
bottom at station 185 (15 km northeast of 
station 186) averaged 23 cm sec-' toward 
300? during the time measurements were 
being taken at station 186 and averaged 
2.3 cm sec-~ toward the east at station 
187. These observations lasted for only 
half a semidiurnal tidal cycle and do not 
represent the average current regime in 
the region. The main deep current in this 
region is the Western Boundary Under- 
current (WBUC). The southwesterly 
trending WBUC might well transport 
such patches of turbid water along the 
continental margin after the turbidity 
flow has expended most of its forward 
momentum near the edge of the abyssal 
plain. 

Seismograph records at Lamont-Do- 
herty Geological Observatory have been 
examined for the period 25 April to 8 
May 1971 (2 weeks prior to the date of 
the measurements made at station 186) 
for evidence of significant seismic activi- 
ty in the Grand Banks area. No such ac- 
tivity was detected (14). 

We believe that other isolated patches 
of highly turbid bottom water that have 
been found along the western margin of 
the North American basin should also be 
considered in this light (4-8). It may not 
be necessary to have very high bottom 
currents actively eroding the substrate at 
the site of observation to account for the 
high concentrations of particulate matter 
in some bottom waters. 
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the natural oil-generating process. 

The products generated by anhydrous 
pyrolysis and retorting of organic-rich 
shales contain significant amounts of ole- 
fins (Fig. 1). The rarity of olefins in natu- 
ral crude oils (1) indicates that these 
pyrolysis methods do not duplicate the 
natural oil-generating process. In June 
1977 we generated pyrolyzates that did 
not contain olefins from organic-rich 
shales (Fig. 1). In addition, the pyroly- 
zates had other properties that closely 
match those of natural crude oils. The 
process, called hydrous pyrolysis, in- 
volves filling half of a pressure vessel 
with equal volumes of water and crushed 
or sawed blocks of organic-rich shale. 
The remaining void is filled with helium 
at I to 2 atm, and the vessel is then 
heated to 330?C for 3 to 4 days. 
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The organic-rich shales used in this 
process are in their prehydrocarbon gen- 
eration stage of diagenesis. This is eval- 
uated before pyrolysis by elemental anal- 
yses and visual analysis of the kerogen 
portion of the organic matter (2-5). Oil- 
like pyrolyzates have been generated by 
this process from shales containing algal 
and liptinitic kerogens. Woodford Shale 
from Carter County, Oklahoma, which 
contains liptinitic kerogen and 4.3 per- 
cent (by weight) organic carbon, is used 
in this report as an example of hydrous 
pyrolysis. 

A gas chromatogram of the pyrolyzate 
generated by hydrous pyrolysis of 
Woodford Shale (Fig. 2A) is similar to 
that of a natural crude oil (Fig. 2B) that 
has been geochemically correlated (6) 
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Table 1. Comparison of natural crude oils with pyrolyzates generated by hydrous pyrolysis. 

Substance n-Alkane CI Pristane/phytane Optical 81C range ratio rotation 

Natural Woodford Ci to C37 1.0 1.4 to 1.5 0.1 to 0.3 -29.8 to -30.0 
crude oils 

Pyrolyzates from Cl to C37 1.0 to 1.1 1.1 to 2.3 0.1 to 0.2 -29.4 to -30.0 
hydrous pyrolysis 
of Woodford Shale 

Crude oils (overall Cl to C37 0.8 to 1.2 0.4 to 8.0 -0.1 to 4.5 -21.0 to -35.0 
range) 

*Carbon preference index (CPI) = 1/2 [(C25 + C27 + C29)/(C24 + C26 + C28) + (C25 + C27 + C29)/(C26 + C28 + 
C30)]. tPer mil increment in 13C relative to Pee Dee belemnite. 

Table 2. Composition of natural crude oils and pyrolyzates generated by hydrous pyrolysis at 
330?C for 96 hours. Values are percentages by weight. 

