
dicted from the NaICl ratio of seawater 
by only 1 p,eq liter-'. However, ~ g ~ '  is 
much less closely linked to Na' and C1-, 
probably because it is also related signifi- 
cantly to  the agricultural components of 
c a 2 +  and NH4+.  Like c a 2 + ,  Mg2+ is a 
component of windblown soil. 

A three-cluster analysis (BMDP, K- 
means, no standardization) of the 49 
sites studied in 1981 reveals a geographi- 
cal pattern of concentric rings related to  
concentrations of the major pollutant 
ions,  SO^^-, H + ,  and NO3-. All three 
are high at 15 sites subject to  severe air 
pollution in northern Illinois and Indiana 
through Ohio, West Virginia, Virginia, 
and Pennsylvania to  New York. The 
same ions are of intermediate concentra- 
tion at 16 surrounding sites in Michigan, 
southern Illinois, Tennessee, the Caroli- 
nas, New York, New Hampshire, and 
southern Maine. A third group, low in 
these ions, forms an outer ring of 18 sites 
in Minnesota, Wisconsin, Upper Michi- 
gan, Arkansas, Mississippi, Florida, 
Georgia, Tennessee, North Carolina, 
and northern Maine. In the most polluted 
group of sites, H +  averages 61.7 p,eq 
liter-' (pH 4.21) and is almost twice the 
concentration of the summed base cat- 
ions (NH4+ + Ca2+), whereas in the 
least polluted group it averages 21.4 peq 
liter-' (pH 4.67) and about equals the 
sum of the tv i) base cations. Wet S042- 
deposition the most polluted group is 
~pproximately twice as  great (31 kg ha-' 
year-') as  in the least polluted group (15 
kg ha-' year-'). 
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Thermogenic Gas Hydrates in the Gulf of Mexico 

Abstract. Thermogenic gas hydrates were recovered from the upper few meters of 
bottom sediments in the northwestern Gulf of Mexico. The hydrates were associated 
with oil-stained cores at a water depth of 530 meters. The hydrates apparently occur 
sporadically in seismic "wipeout" zones of sediments in a region of the Gulf 
continental slope at least several hundred square kilometers in area. 

We report here the occurrence of ther- 
mogenic gas hydrates in ocean sedi- 
ments. The hvdrates were discovered 
fortuitously during geochemical surveys 
involving piston coring operations at 
27'47'N and 91°30'W in 530 to 560 m of 
water in the northwestern Gulf of Mexi- 
co. Hydrates were observed dispersed in 
carbonate rubble in three cores and 
ranged in size from minute crystals to  
objects several centimeters in diameter. 
Although the cores were severely dis- 
rupted by gas expansion during the 10- to  
15-minute interval between coring and 
retrieval on deck, the gas hydrates ap- 
peared to be distributed from the top of 
the core to  a sediment depth of at least 
several meters. Samples of the hydrates 
were preserved in liquid nitrogen for 
laboratory analysis. 

Gas hydrates are solid icelike clathrate 
structures in which gases are occluded in 
a crystalline water lattice under appro- 
priate conditions of high pressure and 
low temperature. Hydrates can exist in 
two forms. Structure I gas hydrates have 
a symmetrical shape and exclude mole- 
cules larger than ethane. Structure I1 
hydrates are slightly larger and can ac- 
commodate not only methane and eth- 
ane but also propane and isobutane. 
Molecules as  large or larger than n-bu- 
tane cannot be accommodated in either 
lattice structure (1). The stability zone of 
gas hydrates in marine sediments is gen- 
erally found in continental slope areas 
where water depths are greater than 500 
m and water temperatures at  the bottom 
are near 0°C. Although a wide range of 
molecules (methane, ethane, propane, 
isobutane, COz, Nz, 02,  and H2S) can 
form hydrates, methane and possibly 
CO2 are the only gases found in sufficient 

quantities in deep-sea sediments to  form 
gas hydrates. Under conditions of tem- 
perature and pressure appropriate for 
hydrate stability, gas concentrations 
must exceed solubility levels before hy- 
drates can form. Therefore, methane hy- 
drates can be found only in regions 
where there is significant biogenic meth- 
ane production or where there is migra- 
tion of thermogenic gases from deeper 
horizons. Thermogenic gases d o  not 
form hydrates at  their site of production 
because the ambient temperatures are 
outside the stability zone of hydrates. 

