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Abstract 
In  order to unders tand more ful ly tile mech- 

anisms by which hydrocarbons may be mobilized 
for the ul t imate format ion of oil fields, the n- 
alkane content of several aqueous systems was 
measured. Both laboratory and natura l  systems 
were studied. 

Exp lo ra to ry  measurements  by  gas liquid 
chromatography  of total  C2o to Caa n-alkanes 
accommodated in distilled water, alkaline solu- 
tions, and solutions containing surfactants  fell 
in the range of 1 to 10 mg/1.  Millipore fil tration 
markedly  reduced the alkane content with a 
filter of 0.05 t~ pore size removing as much as 
97% of the accommodated alkanes. Alkaline 
solutions accommodated higher quantit ies of 
alkanes than  the distilled water,  but  the addition 
of surfac tants  had little fu r the r  effect. 

Natura l  waters  had low total  C2o to Caa n- 
alkane content. Samples of surface waters showed 
values of 0.2 t~g/1 in sea water, 0.5 t~g/1 in lake 
waters, and 1.5 ~g/1 in a r iver water. 

Coproduced oil field waters generally had a 
slightly higher n-alkane content with values of 
1 to 1.4 t~g/1. 

Waters  expressed f rom recent lake sediments 
contained up to 50 ug/1 of total  C2o-Caa n- 
alkanes. Addit ion of sodium bicarbonate and 
surfactants  to the sediment pr ior  to expressing 
water  had little or no effect. 

The data  presented appear  to be of geochemical 
significance as they indicate tha t  water  has the 
capacity to accommodate significant quantit ies 
of n-alkanes in a distribution remarkab ly  similar 
to that  of alkanes in the reference crude oil of 
A.P.I .  Projec t  6. 

Introduction: Definition of Problems 
Until  recently, considerations of the origin of oil 

and the format ion of oil fields have been in two areas 
of s tudy:  1) the s tructure of rocks in which crude oil 
is known or expected to accumulate ; and 2) the source 
of the hydrocarbons.  Several comprehensive reviews 
have been recently published which show that  the 
state of knowledge is quite well developed, par t icu-  
lar ly  in the rock structure area (6,7,11,20). 

The hydrocarbon source s tudy of the origin of oil 
is developing rapidly,  largely due to the advent  of 
new analytical  techniques. I t  is becoming apparen t  
that  the hydrocarbons of oil fields do not arise f rom 
special source rocks commonly refer red  to in classical 
geological l i terature,  but ra ther  arise f rom widely- 
disseminated hydrocarbons occurring in all sedimen- 
t a ry  rocks. As a result, concepts of the origin and 
accumulation of crude oil are now changing to focus 
pr incipal ly on the mechanisms by which the widely- 
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disseminated hydrocarbons give rise to oil fields. Tile 
concepts of oil field format ion therefore involve 
source, mobilization, migrat ion and accumulat ion as 
before, but  with new meanings at tached to each term. 

The pioneering work of Smith (26) jus t  over ten 
years ago showed the presence of disseminated hy- 
droearbons in recent sediments, and now it  is agreed 
tha t  v i r tual ly  all sedimentary rocks contain hydro- 
carbons (5,27,15,16,23,24). Many  igneous rocks 
also contain hydrocarbons,  probably  as na tura l  con- 
taminants  carried by moving water  (28). 

Mobilization is a te rm recently applied to the 
process by which hydrocarbons move f rom the source 
or site of hydrocarbon generation. I t  is customary to 
refer  to recent sediments as the source of hydro- 
carbons, but  this is not necessarily the ease, since 
much of the hydrocarbon mater ial  in the sediments 
was surely deposited with the major,  inorganic, com- 
ponent  of the sediments which had its origin else- 
where. Consequently the source of the hydrocarbons 
is probably  the source of the organic component of 
the sediments. I t  seems reasonable to a t t r ibute  such 
a source to at least three possibilities: 1) organic 
mat te r  generated in the water  overlying the recent 
sediments;  2) organic mat ter  generated over and in 
the soil f rom which the sediments were formed;  3) 
organic mat te r  present  in the rocks f rom which the 
soil arose. 

The major  organic port ion of recent sediments  has 
been a t t r ibuted to the first possibility with growing 
emphasis on the second. This change in emphasis is 
a result  of carbon isotope measurements  that  indicate 
a close connection between the organic carbon of 
marine  sediments and that  of terrestr ia l  plants  (9). 
The thi rd  possibility is an obvious one which can be 
put  into perspective by comparing the hydrocarbon 
content of terrestr ia l  rocks with that  of recent sedi- 
ments. General ly it is clear that  dur ing the sedimenta- 
tion cycle a marked enrichment of the sediments 
results f rom the deposition of p lan t  remains. 

Migration is not clearly defined but  implies a 
movement  of hydrocarbons f rom source to oil field 
site. Accumulation r e f e r s  to the process by which 
hydrocarbons are " t r apped"  te rminat ing  migration. 

Current ly  the migrat ion operation is thought  of as 
being merely an extension of the mobilization process 
(12,13). In  the mobilization process hydrocarbons 
accompany the vast  and continuous water-cycle, and 
in the accumulat ion process a small f ract ion of the 
mobilized hydrocarbons in a par t icular  locality are 
left  behind (12). I f  the abandoned hydrocarbons are 
adequate in b u l k  and if the operation occurs in a 
favorable rock structure,  an oil field may  result. 

Much of the foregoing discussion is speculative, 
since suppor t ing  data for the hypotheses are in- 
adequate. F o r  example, few definitive data  exist to 
test the mobilization concept pioneered by Baker  in 
recent years (1-3) .  Baker  proposed to s tudy the 
solubility of hydrocarbons in water  which led to a 
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concept of surfaetants  increasing the "solubility" of 
hydrocarbons (1). The accumulat ion aspect was then 
linked to a breakdown in the efficacy of the sur- 
faetants.  Oil field data suppor ted  this hypothesis 
(8,18), but  two major  questions arose: 1) Was  such 
a method capable of accounting for  the volumes of 
oil involved in a geological basin with its normal  
complement of oil fields? 2) Could such a system 
account for  the distr ibution of individual  hydro- 
carbons ul t imately found in crude oil? 