Eluted fraction* (%) Non- 
elutedt Substance ielutedS 

Satu- Aro- Po- To- fraction 
rates matics lars tal (%) 

Natural Woodford crude oils 80-89 10-16 1-4 100 0 
Pyrolyzates from hydrous pyrolysis 62 28 10 62 38 

of Woodford Shale 

*Portion eluted on an activated alumina column with n-heptane (saturates), dichloromethane (aromatics), and 
dichloromethane-methanol mixtures (polars). tPortion not eluted on an activated alumina column with 
dichloromethane-methanol mixtures. 
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Generation of Oil-Like Pyrolyzates from Organic-Rich Shales 

Abstract. Pyrolyzates similar to natural crude oils were generated from organic- 
rich shales by hydrous pyrolysis. With this type of pyrolysis it is possible to make 
more sophisticated correlations between crude oils and their source rocks, evaluate 
the hydrocarbon potential of a source rock, and elucidate the variables involved in 
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Fig. 1. Ternary diagram show- 
ing the compositions of py- 
rolyzates generated by dif- 
ferent pyrolysis and retorting 
methods with natural crude 
oils. (0) Class I retorting of 
Green River Shale (10, 17); 
(0) class II retorting of Green 
River Shale (17); (?) class III 
retorting of Green River Shale 
(17); (*) hydrogasification of 
Green River Shale (9); (O) an- 
hydrous vacuum pyrolysis of 
Green River Shale (12); (a) 
Fischer assay of Green River 
Shale (17); (A) hydrous pyrol- / 
ysis of Woodford Shale; and Olefins L 

(V) hydrous pyrolysis of 100 vol. % 
Green kiver Shale. 

with the Woodford Shale. Conversely, 
the gas chromatogram of the product 
generated by pyrolysis without water 
(Fig. 2C) is distinctly different. Addition- 
al similarities between pyrolyzates and 
crude oils from Woodtird sources are 
shown in Table 1. The wide range in the 
pristane/phytane ratio of the pyrolyzate 
appears to be dependent on the duration 
of the experiment. Although the temper- 

Table 3. Total yields of expelled pyrolyzate 
phases from Woodford Shale at 330?C for 72 
hours. Values are percentages (by weight) of 
whole rock. 

Expelled Hy- Anhydrous Anhy- 
pyrloyzate drous + helium- drous 

phasest pyrol- pressured pyrol- 
ysis pyrolysist ysis 

Free 1.5 0.0 0.0 
Sorbed 0.6 0.5 0.1 
Aqueous 0.01 0.0 0.0 
Gas 0.7 0.7 2.1 

Total 2.8 1.2 2.2 

*Free phase, pyrolyzate layer on top of water; 
sorbed phase, pyrolyzate film on shale chips; aque- 
ous phase, pyrolyzate dissolved in water; and gas 
phase, pyrolyzate in the gaseous phase. tHelium 
pressure at 330?C is 140 atm. 

Table 4. Hydrogen budget of hydrous and an- 
hydrous pyrolysis. Values are moles per 100 g 
of Woodford Shale measured at 25?C, except 
where noted otherwise. 

Amount 
(moles per 100 g x 103) 

Hydrogen AH2 
form Hy- Anhy- (hy- Hy Any 

drous - 
drous drous ay anhy- 

drous) 

H2 (gas) 5.67 4.82 0.85 
H2S (gas) 0.84 9.80 -8.96 
2H+ (aq)* 0.08 0.00 0.08 

x10-3 x10-3 
H2S (aq)t 0.08 0.00 0.08 

Total H2 6.59 14.62 -8.03 

*Abbreviation: aq, aqueous. tCalculated from 
thermodynamic data. 
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ature used for hydrous pyrolysis may be 
200? to 250?C higher than that inferred 
for natural petroleum generation (7, 8), 
the similarities between the pyrolyzate 
and natural crude oils suggest that hy- 
drous pyrolysis approaches duplication 
of the natural process. The higher tem- 
perature used during hydrous pyrolysis 
increases the reaction rate, but dif- 
ferences between the gross properties of 
the pyrolyzate and the natural product 
are apparently minor. 

Two noticeable differences are the 
larger noneluted fraction of the pyroly- 
zate and its slightly lower content of sat- 
urated compounds in the eluted fraction 
(Table 2). The pyrolyzates are under 
considerably lower pressure than natural 
crude oils and migrate relatively short 
distances. The noneluted fraction is 
quite polar, and in the natural system it 
may not be expelled from the shale or it 
may be chromatographically removed 
during migration. The higher temper- 
atures used in hydrous pyrolysis are an- 
other possible cause of this deviation. 
The smaller portion of saturates in the 
eluted fraction of the pyrolyzate is prob- 
ably a result of the higher temperature 
used. Studies of retorting of shales have 
shown that the content of saturates de- 
creases with increasing retorting temper- 
atures (9, 10). 

