 1.854. 1.771 1.778 1.745
n-C24 1.703 1.670 1.794 . 1,712 1,715 1.695
n-G25 1.562 1.451 1.525 1.459 1.467 1.480
n-C26 1.384 1.391 1.435 1.426 1.404 1.407
n-G27 1.267 1.285 1.326 1,297 1,305 1,297
nC28 1,088 1,081 1,145 1112 1 1121 1.101
n-C29 0.903 0.889 | 0.929 0.807 0.920 0.915
n-C30 0.722 0.608 0.759 0.738 0.732 0.728
n-C31 0.618 0.808 0613 | 0837 | 0829 0.645
n-C32 0.492 0.481 0.520 0.495 0.497 0.507
n-C3a3 0.323 0.322 0.332 0.328 0.329 0.342
n-C34 0.281 0.284 0.301 - 0.286 0.285 0.206
n-C35 0.192 0.196 - 0.204 0.197 0.198 | 0207
n-Cis 0.117 0.122 0.128 0.127 0121 | 0.124
n-C37 0.085 0.087 . 0.098 0.095 0.086 0.083
n-C38 0.081 0.063 0.068 | 0.085 0.065 0.067
n-C19 0,048 | - 0.051° 0.052 0.051 0.052 0.053
n-C40 0,027 0.037 0.038 .| 0.041 0.041. | 0.04
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TABLE 4 Measured (left side) and Converled (right side) Concentrations of _Afkyiated PAH Homologues in Weathered ASMB Qil (ug/g oil)

152 ’ : - .
% " [ - L) - o
%1-12]3[8|%1315(5(3 5iR 5 1R 15|18 Bl s (2RI I3 8|5 {5 (= 13] |B : ‘ _
SHEEREN = - _ "
. m TABLE & Relative Composition of Alkylated PAH Homologues
o —le a) [.] [ [ i -
mw mmmmmmmmmmmmmmnmnmmmmunumm m at Various Weathered Percentages
Ll -
s E tion P t
=] _ - = vaporation Fercen
R R R R e R RS SRR MBS _ _ P
i% B PAHS 0% 9.80% | 19.50% | 29.80% | 34.50% | 44.50%
15 . i . e .
=3 s — o] ) .
cMm.wmmmmm EISEIE R R PR R R R RS B con 27% | 16% | 75% | 65% 39%_ | 0.0%
D= . . . ’ .
€ - - " cLN 19.3% | 190% | 19a% | 189% | 169% | 24%
> zlaiz|ginin - -y % . -] » n " i : .
mm 3(3|RI81R(3 (8|53 EE[RIR GRS R SR 1x miaiig) 1 an 315% | 312 | 313w | anew | os3ew | asow
R aN 288% | 288% | 287% | 203% | 309% | 465%
12132 EIR|BIsIR _
“II"I* o CeN | o127% | 134w | 134% | 135% | 6% | 259%
s3I A e L [ 7. . 79 7 29
M mmaau.ﬂwmaa Lo0-P ‘Oo\o 7.9% 7.7% 1.7% ....qw\o 7.6%
- = cLp 28.0% | 276% | 280% !.27.9% | 279% | 278%
Py - ‘
g |lslsls AMME g e 338% | 336% | 336% | 338% | 340% | 340%
B aln st :
3 [T RET 4 P 194% | 196% | 196% | 195% | 194% | 196%