The first question might  be rephrased to ask what  
level of hydrocarbon content in water  would be re- 
quired to account for the known oil accumulations in 
a typical  basin? This was examined in some detail 
(12), with the conclusion that  hydrocarbons would 
need to be mobilized to the extent of at least 1 ppm. 
(1 rag/ l i ter  of water)  under  conditions of water  
movement  and accumulat ion that  were assumed to be 
reasonable. 

The second question is of par t icular  scientific in- 
terest. The hydrocarbons generated in living or- 
ganisms have an odd-carbon preference, evidently re- 
sulting f rom an even-carbon buildup of precursor 
f a t t y  acids in plants. The odd-carbon preference 
persists in the n-alkanes of recent sediments. The 
n-alkanes of crude oil however show no odd-carbon 
preference;  consequently, it is necessary to account 
for  this change in hydrocarbon distr ibution in any 
process put  forward to explain the mechanisms by 
which hydrocarbons are mobilize~l and accumulated. 

I t  was the purpose of the present  investigation to 
car ry  out exploratory measurements of hydrocarbons 
in water  systems to obtain provisional answers to the 
foregoing questions of extent of mobilization and hy- 
drocarbon selection as revealed by odd-carbon pref-  
erence. While the analytical  approaches yielded data 
for  branched and cyclic hydrocarbons as well, prin- 
cipal at tention was focussed on the occurrence and 
distribution of the n-alkanes. In  the first instance 
the accommodation of C~z-Ca3 alkanes in distilled 
water  was studied and extended to include the effect 
of sur fac tants  and filterability. F rom that  point, 
analyses were made for  the same hydrocarbons in 
na tura l  water  systems comprising selected samples of 
sediment waters, sea waters, r iver  and lake waters, 
and finally oil field waters. While the data are ex- 
p lora tory  and limited, they may  be of value in 
establishing a bet ter  unders tanding of the mech- 
anisms by  which oil fields are formed. 

n - A l k a n e s  in  D i s t i l l e d  W a t e r  

In  an a t tempt  to measure the solubility of n-alkanes 
in water,  MeAuliffe (21) equilibrated n-alkanes f rom 
C4 to Cs with distilled water  at room temperature.  
Levels of 0.66 to 115 mg /1  (ppm.)  were determined. 
The content was inversely proport ional  to the molar 
volume of the individual  hydrocarbons and the ac- 
commodation was assumed to be t rue solubility. Ex-  
t rapolat ion of the data to the carbon range of C2o 
to C~o, of pr incipal  interest  in the present  investiga- 
tions, indicated that  the solubilities would be well 
below 10 - 4 mg/1  for C,.,o and below 10 -- 6 mg/1  for  
Cao. Unpublished data of Baker  (4) showed that  
levels of content well above the solubility extrapolat ion 
were Observed; for  example, water  equilibrated with 
Cls showed 0.006 rag/1. Evident ly  some accommoda- 
tion other than  simple solubility was involved. 

In the present  investigations five n-alkanes, C2o, 
C22, C,~4, Cfs and Caf, were selected for equilibration 
witb distilled water. These hydrocarbons were ob- 

tained f rom the Aldrich Chemical Company Inc. 
Odd numbered  n-alkanes in this range of carbon 
numbers were not available. Quantities of each, 
ranging f rom 100 mg to over 700 mg to give a marked  
excess of n-alkane, were added to two liters of dis- 
tilled water  which was then mechanically shaken at 
room tempera ture  ( 2 2 2  2C) for  16 hr and allowed 
to settle for 4 hr before sampling. Upon settling, 
the small flakes of alkane rap id ly  rose to the surface 
leaving a clear water  phase. 

To obtain a measure of the physical  distribution of 
the hydrocarbons in the water,  aliquots of samples 
were filtered through glass wool and millipore filters 
of pore sizes 5.0, 3.0, 0.45, 0.22 and 0.05 ~. Each 
aliquot was extracted with two successive 25 ml 
volumes of n-heptane, the extract  was reduced in 
volume to 3 ml under  ni t rogen and the hydrocarbons 
determined by gas liquid chromatography.  An al- 
ternat ive method of size distr ibution based on cen- 
t r i fugat ion was attempted. However,  eentrifugation 
resulted in large variat ion in sample tempera ture  
which made the results of little value. 

A model 810 F&M gas chromatograph was used 
equipped with hydrogen flame detectors and com- 
pensat ing dual columns of 1/s in. diameter  stainless 
steel tubing 5 f t  in length. Column packing was 
hexamethyl-disilazane t reated ehromosorb W con- 
taining 0.5-1% SE 30 silicone gum as the liquid 
phase. Hel ium was used as a carr ier  gas with a 
constant flow rate  of 50 ml per  minute  as calculated 
f rom the input  pressure and the flowmetcr calibrated 
by the ins t rument  manufac turer .  A 1 to 100 ~1 por- 
tion of the 3 ml of concentrated n-heptane extract  
was injected into the gas chromatograph.  The oven 
was maintained at 100C for an interval  of 10 min., 
following which it was p rogrammed at 4~ per minute 
to 275C af te r  which it was mainta ined at 275C until  
no more peaks appeared. Inject ion por t  tempera ture  
was set at 380C; detector temperature ,  410C. 