Hydrous pyrolysis differs from other 
pyrolysis methods in the following way: 
during hydrous pyrolysis shale and its 
organic constituents are in contact with 
liquid water (11) at a pressure of more 
than 127 atm; in other pyrolysis methods 
shale is surrounded by a vacuum (12), ni- 
trogen (13), or inert gas (14) at essentially 
1 atm. Whether liquid water is important 
as a reactant or because of its confining 
and pressuring effect, or both, is not yet 
known. The presence of bulk liquid wa- 
ter apparently results in the best product 
in greatest yield (Table 3). On the other 
hand, some oil-like pyrolyzate was gen- 

erated at 330?C from Woodford Shale, 
using helium to provide a reactor pres- 
sure similar to the water vapor pressure. 
It is not yet clear whether the helium 
pressure inhibits escape of pyrolysis 
products into the bulk vapor space, 
keeping them where they can react with 
other pyrolysis products in the rock, or 
alters factors other than the behavior of 
the organic phase, giving products dif- 
ferent from those produced at low pres- 
sure. Harwood (15) showed that in an- 
hydrous vacuum pyrolysis of kerogen 
more than 50 percent (by volume) of the 
evolved gas may be hydrogen. Con- 
finement of hydrogen within the rock by 
external pressure could be critical to the 
hydrogenation of olefins in the pyroly- 
zate. The hydrogen budget in Table 4 
shows that sufficient hydrogen is gener- 
ated during both hydrous and anhydrous 
pyrolysis. 

A practical advantage of hydrous 
pyrolysis is that representative liquid 
product forms a layer on top of the water 
in the pressure vessel and may be easily 
removed with a pipette for analysis (16). 
The pyrolyzate from helium-pressured 
pyrolysis occurs as a liquid film on the 
shale chips, which must be removed by 
quickly rinsing the chips with an organic 
solvent such as benzene or methylene 
chloride. This type of pyrolysis is less 
precise, is subject to loss of lower-boil- 
ing products, and does not give a good 
indication of the amount of pyrolyzate 
that may be expelled from a particular 
type of shale. 

The pyrolyzate apparently migrates 
out of the shale as a separate phase, not 
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blowdown of 
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Fig. 2. Gas chromatograms of (A) pyrolyzate 
generated from Woodford Shale by hydrous 
pyrolysis at 330?C for 72 hours, (B) natural 
Woodford crude oil, and (C) pyrolyzate gen- 
erated from Woodford Shale by anhydrous 
pyrolysis at 330?C for 72 hours. 
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miscible with water. Petrographic exami- 
nation of thin sections of hydrous pyro- 
lyzed shale shows that the liquid product 
fills wavy fractures that are parallel to 
and sharp-sided fractures that are per- 
pendicular to the linear fabric of the 
shale. In some fractures the filling may 
be traced to the edge of a shale block, 
where the pyrolyzate continues as a thin 
film. We observed some of these textural 
features in shales from cores and out- 
crops. 

Hydrous pyrolysis may prove to be a 
sophisticated method for correlating 
crude oils with their source rocks and 
evaluating the generating capability of a 
source rock. It should provide more in- 
formation on the natural oil-generating 
processes and the dependence of the 
composition of crude oil on such vari- 
ables as temperature, pressure, time, 
and water. It may also help to elucidate 
the primary migration mechanisms of 
crude oils in their source rocks. 

M. D. LEWAN 
J. C. WINTERS, J. H. MCDONALD 

Amoco Production Company Research 
Center, Tulsa, Oklahoma 74102 
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Atmospheric Halocarbons, Hydrocarbons, and Sulfur 
Hexafluoride: Global Distributions, Sources, and Sinks 