— ® cer 109% | 113% | 112% | 111% | 108% | 109%

alolo -{xie M ) . .
$(5I8 5% m &1818 w. cen 15.1% 15.1% 14.8% 14.8% 15.0% 14.4%
: = cLp 282% | 284% ) 282% | 217% | 279% | 2719%
= 5 ~ " "
B £lsls sl Hlelzlz g _ D 342% | 340% | 344% | 345% | 342% | 350%
OIRIR ISR IR 2B n ] ¢ : - ,
=]~ : s b | 228% f 226% | 226% | 229% | 229% ! 226%
=] o .
I . 2 oo¥ 9.3% 8.8% 8.9% 8.6% 8.5% 7.5%
HHEHEREREHE g
SIS =R 8= R =R = g C1-F 21,9% 21.7% 21.7% 21.6% 21.8% 20.6%
[ : 8
5 - .
[ PS CF 36.0% | 362% | 360% | 357% | 359% | .364%
& < - : .
E AR I BN ES PR 2 : C3.F 32.8% 33.4% | 33.5% 34.1% 33.8% 35.5%
o RISIEIEIZ = IRISIRIS g —— . : -
= - = coc 14.1% | 149% | 149% | 150% | 153% 1 151%
: - .
F o . ) -

' . ) b () os - . ) 0,
mmmmmmmmmmmmmmmmwmmmmumuum mmm c1c. 20.8% | 216% | 219% .ww._a 2.0% | 22.0%
ERNE 8| __ac 324% | 320% |- 326% | 32.1% | 328% | 33.1%

BRI ac 18% | 314% | 307% | 308% .| 302% | 208%
o ; alalalalyw|elelnlz|wlvlvlols &Nm. .
2| lrlzizlziziz(a]slalaie ziaig0 of ot et 21 et d I 2 I B e
< N e B R M e R R R S bl B2

B
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| TABLE 6_Measured (left side) and Converted (right side] Concentrations of Triterpanes in Weathered ASMB Oil {ug/g oil)