A number  of precautions were taken to prevent  ex- 
traneous materials  f rom contaminat ing the columns. 
Silicone rubber  septums used in the injection port  
were baked in the chromatograph oven before using 
and were allowed to stabilize for sixteen hours. All 
gases were passed through t raps  containing Linde 
5A ~ molecular sieve, and a blank was run before each 
sample to demonstrate  baseline stabil i ty and freedom 
from materials  which would give in terfer ing peaks. 
The n-heptane Eas tman reagent  grade used to extract  
the hydrocarbons was distilled twice through a 100 
em helix packed eolmnn before use. 

The sensitivity of the detector calculated by  the 
formula  recommended by ASTM Committee 19, 

P 
= - -  was 2.8 • 106 m v / m m o l e / m i n  for n-tetraco- S M' 

sane (C24I-I5o). This is in good agreement with 1.34 • 
106 m v / m m o l e / m i n  suggested by the manufac tu re r  
for unspecified compounds. Thus, the amount  of 
tetraeosane necessary to give a measurable peak, 
0.05 my • 1 rain, i.e. the l imit  of detection, was 0.003 
~g. The equipment  was calibrated using C~6, C~8, C2o, 
C fe, C24, Cfs, Ca2 and C36 n-alkanes. Measurements 
were based o n  peak areas. The corresponding detec- 
tion limit for  total  hydrocarbons C2o to C3~ was 
0.05 ~g. 

Impur i t ies  in the n-heptane constituted a major  
source of error  in determining the n-alkanes below 
C2o. Blank values for 50 ml of n-heptane were 
typical ly:  
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Cx6 0.27 gg 
C17 0.36 
Cls 0.13 
C1~ 0.05 
above C1~ <0.02 

The other major  source of error  was loss dur ing  
handl ing and evaporat ion of the solvent. To test the 
procedure, known amounts  of approximate ly  1 ~g 
of n-alkanes (C16, C2o, C22, C24, Cfs and Csf) were 
added to 10 ml of n-heptane which was then evap- 
orated to dryness under  a s t ream of filtered nitrogen 
at room temperature .  The residue was dissolved in 
10 t~l of benzene and half  of the result ing solution 
was injected into the gas chromatograph to determine 
the loss of the hydrocarbons.  To test the loss at t r ib-  
uted to the evaporat ion phase of the process, the 
procedure was repeated with the modification tha t  
evaporat ion was halted when the solution reached 
0.5 ml. The results in Table I show clearly tha t  
evaporat ing to dryness resulted in almost complete 
loss of the C~6 alkane. The arrested evaporat ion 
method restricted the losses to only 30%, and evi- 
dently most of this was to be a t t r ibuted to handl ing 
losses. For  the higher alkanes the losses were less 
serious, and the adoption of the arrested evaporat ion 
method permit ted recoveries of 75% or more of C2o 
and higher alkanes. 

The hydrocarbon content of the distilled water- 
hydrocarbon system was su rp r i s ing ly  high when com- 
pared  with the MeAuliffe values for  the C4 to Cs 
alkanes. For  the aliquots passed through the simple 
glass wool filters the content of C~o was 350 t~g/1, 
compared with only 660 ~g/1 for n-octane as deter- 
mined by McAuliffe (21). The corresponding levels 
of alkane content for  the other four  n-alkanes to 
Cs2 were progressively lower, fal l ing to 42 t~g/1 for  Cs2 
in Figure  1 along with those of McAuliffe show a 
substantial  difference f rom what  might  be expected 
through a simple extrapolat ion of the C4 to Cs data, 
for  example 350 ~g/1 for C2o compared with about 
5 x 10 -5 ~g/1. This was in keeping with Baker ' s  
observation ( 4 ) ,  and it s t rongly suggests a different 
kind of accommodation for the higher hydrocarbons 
in distilled water  f rom the simple solubility at t r ib-  
uted to the C4 to Cs alkanes. The s t raight  line rela- 
tion of accommodation to molar  volume however 
suggests that  it is of a nonrandom character.  This 
is par t icular ly  evident when the observed n-alkane 
content of the distilled water  systems is related to the 
s tar t ing  n-alkane content of the individual systems 
as i l lustrated in F igure  2. There is no direct relation- 
ship between the s tar t ing levels and the equilibrated 
values. 

To gain some unders tanding  of the mode of ac- 
commodation of the n-alkanes in the water, the data 
for  the filtered systems is of value. The largest  
millipore filter, with 5 gpores, produced reductions in 
hydrocarbon content of about 75% from the glass 
wool filtrate value. Again the data fell in a s t ra ight  

TABLE I 

Evaluat ion of Losses due to H a n d l i n g  and  Evapora t ion  

n-A]kane 
Loss, %, of s~arting amount  

Method I Method I I  
Evapora t ion  to dryness  Arrested evaoorat ion 

016 1O0 30 
020 65 25 
022 40 20 
C24 35 18 
O28 22 1O 
C32 25 0 

lOG 

ALKANE 
CONTENT 

OF" WATER 
AT ROOM LC 

TEMPERATURE 
m g/ I  

N O R M A L  A L K A N E S  I N  D I S T I L L E D  W A T E R  
I 1 I p I I I I 

Cr, 

C6 SOLUBILITy 
(MCAULIFFE) 

C7 

Ca 

Czo Czz Cz4 

A E C O ~  
(TH{S INVESTIGATION) 

I ] I I I _ I I _ _ _ J _ _  
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MOLAR VOLUME OF ALKANE 
( ml/mole of 2OOC,) 

Fro. ]. Difference between solubility and accommodation in 
distilled water of 04 to C~ and C2o to C~ n-alkanes at room 
temperature. Solubility data reported by McAuliffe (21); ac- 
commodation data, results of this investigation. 

line and the line was nearly parallel  to that  for glass 
wool filtrate. The other three lines of F igure  2 
representing the alkane contents of the filtrates f rom 
the finer filters were parallel  to the 5 ~ line. The 
finest filter, 0.05 t~, reduced the C24 content f rom 170 
~g/1 of the glass wool filtrate to 3.5 t~g/1, i.e. by about 
98%. Figure  3 i l lustrates the relationship between 
alkane content of the filtered water  and the pore size 
of the filter. The distr ibution of the points for the 
various hydrocarbons suggests a micellar type of 
accommodation. The break in the distribution curve 
as shown in F igure  3 would fit the concept of two 
types of micelles put  forward by Baker  who discussed 
small ionic micelles of mean size 6.4 m~ and large 
neutra l  micelles of 500 mF mean size (3). 