Abstract. The global distribution offluorocarbon-12 and fluorocarbon-11 is used to 
establish a relatively fast interhemispheric exchange rate of 1 to 1.2 years. Atmo- 
spheric residence times of 65 to 70 years for fluorocarbon-12 and 40 to 45 years for 
fluorocarbon-11 best fit the observational data. These residence times rule out the 
possibility of any significant missing sinks that may prevent these fluorocarbons from 
entering the stratosphere. Atmospheric measurements of methyl chloroform support 
an 8- to 10-year residence time and suggest global average hydroxyl radical (HO) 
concentrations of 3 x 105 to 4 x 105 molecules per cubic centimeter. These are a 
factor of 5 lower than predicted by models. Additionally, methyl chloroform global 
distribution supports Southern Hemispheric HO levels that are a factor of 1.5 or 
more larger than the Northern Hemispheric values. The long residence time and the 
rapid growth of methyl chloroform cause it to be a potentially significant depleter of 
stratospheric ozone. The oceanic sink for atmospheric carbon tetrachloride is about 
half as important as the stratospheric sink. A major source of methyl chloride (3 x 
1012 grams per year), sufficient to account for nearly all the atmospheric methyl 
chloride, has been identified in the ocean. 
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A major uncertainty in the fluorocar- 
bon-ozone theory has been due to in- 
sufficient and often conflicting data on 
the global distribution of halocarbons. 
Calculation of the residence time of 
fluorocarbons is critically linked with 
this distribution and is an essential input 
into models that attempt to simulate the 
stratospheric 03 depletion problem (1, 
2). In addition, the budgets and distribu- 
tions of halocarbons provide a unique 
means for studying some of the funda- 
mental features of the natural atmo- 
sphere. Inert species such as fluorocar- 
bons and SF6 are tracers that identify 
and quantify the global circulation, 
whereas the distribution of the more 
reactive halocarbons such as methyl 
chloroform (CH3CCl3) offers a unique 
means for quantifying the role of the hy- 
droxyl radical (HO), a central atmo- 
spheric species that cleanses the atmo- 
sphere of impurities (3, 4). Because a 
comprehensive set of global data on the 
distribution of unreactive and reactive 
halocarbons has not been available, most 
estimates have been made from point 
measurements and the hemispheres have 
been assumed to be well mixed. We 
present here extensive global measure- 
ments, which substantially alleviate this 
deficiency and provide an essential 
means for developing and verifying two- 
dimensional global photochemical mod- 
els that are in a state of active develop- 
ment. We also characterize the growth of 
important atmospheric halocarbons, in- 
cluding several fluorocarbons, on the ba- 
sis of data collected over a period of 3 
years, and we discuss the important role 
the oceans play in the atmospheric chlo- 
rine budget. 

We determined the global distributions 
of a large number of trace constituents 
between 64?N and 90?S at widely varying 
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longitudes (5). We analyzed these back- 
ground air samples both in situ and by 
collecting pressurized air samples in spe- 
cially constructed stainless steel and 
glass vessels. All the in situ air and sea- 
water analyses were conducted aboard a 
U.S. Coast Guard vessel, the Burton Is- 
land, which sailed the Pacific from Oak- 
land, California (37?N), to Wellington, 
New Zealand (42?S). We took surface 
seawater samples in the Pacific Ocean 
from depths of 0 to 300 m at 50-m inter- 
vals. We also conducted several short- 
term field studies in clean remote sites on 
the west coast of the United States, 
starting in November 1975. Electron 
capture and flame ionization gas chro- 
matographic techniques were used to an- 
alyze halogenated species and hydro- 
carbons, respectively. Details of the 
measurement methods are given in (6, 7). 

Figure 1 shows the global distribution 
of five fluorinated species (F stands for 
fluorocarbon): F12 (CCl2F2), Fll11 
(CCl3F), F113 (CCl2FCClF2), F114 
(CClF2CClF2), and SF6. All these species 
are man-made, are emitted predominate- 
ly in the Northern Hemisphere (NH), 
and are essentially inert in the tropo- 
sphere. It is clear from Fig. 1 that all five 
species are well mixed within each hemi- 
sphere and that the average concentra- 
tions in the Southern Hemisphere (SH) 
differ only marginally (10 to 15 percent) 
from the NH values. 

Using a simple two-box model (4) and 
the emissions data for F12 and Fll (8), 
we calculate an interhemispheric ex- 
change rate (re) of 1 to 1.2 years. This is 
in good agreement with estimates by 
Czeplak and Junge (9) but in disagree- 
ment with other studies that calculate Te 
values of 2 to 4 years (9). Thus, the 
fluorocarbon data suggest that NH and 
SH air masses are exchanged in a rela- 
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