Measured Concentration {Cdet) Converted Concentration {Ccony)
_ o saow [ roson | somove [3esone | eason b ow | asom [19com [anaom | seson | dason
1 ;T::,crm 14.6 136 175 | 1312 216 264 146 141 14.1 13.9 14.1 146
7§20 wicyclic terpane 263 26.4 8.8 336 | 376 7T 61 Fax] 231 23.4 4.6 2448
171 wricyslic erpane 312 3.3 350 | 418 2.5 513 313 79.0 %1 wL | Ty 133
T 1CR wevelic tepune 176 187 233 24,3 25.3 326 176 | 169 168 | 174 16,6 13t
3123 ricyelic terpane 0.1 826 94.3 1028 b 1173 1436 201 74.3 %0 .| 720 76.8 9.7
% |2 wcyelic werpane iig | 4t a1 324 333 710 416 377 35.3 36.7 383 394
7 1C23 wicyelic terpane 381 415 436 30.8 356 6.2 LTI Y] 6.7 356 6.4 367
R [C26 wicysic erpane 9.1 34.1 324 €59 743 862 5.2 @t 470 46.1 436 473
9 z;‘mc:cm 73 a7 | a7 516 537 £97 313 376 x4 36.1 351 387
107]C27 tetracyelic terpane {pmk 10 (poek H10)] [k $519)] (ponk H 10} (pouk 3+ 16}] (pank 410 ¥ (peuk 3+14) | (pouk 9216 (prak 3+180)| (peak 10| (pear #4101} (paak 010)
11 [Co¥ tetracyclic terpane 387 419 455 523 ns 614 7 X 366 366 ETY) vy,
T2 [C28 teracyclic terpane (paad 114321 (peak 114117 (puak 1417} {paak 114113 (poak 11412} (pesk EH+10) | Qo 1341 [(pwak 11411)[(pani 114 T3 (s 11413 (o 11417 [tpemte 1141
(3 :m;&umuwmmm«). 400 | 410 | 453 | 514 | 65 | e “o | 370 T 364 [ 358 | 311 | 330 el
T4 | F5aF.18a{F,2 b 25,78.J0-Esnerhopane (CTH4S) | (ot quantitied) {pot guantified) : -
15 {7 17a(H), 21(HF22,29,30-trisnorhopanc (C2TH46) 50.1 52.7 578 64.3 723 36.1 50.1 X 4.5 430 473 a2t
16 | Fa(H).182(H).21b(H)-28_30-bisnothopane (CISHAR) 13.1 15.1 175 170 1935 2.7 13.1 136 140 119 128 126
y 17 [(C29 19D Tt Y-voehopant. . 7k 9s.0 | 1023 | 179 { 1293 [ 1343 (Mn.t . M)ss.s 2.8 X 84,7 359
Ll
}2 ig::::i:ﬁ::g::;mm (noi;:;andﬂe:‘)” 1608 | 1810 | 1900 | 2290 1279 | 1312 | 1294 | 1367 | 1345 | 1271
70 [/ 30y 100,21 a(H) hopan 171 | 178 20.0 233 233 77.3 17.1 16.1 16.1 16.3 1352 15,1,
21 [(C31) 225 17a(H),2 L XH)-30-homebopant 529 59.0 64.8 71.0 764 935§ 529 532 522 45.7 0.0 519
22 HCF1) 22R-1 782 4(H)-30- homohopar 42.6 46,2 53.0 347 8.8 758 Im:::d o 1.4 %2.7 38.3 185 42.0
Internal Std. : .
ii ﬁ},ﬁiﬁﬂﬁ% 410 | 451 50.5 36.5 9.1 .6 420 w1 ] 406 39.5 38.7 D%
15 §22R-172(H).21b(H)-30,3 1 -bishomohopene 294 3.8 34.7 381 409 0.3 294 28.5 79 267 6.8 279
{26 (27517400, 2 L b(H)-0,31 3 2Arishoenohopane 115 32.0 347 395 8.8 0.3, 173 w3 | 278 73] 254 24
27 [22R-17a(E,2 V& H-30,31,32-trishormohopane 193 213 238 263 2639 3146 192 20.0 192 154 176 186
2812751 7a0H), 21(FEY 30,3132 33 tatrakishexnobopane. . | 219 (281 1294 199 | 321 38.2 9 176 | 24 209 26 | N2
75 122R-17a(H).2 1 W(H)- 30,3 1,32,33 4etrzkishomobopant 125 13.7 1.3 170 18.0 214 121 123 12.3 1.9 111 118
3012251 7a(H).215(H)-30.31, 3233 I poptakishomchonare | 183 1.2 ] 242 265 %0 139 113 19.1 199 153 19.0 13
FT [ 2281 Ta(H). 218(H)- 30,31 32,33, 34-pertakishomohosane | 11.5 13.5 139 15.1 171 ] s 115 121 128 113 112 :z.‘r’
Total 9918 | 10737 | 11954 | 13254 | 14277 | 17419 9915 | o684 | 923 | 9217 | s 7
TABLE 7 Measured (left side) and Converted (right side) Concentrations of Steranes in Weathered ASMB Ol (1g/g oll)
Measured Concentration (Cdet) Converted Concentration {Ccony
0% | 5.80% |19.50% | 29.80% | 34.50% { 44.50% | 0% | 9.80% ] 19.50% 29.80% | 34.50% | 44.50%
Steraes N ]
32 1C20 Sa(HL14a(H), 1 7a(H)-sterane 14.3 14.9 16.1 11.9 19.6 23.8 14.3 13.4 12.9 12.5 12.8 3.2
33 1C2E 3a(H),14b(H),] To(H)-sterane 31.8 328 35.2 41.5 447 53.5 31.8 29.5 28.3 29.1 29.2 297
34 [C22 $a(t), 14N T(E)-stcrane 14.2 15.0 16.1 19.1 20,5 241 14.2 13.5 13.0 13.3 134 13.3
35 ]C27 208-13H) 1 Ta(H-i 318 | - 337 37.5 428 | 473 350- 318 304 30.1 30.0 30.9 30.5
36 €27 20R-130(H)1 Ta(H ) dissterane 1.0 9.5 22.4 25.2 284 324 18.0 17.6 1806 | 176 18.6. 18.0
37 {C27 208-13a(H).t T H)tusterane {not quantified) - ~{not quantified) :
38 {C27 20R-13a0H), 1 TH(H)-diasterane {not guantified) (not quantified)
39 1C78 205-136(H). 1 7a(H M diasterane {not quantified) {pot quantified)
40 {029 208-135(H), 1 Tall)-diasterans (nof quantified) _{not quantified)
41 1C29 20R-13a(H). | TH(H)-diasterane {not guantified) . (not quantified)
42 1C27 208 SafH), 14a(H), 1 7a(H)-cholestane - 20.5 23.5 26.2 26.3 25.1 34.7 20.5 21.2 211 18.4 16.4 19.3 —
43 1CI7 20R Sa(H).140(H). 1 TW(H)-cholestane 55.2 59.7 67,4 72.3 77.4 96.5 55.2 53.8 343 1. 506 | 507 536 o
44 1C27 208 Sagth), 14B(H), 1 (K )cholestane - 293 317 376 39.4 422 1 508 || 293 8.6 30.3 276 | 116 28.2
45 EC27 20R SafH), 14acH), 1 Ta(H)cholestanc 216 | 234 26.4 292 30.2 353 216 | 21} 2).2 20.4 9.8 19.6
46 [C28 208 SacH), 14a(H), 1 7a(H} ergostane 200 203 22.2 24.4 27.6 30.6 200 18.3 17.% 171 18.0 17.0
47 |C28 20R Sa(H). 1 45cH). 1 To(H)-ergostane 158 17.1 206 | 214 ] 226 27.4 15.8 15.4 16.5 149 | 148 15.2
48 C28 208 SafH), 145(H), | T(H)-<rgosiane 19.4 208 1 237 26.5 283 33.5 194 | 187 19.0 18.6 18.5 { 136
49 |C28 20R Sa(H).14a(H),1 Ta(H)-crposiane 13.3 13.6 16.6 17.4 18.7 22,6 13.3 12.3 133 | 122 12.2 12.5
S0 |€29 208 Sa(H)14a(H), 1Ta{H)stigmastane 21.0 1. 229 26.9 28.1 30.0 3722 | 2190 20.6 21.6 19.6 19.7 206
51 1629 20R Sa(H). 1 46(H), 1 TWKH st 282 305 .1 350 36.7 40.5 522 28.2 1.5 28,1 25.9 26.5 289
52 C29 205 $afHL I4WH) I TR stigmastane 22.6 248 30.1 31.0 333 42.3 22.6 22.4 24.2 217 21.8 235
33 |C29 20R 3a(HY [4agH), L Ta(H Fstigmastane 20.0 22.6 25.9 274 29,1 34.9 20.0 20.4 20.8 19.1 19.1 1% 4
Total 396.6 | 426.4 485.4 526.4 565.1 | 6%6.3 156.6 384.6 390.7 368.4 370.1 380.9