Thus it is clear tha t  hydrocarbons in the Cfo-Cso 
range are accommodated in distilled water  in amounts 
much greater  than  would be expected by simple 
solubility considerations, and tha t  millipore filtration 
reduces the degree of accommodation in a systematic 
fashion while mainta ining a clear-cut relation between 
alkane content and carbon number.  

I t  is per t inent  to observe tha t  the foregoing data 
are in agreement  with one of the major  requirements  
for oil field formation, that  of selective mob'lization. 
The accommodation of given alkanes in distilled water  
is evidently a function of the propert ies  of the  alkane, 
ra ther  than of the supply  of the alkane. That  is, an 
odd carbon preference in the source mater ial  would 
not persist  into the mobilizing water  system. 

ACCOMMODATION OF N O R M A L  ALKANES 
IN D I S T I L L E D  WATER 

nooo( - -  n n h n n n 

~NITIAL DISTRIBUTION 

ALKANE 
CONTENT 

( ~  22"c)  GLASS WOOL FILTER 

o.o ~ . .  

O,O5,u O.22 ,u 
o.oe, I _ 

zo 2z ~4 ze 2a 3a 3~ 34 
ALKANE CARBON NUMBER 

FIG. 2. Accommodation of C2o to C3o n-alkanes in distilled 
water as a function of filtration pore size and alkane carbon 
number. Filtrate hydrocarbons appear to be independent of 
inltial distribution. 
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THE EFFECT OF FILTER PORE S12E ON THE ACCOMMODATION 
OF NORMAL ALKANES IN DISTILLED WATER 

I 
- -  I I r I 

i ~ 
o.I - C 2 0  ~ - -  / / o /.o/ 

~ / / / o 

ALKANE /'O / /  ~ / O  

WATER / / / / / /  i~ 
mgl I / ~ /  C z8 .,.o ~ 

/ / /  

o / 

..... A~ I I ....... I I 
Dos o.2~ o.45 3 

F~LTER PORE SIZE (MICRONSI 

J~IG. 3. Tile  r e l a t i o n s b i p  b e t w e e n  the  n o r m a l  a l k a n e  c o n t e n t  
o f  f i l t e r ed  d i s t i l l e d  w a t e r  s o l u t i o n s  a n d  p o r e  s ize,  i n d i c a t i n g  
m i c e l l a r  a c c o m m o d a t i o n .  

I t  is desirable to calculate the total  content of 
n-alkanes to be expected for hydrocarbons in the C2o 
to C3s range. This may  be done by  plot t ing the alkane 
contents as in F igure  2 and summing the individual  
values for  the entire range, including both the deter- 
mined values and the interpolated values. This was 
done for  the various filtrates and the data  are sum- 
marized in Table I I ,  typical  values for the total  n- 
alkanes being 1.9 rag/1 for the glass wool f i l t ra te  
and 0.04 rag/1 for  the 0.05 ~ filtrate. 

These data suggest that  the levels of hydrocarbon 
content required for oil field format ion through the 
methods previously discussed (12) are probably  well 
within reach. But  it is wise to make actual measure- 
ments on na tura l  waters before assuming such a 
conclusion. Since pr incipal  na tura l  water  systems are 
generally slightly alkaline, the foregoing analytical  
approach was extended to the accommodation of 
n-alkanes in distilled water  to which sodium bicar- 
bonate had been added. 

Thus two liters of distilled water  containing 1000 
rag/1 of sodium bicarbonate was equilibrated with 
the same five s tandard  n-alkanes, in random amounts 
as follows: C18, 43.9 rag/1 ; Ceo, 11.5 m g / 1 ;  C22, 73.0 
m g / 1 ;  C24, 22.4 r a g / l ;  Ce8, 15.4 r a g / l ;  and Cz2, 79.0 
mg/1.  The solution was allowed to settle and aliquots 
were filtered as before, filters of glass wool, 5 ~ and 
0.45 /~ being used. The data are shown in F igure  4, 
and the most significant feature was tha t  the n-alkane 
content of each filtrate was significantly higher than  
in the distilled water  system. In  general, the alkaline 
system accommodated three or four  times the amount  
of n-alkanes accommodated in the distilled water. 

Fur ther ,  there seemed to be a clear-cut depar ture  
f rom the straight-l ine logari thmic relation between 
n-alkane content and molar  volume, or carbon number,  
with some reflection of the relative amounts of the 
individual  hydrocarbons added. This appeared to be 
the case in all three filtrates. 

Thus, it appears  that  waters containing sodium 
bicarbonate are capable of accommodating greater  

TABLE I I  

E s t i m a t e d  A c c o m m o d a t i o n  of n - A l k a n e s  in  Dis t i l l ed  W a t e r  

Filter Total  n -a lkane  content  Cso-Cs3, a rag/1 

Glass  wool 1.9 
51~ 0.64 
3~ 0.45 
0.45fr 0.17 
0.22R 0.05 
0.05~ 0.04 

a Based on measured values  for C~o, C~2, C'~4 and C.as, 

A C C O M M O D A T I O N  OF N O R M A L  A L K A N E S  
IN S O D I U M  B I C A R B O N A T E  S O L U T I O N S  
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FIG. 4. The effect of ini tal  individual alkane content on the 
distribution of normal alkanes accolnmodated in a distilled wa- 
t e r  s y s t e m  c o n t a i n i n g  sod iun l  b i c a r b o n a t e .  

amounts of n-alkanes than  distilled water,  but are not 
so effective in controlling distribution patterns.  The 
next step in the overall examination was to explore 
the effect of potential  surfaetants ,  since it is agreed 
that  na tura l  sur fae tants  are probably present  in most 
na tura l  waters. 