The presence of gas hydrates in ma- 
rine sediments has long been suspected 
on the basis of laboratory stability stud- 
ies and the existence, in some sediments, 
of a bottom-simulating reflector (BSR)- 
an anomalous acoustic reflector that ap- 
proximately parallels the bottom topog- 
raphy, cutting across bedding planes and 
deepening with increasing water depth 
(2). The BSR is thought to  represent the 
lower boundary of gas hydrate stability, 
below which gas hydrates decompose 
because of increased temperatures. The 
existence of hydrates has been inferred 
in many ocean areas on the basis of 
seismic records (3). Gas hydrates appear 
to be common in the continental margins 
of all the oceans. However, to  our 
knowledge the only direct observations 
of gas hydrates in marine sediments have 
been in shallow cores from the Black Sea 
(4); at a subbottom depth of 238 m on leg 
76 of the Deep Sea Drilling ProjectlInter- 
national Phase of Ocean Drilling (DSDPI 
IPOD) in the Blake Outer Ridge of the 
Atlantic Ocean (5); and on DSDPIIPOD 
legs 66,67, and 84 in the Middle America 
Trench off Mexico and Guatemala (6). 
Because hydrates are not stable at  atmo- 



Table 1. Data on the molecular and isotopic composition of hydrate gas and water obtained after lattice. since the 6" to  8°C temDerature of 
decomposition in a pressure device consisting of a 23-cm2 sample holder, gauge block, and gas 
sampling port with septum (Parr Instrument). Two experiments were performed with separate 
hydrate samples taken from a depth in the core of 1.0 to 1.5 m. N.D., not determined. 

Parameter Experiment 1 Experiment 2 

Methane 
Ethane 
Propane 
Isobutane 
n-Butane 

Gas (all compositions in percent)* 
55.1 (-44.6) 
2.6 (-29.3) 

14.4 (-18.6) 

Carbon dioxide 3.4 118.5) 
Nitrogen N.D. 
O2 + argon N.D. 
Methanelethane + propane 3.2 

Total components 83.3 
3 0 ,  methane (per mil) - 199 

Water (ionic compositions in parts per thousandj-i 
Salinity (refractive index) 9 
Chlorinity 5.9 
Na+ 3 .: 
MgZ+ 0.21 
K + 0.14 
Ca2+ 0.20 
Sr2+ 0.0054 

67.5 (-44.8) 
4.5 

14.9 
4.2 
0.2 
3.9 (13.3) 
4.1 

<o. 1 
3.5 

99.2 

9 
4.8 
3.0 
0.16 
0.11 
0.16 

N.D. 

*Numbers in parentheses are carbon isotopic (6'3C) values in per mil. tchlorinity was determined by 
Mohr titration and the cations by inductive coupled plasma. 

spheric pressure (even at  -20"C), only 
the sample from DSDPIIPOD leg 84 was 
successfully collected for laboratory 
study prior to  the discovery reported 
here. The four previous samplings of gas 
hydrates yielded predominantly biogenic 
hydrocarbon gases (mainly methane) on 
decomposition. 