TABLE 8 Relative Ratlos of Triterpanes and Steranes at Six Degrees of ASMB Qil Weathering

Weathered . Hopanes
(%) C23IC24 Ts/Tm ICZSaNCJOAE C31 5/(5+R) | CI2 SHS+R) ‘CJJ S/S+R) § CI4SHS+R) | CIAS SH{S+R) |[C31-C35 S/(S+R
0.0 1.92 0.80 069 | 055 0.59 0.59 0.64 061 0.60
9.8 1.98 0.78 065 | 056 0.59 0.59 065 0.61 0.60
19.5 194 0.78 0.65 055 0.59 0.59 065 0.61 0.60
298 1.96 0.80 0.65 0.5 0.60 0.60 0.64 062 | 060
45 2.00 0.78 0.68 0.57 0.59 0.5 0.64 063 | 060
ws | 2o | om | oe | oss | o | oo | ow | o8t [ 0
Menthered 208/(208+20R) ‘ aB8/{a88+aaa)
e e s L o a1 1 e : . c29
0.0 0.37 0.58 0.45 ‘ 0.67 0.51 0.55
9.8 0.40 0,57 S 047 0.66 053 0.58
s | 040 0.55 048 | o087 0.53 0.5
298 0.39 0.57 048 0.67 | 0.53 0.55
345 0.39 087 oas | 0.67 o2 0.55
4.5 0.39 056 | 048 1 068 L B— . 1
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