Effect of Surfactants on n-Alkanes in 
Alkaline Water Systems 

Three compounds were selected to il lustrate the 
effects to be expected f rom the presence of surface 
active agents such as naphthenic acids, f a t ty  acids, 
and aromatic  acids. The surfactants ,  cyclohexane 
carboxylic acid, n-nonadeeanoic acid, and benzoic 
acid, were introduced to alkaline water  systems con- 
taining the five s tandard  n-alkanes in amounts given 
in Table l I I  ranging  f rom 660 to 685 mg/1,  for the 
acids, and f rom amount  20 to 150 rag/1 for  the al- 
kanes. The three systems were equil ibrated and fil- 
tered as before. 

To recover the hydrocarbons f rom the individual 
filtrates, they were acidified and extracted succes- 
sively with two 20 ml portions of n-heptane. In  each 
case, the extracts were reduced in volume to ap- 
proximate ly  3 ml, and the n-alkanes separated f rom 
the surfae tants  by silica gel column chromatography 
using a 200 x 12 mm column prepared  f rom a s lur ry  
of act ivated silica gel (10) in n-heptane, prewashed 
with 50 ml of n-hcptane to remove any  contaminat ing 
alkanes. The 3 ml extract  was placed on the column 
and eluted with 40 ml of n-heptane. The eluate, con- 
taining the alkanes, was collected and re- 
duced under  ni trogen at room tempera ture  
to a volume in the range of 0.5 to 3 ml for  analysis 
by gas chromatography.  

The data  for  the three systems are shown in Figures  
5, 6 and 7. Considering first the aliquots filtered 
through glass wool, the presence of eyclohexane car- 
boxylic acid and n-nonadecanoic acid resulted in a 
reduction of the n-alkane content of the aqueous sys- 

TABLE I I I  

The Composition of Alkaline Water  Systems 
S u r f a c t a n t s  and  n -a lkanes  added to solutions containing 

1,000 m g / 1  sodium bicarbonate 

n-Alkane~, m g / 1  
S u r f a c t a n t  rag/1 

C~s Cso C~ C~ C~s C~s 

Cyelohexane 
carboxylic acid 660 52.5 :15.4 65.2 31.2 22.0 43.9 

n-Nonadecanoic 
acid  670 19.9 58.5 71.5 40.4 26.8 80.1 

B e n z o i c  ac id  685 148 41.9 84.6 41,5 38.1 103.0 
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A C C O M M O D A T I O N  O F  N O R M A L  A L K A N E S  
IN  S O D I U M  B I C A R B O N A T E  S O L U T I O N S  
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FIG.  5 .  D i s t r i b u t i o n  o f  n - a l k a n e s  a c e o n m l o d a t e d  i n  a n  a l k a -  
l ine  s o l u t i o n  c o n t a i n i n g  660  r a g / 1  e y c l o h e x a n e  c a r b o x y l i e  a c i d  
i l l u s t r a t i n g '  t he  l a c k  o f  e f f e c t  o f  t he  s u r f a e t a n t .  
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tern, while benzoic acid produced little or no change. 
The millipore filtrates however showed a somewhat 
different  pat tern in which the cyclohexane carboxy]ic 
acid and benzoic acid brought about a reduction in 
alkane accommodation, while the n-nonadecanoic acid 
increased the alkane accommodation. This is per- 
haps better i l lustrated in Table IV where the summed 
measured and interpolated accommodation values for  
C2o-Ca3 n-alkanes are presented. In solutions filtered 
through glass wool only the indicated C2o-C33 sums 
for systems containing cyelohexane carboxylic acid 
and nonadecanoic acid were reduced from 7.2 mg/1 
for the straight alkaline system, to 3.6 and 3.0 rag/ l ,  
respectively. The benzoic acid change was only 7.2 
to 7.0 mg/1. Af ter  filtration through tile 0.45 ff filter 
the solution containing n-nonadecanoic acid showed 
a projected sum for C2o-C33 in the amount of 1.36 
mg/1,  a marked increase over the corresponding figure 
of 0.36 mg/1 for the sodium bicarbonate solution 
with no added surfaetants. 

The n-alkane distribution pat tern  as shown in 
Figure  6 for the n-nonadecanoic acid system showed 
little reflection of the start ing quantities of the 
s tandard hydrocarbons. The other two surfactant  
systems showed a distribution which was obviously 
influenced by the quantities initially available, as is 
clear in Figures 5 and 7. 

These surfaetant  data are difficult to interpret ,  
but  there seems to be some justification for concluding 
that  the distribution of n-alkanes in alkaline systems 

A C C O M M O D A T I O N  OF N O R M A L  A L K A N E S  
IN S O D I U M  B I C A R B O N A T E  S O L U T I O N S  
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FIO.  6. T h e  e f f e c t  o f  f i l t r a t i o n  o n  t he  a l k a n e  c o n t e n t  o f  a n  
a l k a l i n e  s o l u t i o n  c o n t a i n i n g  670  m g / 1  n - n o n a d e c a n o i c  a c i d  equ i l -  
i b r a t e d  w i t h  n o r m a l  a l k a n e s  C~s to  C~, i n d i c a t i n g  t h e  e f f e c t  
o f  t h e  s u r f a c t a n t  o n  mice l l e  size. 