The thermogenic nature of the hy- 
drates collected in this study is indicated 
by (i) molecular compositions containing 
large amounts of ethane, propane, and 
isobutane, (ii) carbon isotopic composi- 
tions, and (iii) the presence of oil in the 
cores. Results of the molecular and iso- 
topic analyses of gas and water obtained 

from the decomposing hydrate samples 
are summarized in Table 1 (7). The hy- 
drates had a gas:fluid ratio of 70: 1 on 
decomposition. The large amounts of 
propane and isobutane indicate that a 
structure I1 hydrate was present. Hydro- 
carbons larger than isobutane were de- 
tected at  very low concentrations. The 
large amounts of ethane, propane, and 
isobutane and the heavy carbon isotopic 
ratio (-45 per mil relative to Pee Dee 
belemnite) of the hydrate gases are char- 
acteristic of thermogenic gases produced 
deep in the sedimentary column (8) .  The 
large amounts of nonmethane gases in 
the hydrate must stabilize the hydrate 

water at 530 m in this part of the Gulf of 
Mexico is outside the temperature limit 
of methane hydrate stability. Since the 
presence of thermogenic hydrates in 
shallow sediments implies that the hy- 
drate gas has migrated upward from deep 
in the sedimentary column, thermogenic 
hydrates could exist as  deep in the sedi- 
ment column as  their stability would 
allow. 

The three cores that contained gas 
hydrates were also oil-stained. Results of 
chemical analysis of two of the hydrate 
cores are presented in Table 2. The cores 
contained as  much a s  12.1 percent hex- 
ane-extractable material. Column chro- 
matography was used to separate the 
extractable organic matter into saturate, 
aromatic, and polar compound types (9). 
The oil was extensively biodegraded, 
with both the saturate and aromatic gas 
chro~natograms being dominated by the 
unresolved complex mixture. Column 
chromatography of the extractable mate- 
rial indicated that most of the degraded 
oil was aromatic in nature (23.1 percent 
saturate, 44.6 percent aromatic, and 7.6 
percent polar compounds for oil in the 0- 
to 5-cm section of core 165). The large 
amounts of calcium carbonate in the core 
mav be the result of microbial oxidation 
of petroleum. Chlorinities in the intersti- 
tial waters in excess of seawater levels 
may be  due to the presence of a salt 
diapir underlying the site. The erratic 
distribution of chlorinities may reflect 
the fact that hydrates exclude salts from 
the clathrate structure because of the 
size of their ionic radii. 

Although the area where the three 
hydrate cores were collected is restricted 

Table 2. Data on sediment and interstitial water in two hydrate-containing cores. N.D., not determined (some sections contained large amounts of 
oil, making certain analyses impossible). 

Extract- Organic Refrac- SC02 
Sta- Depth ables carbon* CaC03 Sulfur tive Chlorinity (milligrams 
tion (cm) (%I (%) (%I (%I index (per mil) of carbon 

(per mil) per liter) 

166 0 to 5 1.2 3.2 16.8 1 .O  
166 20 to 25 3.1 2.4 18.8 1.2 
166 40 to 45 1.3 2.8 19.3 1.2 
166 60 to 65 3.2 14.3 N.D. 0.6 
166 80 to 85 12.1 11.9 N.D. 0.8 
165 0 to 5 2.7 3.8 44.9 0.76 
165 20 to 25 3.5 4.5 31.5 0.84 
165 40 to 45 2.1 3.0 37.7 0.88 
165 80 to 85 0.8 3.0 65.0 0.51 
165 140 to 145 1.8 2.8 30.8 1.21 
165 160 to 165 0.4 1.1 16.9 1.20 
165 180 to 185 0.2 1.1 19.3 1.37 
165 200 to 205 0.6 1.6 8.2 1.37 
165 220 to 225 0.3 1.4 15.7 1.55 
165 240 to 245 0.5 1.7 7.2 1.68 
165 260 to 265 0.4 1.4 14.2 1.66 
165 280 to 285 0.3 1.3 10.0 1.87 

"Organic carbon content was highly \ wable in many sections because of a separate oil phase. 

410 

N.D. 
N.D. 