A C C O M M O D A T I O N  OF  N O R M A L  A L K A N E S  
IN  S O D I U M  B I C A R B O N A T E  S O L U T I O N S  
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F i e .  7. T h e  d i s t r i b u t i o n  o f  n o r m a l  a l k a n e s  a c c o m m o d a t e d  
in  a n  a l k a l i n e  s o l u t i o n  c o n t a i n i n g  685  r a g / 1  b e n z o i c  a c i d ,  s h o w -  
i n g  the  l a c k  o f  e f f e e t  o f  t h e  s u r f a e t a n L  

containing n-nonadeeanoic acid is such that  greater 
quantities will pass the small-pore filters. This may 
be interpreted by saying that  the hydrocarbon micelles 
are significantly smaller in the n-nonadecanoic system 
than in all the others. I f  this is so, it might be 
speculated that  ground waters carrying hydrocarbons 
in the  presence of long chain fa t ty  acids would be 
expected to carry  hydrocarbons through sediment 
and rock formations where systems containing other 
surfaetants  would quickly lose their hydrocarbons. 

Having considered the foregoing exploratory data, 
it is now of interest to determine n-alkanes in waters 
associated with recent sediments. 

n-Alkanes in Water Expressed from 
Recent Sediments 

Recent sediments contain dispersed hydrocarbons 
in quantities of several hundred parts  per million 
(5,26,27), and it is generally believed that  small 
portions of such hydrocarbons, given the r ight  con- 
ditions ult imately become accumulated as petroleum 
in oil fields. In the present investigation exploratory 
data were sought to measure the mobilization of the 
sediment hydrocarbons during a simulated natural  
compaction process. F i rs t  the hydrocarbon contents 
of samples of recent sediments were established. 

Secondly, a major  proport ion of the sediment water 
was expressed by centrifuging, and this was examined 
for n-alkane content. F inal ly  the effect of added 
surfactants  was explored in the same system. 

R e c e n t  S e d i m e n t s  

The analytical procedure used for determining 
n-alkanes in wet sediments was as follows. A sample 
of the sediments of about 10 g was shaken with about 
30 ml of methanol and benzene (30-70 v /v )  for  
several hours. The resulting emulsion was centri- 

T A B L E  IV 

Effect of Added Sur fac tan t s  on the Acconlmodation of n-Alkanes 
in Distilled Wate r  Systems 

n-Alkane content, n lg /1  a 

Glass wool filter 5 ~ filter 0.45 /z filter 

Distilled wa te r  1.9 0.65 0.17 
Sodium bicarbonate  added 7.2 0.98 0.36 
Cyclohexane carboxylic acid and  

sodium bicarbonate  added 3.6 0.52 0.19 
n-Nonadecanoic acid and  

sodium bicarbonate  added 3.0 1.56 1.36 
Benzoic acid and  sodium 

bicarbonate  added 7.0 1.26 0.09 

a Values for  total n-alkane content C~o to Caa based on measured 
values for  0~o, Cm, C~a, C2s. 
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fuged, the liquid drawn off and a fur ther  25 ml of 
solvent added to the sediment pr ior  to a second shak- 
ing. Af ter  several such extractions, the combined 
extracts  were evaporated under  nitrogen at 20C until  
two distinct liquid layers developed. The benzene 
layer was removed and the aqueous layer was fur ther  
extracted with benzene to remove any  residual alkanes. 
To t ransfer  the alkanes f rom the benzene layer to 
n-heptane for liquid chromatography  , the combined 
benzene extracts  were reduced to 10 ml under  ni- 
trogen, and 20 ml of n-heptane was added. The 
mixed solvent solution was evaporated to 10 ml, and 
a fu r ther  20 ml of n-heptane added, followed by a 
fu r the r  evaporat ion reduetion to 10 ml. This proce- 
dure was repeated three times to reduce the benzene 
content to a level which would not interfere with sub- 
sequent chromatography  on silica gel, in which n- 
heptane e]ution separated the alkanes f rom the bulk 
of the extracted organic material .  Contaminat ion 
f rom the solvents used contributed insignificant 
amounts of alkanes. The silica gel n-heptane eluate 
was examined as before for n-aIkanes using gas liquid 
chromatography.  

The sediment samples were selected to relate to 
three widely different environments of deposition. 
One was from Lake Wabamun,  a fresh-water  lake 
near  Edmonton,  Alberta  which had been included 
in earlier investigations (14) ;  the second was f rom 
the Atlant ic  sea floor off the coast of Nova Scotia 
(19) ;  and the th i rd  was an arctic delta sediment 
f rom the Mackenzie r iver near  Inuvik,  N.W.T., in 
nor thern Canada (17). 

The gas chromatograms of the alkanes extracted 
f rom the three sediments are shown in F igure  8. Each 
shows a strong odd carbon preference in the n-alkanes 
in keeping with the results of other investigators 
(5,27). The n-alkane contents of the sediments in 
the C2o-Ca3 range were 27, 9 and 66 ~g/g, d ry  weight 
basis, for the lake, marine and delta sediments re- 
spectively. I f  the lake sediment n-alkanes were re- 
ported on an as-received, i.e. wet, basis the level 
would be about 3.8 ~g/g. As the sediments were 
over 80% water  it might  be expected that  a significant 
proport ion of these hydrocarbons were actual ly ac- 
commodated in the water  phase ra ther  than  in the 
solid matrix.  

Attent ion might  be drawn to the predominant  
alkanes in the three sediments. The Atlant ic  sample 
showed a clear-cut predominance of the Cs~ and C29 
n-alkanes. The nor thern lake sample showed a pro- 

GAS CHROMATOGRAMS OF ALKANES 
IN RECENT SEDIMENTS 

MARINE SEDIMENT 
i CITTO C33 9~9/~] t~ * 

FRESH WATER SEDI~Ei~IT 
C~?TO C~ 2 7/( ~/'@ 

RCTIC DELTA SEDIMENT 
CI?TO C33 66 ~z q/~ 

17 19 21 Z3 Z5 2 7  2 9  3~ 
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FIG. 8. Carbon number distribution in gas chromatograms 
of alkanes from recent sediments from (a) the Atlantic off 
the south eastern coast of Nova Scotia. (b) a shallow fresh 
water lake in the Edmonton, Alberta area (e) the delta of the 
Mackenzie River near Inuvik, N.W.T. 

DISTRIBUTION OF n-ALKANES 
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F~O. 9. Similarities among the distribution of normal alkanes 
in (a) A.P.I. Project 6 reference crude oil (b) Joffre Nisku 
oil field water and (c) distilled water after shaking for 24 
hr with an excess of normal alkanes. 

dominance of Co7 and the arctic sample indicated 
that  the C27 dominance was shif t ing to that  of C2~. 
While the sediments came from different environments 
and it may be unwise to a t t r ibute  much significance 
to these data, they nevertheless do fit into a north- 
south pa t te rn  of lat i tude control of carbon number  
preferences such as that  suggested by Meinschein 
(22), based upon his data and those of Or5 who 
found a predominance of C~1 in whole p lants  f rom 
Texas (25). 

n-Alkanes in ~.xpressed Waters 

Sediments f rom Lake Wabamun  and North Cooking 
Lake were centr i fuged (1050 g, 30 min)  to simulate 
a na tura l  compaction. The expressed water  amounted 
to about 50% of the water originally present. I t  was 
filtered through a wad of glass wool and centrifuged 
a second time (1050 g, 1 hr)  to settle traces of 
suspended substances. The water  was then extracted 
in the same manner  as the foregoing alkaline systems. 
n-Alkanes in the Ceo-C~ range were determined as 
before. 

The n-alkane content was surpr is ingly  low, with 
only 0.029 rag/1 of C2o-C~3 in one sample of water  
expressed f rom Wabamun  Lake sediments. A second 
sample showed 0.016 mg/1.  The sediment water  f rom 
the other lake showed slightly higher values, at 0.043 
and 0.056 mg/1.  The distribution of n-alkanes in both 
reflected the s t rong odd carbon preference of the 
parent  sediments. This was not unexpected since 
(a) the alkaline nature  of the waters  would be ex- 
pected to give much the same effect as that  of the 
sodium bicarbonate distilled water  systems which 
reflected parent  hydrocarbon availability, and (b) 
the suspension of inorganic particles of < 1  t~ in size 
surviving the centr i fuging operations would be carry-  
ing hydrocarbons of a distribution similar to that  of 
hydrocarbons in the bulk of the sediments. These 
hydrocarbons would contain alkanes with a strong odd 
carbon number  preference, and in the extraction stage 
would be included with those accommodated directly 
in the water. Fu r the r  the system was somewhat more 
complex since the hydrocarbons present  in the sedi- 
ments were not s imply suspended as in the distilled 
water  systems but  ra ther  were adsorbed and integral  
components of the solid matrix.  Hence, the avail- 
abil i ty of the source hydrocarbons for  accommodation 
in water  would be reduced. Secondly, the composition 
of the water  with its dissolved salts and organic mat te r  
would be expected to have a noticeable effect upon 
the amount  of alkane accommodated. 
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n - A l k a n e  in  E x p r e s s e d  W a t e r s  w i t h  A d d e d  S u r f a c t a n t s  

One of the more significant components of the 
sediment system was expected to be the na tura l  sur- 
factants  or solubilizers present, and an a t tempt  was 
made to define this effect to some degree by adding 
addit ional surfactants  pr ior  to the compaction 
centrifuging. 

To make an exploratory test of the effect of added 
surfactants  in the lake sediments, the following sys- 
tems were made up, involving added sodium bicar- 
bonate and the surfactants  used before in the distilled 
water  systems: 
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L a k e  w a t e r  W e t  lake sed imen t s  NaHCO3 S u r f a c t a n t  

a)  500 ml 1 k g  
b)  500 ml 1 k g  1 
c) 500 ml  1 k g  1 g Cyclohexane ea rboxyi ie  

ac id  0.5 g 
d)  500 mi 1 kg  1 g n -Nonadecano ic  acid, 

0 . 5 g  
e) 500 ml 1 k g  1 g Benzo ic  acid, 0 .5  g 

In  each case, a f te r  being shaken for 24 hr, the 
semi-liquid mixture  was centr i fuged (30 rain, 1050 
g) ,  and the liquid layer f rom the first centr i fuga-  
tion recentr i [uged (one hour, 1050 g).  The super- 
na tan t  liquid was divided into two aliquots, one for 
fil tration through glass wool, and the other through 
a 5 ~ millipore filter. Both filtrates were extracted 
as before with n-heptane. Stable emulsions were 
formed which could be broken only through repeated 
freezing and thawing. The n-heptane extracts were 
analyzed in the usual manner  for  alkanes in the 
Ceo-C3a range. The results are shown in Table V. 

The presence of the sodium bicarbonate approxi-  
mately  doubled the mobilization of the Cso-C33 n- 
alkanes. The addit ion of cyclohexane carboxylic acid 
and benzoic acid suppressed the mobilization and the 
addit ion of n-nonadecanoie acid had no effect. The 
effect of filtering through the 5 ~ filter was a minor 
reduction in the n-alkane accommodation, this reduc- 
tion being most pronounced in the unal tered sediment 
system wherein the n-alkane content was reduced by 
one half. 

As before the hydrocarbons in the expressed waters 
retained their  odd-carbon preference with the added 
surfac tants  having no effect. Thus, under  the par-  
t icular  conditions existing, the three potential ly sur- 
face active agents produced no noticeable increase in 
n-alkane content of the expressed water  and no change 
in the n-alkane distribution. 

n-Alkanes in Surface Waters 

Attent ion was then directed to the n-alkanes oc- 
curr ing  in some surface waters, specifically in some 
lake, ocean and r iver  waters. 