38 
N.D. 
N.D. 
N.D. 

55 
72 
73 
64 
72 
60 
61 
72 

19.1 
19.3 
19.2 

N.D. 
N.D. 
18.4 

N.D. 
N.D. 
N.D. 
30.9 
41.2 
41.8 
35.6 
41.5 

14.2 
3.1 

21.6 
N.D. 
N.D. 
54.2 
N.D. 
N.D. 
N.D. 
25.9 
29.2 
19.7 
47.0 
36.1 
37.5 
30.4 
31.8 
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in size (a few square kilometers), there is 
evidence that thermogenic gas hydrates 
may be widespread on the Gulf continen- 
tal slope. Anderson et al. (10) recently 
reported oil-stained sediments contain- 
ing large amounts o f  gas over a 20-km2 
area o f  the upper slope. Some o f  the 
sediment gases they collected contained 
large amounts o f  isobutane but little n- 
butane, suggesting that hydrates were 
originally present in these cores. Our 
report expands the area where oil, and 
probably hydrates, occur intermittently 
in surface sediments to -250 km2. The 
migration o f  thermogenic gas and oil to 
the surface in this area occurs along 
faults and fractures created by salt tec- 
tonics in the area. Since these processes 
are pervasive over large areas o f  the Gulf 
Coast, hydrates associated with thermo- 
genic hydrocarbon seepage may be com- 
mon along the continental slope. 

Little seismic evidence for gas hy- 
drates in the Gulf o f  Mexico has been 
reported. BSR's have not been reported 
for the northern Gulf o f  Mexico, al- 
though they have been reported along 
the Mexican Ridge systems (2). Sidner et 
al. (11) observed anomalous seismic fea- 
tures described as chaotic facies (gas- 
charged sediments). The gas hydrates 
sampled in this study were associated 
with chaotic facies or gas "wipeout" 
zones. Sections reported as chaotic fa- 
c i e ~  may in reality be the top o f  a sedi- 
ment section containing disseminated 
gas hydrates (12). 

The discovery o f  thermogenic hy- 
drates associated with oil-stained cores 
in the Green Canyon area o f  the Gulf o f  
Mexico will necessitate more detailed 
chemical, geological, and biological 
studies o f  the area. The extent and distri- 
bution of  hydrates, their seismic signa- 
ture, and their possible association with 
active oil and gas seepage are only a few 
o f  the areas o f  interest suggested by this 
discovery. Many complicating processes 
in these cores need further study, such 
as ( i )  the response o f  the microbial eco- 
system to seeping oil and gas and dis- 
solving salt; (ii) the effect o f  the microbi- 
al processes on isotopic fractionation in 
the oil, methane, and carbon dioxide, 
and (iii) geochemistry associated with 
carbonate formation from degradation o f  
the seeping oil. Because o f  the apparent 
widespread occurrence o f  oil in slope 
sediments from natural seepage, ques- 
tions are also raised as to our ability to 
differentiate between natural seepage 
and petroleum pollution in the Gulf o f  
Mexico and to determine baseline levels. 
The effect o f  solid hydrates and oil- 
stained sediments on the benthic ecology 
o f  an area is unknown. Gas hydrates may 
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also represent a recoverable resource i f  
they exist in significant quantities in the 
subsurface. 
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An El Niiio Signal in Atmospheric 
Angular Momentum and Earth Rotation 

Abstract. Anomalously high values of atmospheric angular momentum and length 
of day were observed in late January 1983. This signal in the time series of these two 
coupled quantities appears to have been a consequence of the equatorial PaciJic 
Ocean warming event of 1982-1983. 

Interest in the angular momentum demonstrated that, on time scales o f  
budget o f  the earth-atmosphere system about a year and less, changes in the 
has been sparked in recent years by the angular momentum o f  the atmosphere 
availability o f  routine global analyses o f  are strongly coupled to changes in the 
atmospheric wind fields and improved rotation rate o f  the solid earth, that is, to 
astronomical measurements o f  the rota- changes in the length o f  day (ALOD). W e  
tion o f  the earth. Studies (1-3) have show here that, starting in late January 

Fig. I. Twice-daily values of the angular momentum of the atmosphere above the globe between 
1000 and 100 mbar for the period 1 January 1976 to 31 December 1983. Time is marked along the 
abscissa in units of days. 