Lake waters were collected f rom three local lakes, 
including those f rom which the foregoing lake sedi- 
ments were taken. Five-gallon water  samples were 
collected, in the winter t ime through holes augered in 

TAP, L E  V 

Effect  of Added  Sod ium ]~ic;~rbonate a n d  S u r f a c t a n t s  on the 
:Mobilization of n -Alkanes  f r o m  Recen t  L a k e  Sed imen t s  

Tota l  n -a lkanes  C~o to Css i n / t g / 1  of expressed  water 

U n a l t e r e d  sed iments  
Sod ium b ica rbona te  added  
Cyclohexane carboxyl ic  acid  a n d  

s o d i u m  b ica rbona te  added  
n -Nonadecano ic  acid  a n d  sod ium 

b i ca rbona t e  added  
Benzoic  ac id  and  sod ium b ica rbona te  added  

Glass  wool filter 5/~ Filter 

14 7 
27 20 

19 16 

26 19 
21 13 
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the ice and t ranspor ted  p rompt ly  in careful ly cleaned 
pyrex  glass carboys to the laboratory where they were 
filtered through glass wool plugs to remove large 
part iculate  matter .  

Sea water  samples were collected in similar con- 
tainers off the Atlant ic  coast near  Ha l i fax  and in the 
St ra i t  of Georgia near  Victoria, Bri t ish Columbia. 
They were analysed within a few days of being 
collected. The one local r iver sample was collected in 
the same manner  as the lake samples. 

Af te r  filtration through glass wool four-l i ter  ali- 
quots of each sample were acidified with a few drops 
of 12N hydrochloric acid and extracted with two 40 
ml port ions of n-heptane by shaking vigorously in 
large separa tory  funnels. To complete the extraction 
of each 5-gallon sample of water, subsequent 4-liter 
portions of the samples were extracted with the same 
n-heptane portions. At  the conclusion of the 4-liter 
extractions, the seputory funnels were washed with 
a fu r the r  25 ml of n-heptane. The combined extracts  
for each water  sample were reduced to approximate ly  
3 ml by evaporat ion under  nitrogen. The alkanes 
were separated f rom other organic ma t t e r  by chroma- 
tography  on silica gel and analyzed by gas chroma- 
tography  as before. 

The n-alkanes in the C2o-C~a range found in surface 
waters were appreciably less abundant  than in the 
waters expressed f rom sediments. They ranged f rom 
less than 0.2 ~g/1 in the sea waters to 3.8 ~g/1 in 
one of the lake waters, as shown in Table VI.  Only 
one sample showed a strong odd carbon perference. 
This was a sample taken f rom Cooking Lake in the 
fall of the year and it showed the highest n-alkane 
content at 3.8 ~g/1. A second sample taken five 
months later  showed only 0.3 /~g/1 with a less pro- 
nounced odd carbon preference. Both observations 
may be a t t r ibuted to the remains of p lant  life which 
flourishes in this shallow autochthonous lake dur ing 
the ice-free season, ra ther  than to the basic accom- 
modation of hydrocarbons in the water  of this lake. 

The most significant feature  of the occurrence of 
n-alkanes in the various surface water  samples is the 
very low content, roughly three orders of magni tude 
lower than the accommodation of the n-alkanes in 
distilled water. 

I t  is now of interest  to tu rn  to the occurrence of 
high-molecular weight n-Mkanes in subsurface oil 
field waters. 

n-Alkanes in 0i l  Field Waters 

I t  would seem reasonable to expect water  associated 
with crude oil to be in equilibrium with the hydro- 
carbons of the oil, especially when considering the 
int imate contact between the petroleum and water  
dur ing crude oil production. 

Three samples of coproduced water  f rom oil and 
gas fields of western Canada were examined. The 
samples were collected f rom the wellhead to avoid 

T A B L E  V I  

n -Alkane  Content  of S u r f a c e  Waters 

Sample  Total  C~o to Css, /~g/1 Odd  carbon preference 

L a k e  water 
Cooking  Lake ,  Oct. 3.8 S t r o n g  
Cooking  Lake ,  :Mar. 0.3 W e a k  
L a k e  W a b a m u n  0.2 None  
P i g e o n  L a k e  0.7 None  

Sea w a t e r  
Vic to r i a ,B .C .  0.2 None  
D a r t m o u t h , N . S .  < 0 . 2  None  

R i v e r  w a t e r  
Nor th  S a s k a t c h e w a n  R i v e r  1.6 None  
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contamination f rom the separator  or t reater  and al- 
lowed to stand in a closed container for several weeks 
to allow a good grav i ty  separation of coproduced oil 
and water. In  each case, the water  was carefully 
t ransfer red  to a separa tory  funnel  and allowed to 
s tand for I hr, a f te r  which it w a s  drained off into 
a second funnel  in which it was extracted with n- 
heptane. As before the extracts  were ehroma- 
t0graphed on silica gel and the alkanes determined 
by gas chromatography.  

Very  low levels of solvent contamination, which 
had not previously been attained,  permit ted the 
measurement  of normal  alkanes C16 and above. 

The content of n-alkanes in the C2o-Caa range as 
shown in Table V I I  is low, being only slightly higher 
than in the surface waters discussed in the preceding 
section. Significantly, they were appreciably lower 
than in the expressed waters of the sediments, and 
were 2.6 l~g/1, 14 t~g/1 and 1.1 ~g/1 for the Joffre 
and J u d y  Creek oil-fields and the Countess gas field 
waters, respectively. Again as in most of the water  
samples examined, the distribution was logarithmic 
with a slope nearly the same as tha t  of n-alkanes in 
distilled water. There was no odd carbon preference. 

TABLE V I I  

n-Alkane Content of Oilfield Waters 

Field Stratigraphic unit Total C16-Caa/zg/1 oH 

Joffre Upper Devonian, Nisku formation 5.1 6.5 

Judy Creek Upper Devonian, Beaverhill Lake 
formation 14 6.9 

Countess Lower Cretaceous, Bow Island 
formation ] .1 8.0 
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