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Anaerobic sedimentary conditions have traditionally been linked to the gen- 
eration of the source rocks for petroleum formation. However, the influence of 
sedimentary redox conditions on the composition of freshly deposited organic 
matter (OM) is not clear. We assessed the effect of in situ exposure time to oxic 
conditions on the composition of OM accumulating in different coastal and 
deep-sea sediments using solid-state 13C nuclear magnetic resonance (NMR). 
13C NMR spectra were resolved into mixtures of model components to dis- 
tinguish between alkyl carbon present in protein and nonprotein structures. 
There is an inverse relation between the length of exposure to oxic conditions 
and the relative abundance of nonprotein alkyl (alkyl,,) carbon, whose con- 
centration is two orders of magnitude higher in coastal sediments with short 
exposure times than in deep-sea sediments with long exposure times. All 
alkyl,,-rich samples contain a physically separate polymethylene component 
similar in composition to algaenans and kerogens in type I oil shales. The 
duration of exposure to oxic conditions appears to directly influence the quality 
and oil generation potential of OM in marine shales. 

Sedimentary burial of a small fraction this link requires studies on organic carbon 
[<0.5% (1-3)] of organic matter (OM) pro- (OC) compositions in sediments with con- 
duced in the surface ocean is responsible trasting oxygen exposure histories. Unfor- 
for the generation of fossil fuels over geo- tunately, such studies are hampered, be- 
logic time scales (4-5). Although the major cause most OM in marine sediments cannot 
precursors of these fuels are well charac- be characterized at the molecular level (2). 
terized within the diagenetic continuum The extent of OM preservation in marine 
ranging from phytoplankton (6-8) to kero- sediments appears to reflect the average period 
gens (9-14), the variables that control se- during which accumulating particles are ex- 
lective preservation of these "protofuels" posed to oxic sedimentary conditions (15, 16, 
are still debated (15-1 7). Oxygen-limited 18). The oxygen exposure time (OET) corre- 
margin environments have long been asso- sponds to the depth of 0, penetration into pore 
ciated with petroleum source rock forma- waters divided by sediment accumulation rate 
tion (4) and, more recently, enhanced OM (3). Such an "oxygen effect" is explained by the 
concentrations (3) and burial efficiencies lower degradation rate exhibited by recalcitrant 
(16). Yet the link between oxygen levels macrobiomolecules [such as pollen (19), lignin 
and the transformation of recently deposit- (20), cutin (13), hydrocarbons (21), and al- 
ed OM into hydrogen-rich petroleum-form- gaenans (7, 8, 12)] under anoxic as compared 
ing kerogens is not clear. The elucidation of with oxic conditions. These molecules can be 

selectively preserved during anoxic diagenesis 
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To test this hypothesis, we developed a 
demineralization method (23) designed to 
concentrate OM from marine sediments and 
used solid-state I3C nuclear magnetic reso- 
nance (NMR) (24) to compare the chemical 
compositions of bulk OM in 15 marine sed- 
iments representing a wide range of miner- 
alogies and oxygen exposure histories (Table 
1). These samples include an OC-rich sulfidic 
Black Sea sediment (sample 1) and OC-rich 
sediments from 0,-deficient zones (ODZs) 
along the Indian (sample 2), Peruvian (sam- 
ple 3), and Mexican coasts (samples 4 and 5), 
as well as below (sample 6) and above (sam- 
ple 7) the Mexican ODZ. Also included are 
sediments from the Arabian Sea (samples 8 
and 9), which exhibits a productivity-driven 
seasonal pattern of 0,-deficient waters; typ-
ical margin deposits accumulating below ox- 
ygenated waters on the Washington shelf 
(sample 10) and upper slope (sample 1 1); and 
organic-poor sediments from the Washington 
coast Cascadia basin (sample 12), Southern 
Ocean (sample 13), and equatorial Pacific 
Ocean (samples 14 and 15). This sample set 
comprises nearshore clastic sediments and 
carbonate and siliceous oozes. as well as 
pelagic red clay sediments. 613C and elemen- 
tal measurements suggest that OM accumu- 
lating at these sites is predominantly marine- 
derived (3). 

Major resonances corresponding to alkyl 
carbon [0 to 45 parts per million (pprn)] 
dominate all cross-polarization/magic angle 
spinning (CPMAS) 13C NMR spectra (Fig. 
l), with varying contributions from N-alkyll 
methoxyl (45 to 60 ppm), 0-alkyl (60 to 95 
ppm), di-0-alkyl (95 to 110 ppm), aromatic1 
olefinic (110 to 145 ppm), phenolic (145 to 
165 ppm), and carboxyllamide (165 to 190 
ppm) carbon. The seven organic-rich samples 
(Fig. 1, A through C) exhibit similar intensi- 
ties within these chemical shift regions. Al- 
though variations in the relative contribution 
of each type of carbon increase among the 
five samples with intermediate OC concen- 
trations (Fig. 1, D through F), resonances 
shapes and chemical shift values at maximum 
resonance intensitv are similar to those ob- 
tained for organic-rich samples. Such varia- 
tions between, rather than within, the differ- 
ent types of carbon functionalities may reflect 
mixtures of similar components at varying 
proportions. In contrast, spectra obtained for 
samples with low OC concentrations show 
greater variation in resonance shapes and rel- 
ative intensities (Fig. 1, G through I). The 

www.sciencemag.org SCIENCE VOL 294 5 OCTOBER 2001 	 145 

mailto:ygelinas@alcor.concordia.ca


R E P O R T S  


Table 1. Composition of the sediment samples. (CIN),, atomic C/N ratio; %o, per mil; D.I., diagenic degradation index. 


Sample 

1. Black Sea 
2. Indian coast 
3. Peruvian coast 
4. Mexican coast 
5. Mexican coast 
6. Mexican coast 
7. Mexican coast 
8. Arabian Sea 
9. Arabian Sea 

10. Wash. coast 
11. Wash. coast 
12. Wash, coast 
13. Southern Ocean 
14. Eq. Pacific 9N 
15. Eq. Pacific 9N 

I I I 

200 100 

Meas. Calc. Amino Carbo- Black 
Depth OC SA OCISA 613C OET OET acid hydrate carbon TotalTotalAlkyl~p

D.1. -(cm) (wt%) (m2/g) (mgOClm2) (%o) --
(Yrs) 

. . 

I I I I I I I I I I I I 

0 ppm 200 100 0 ppm 200 100 0 ppm 

Fig. 1. Solid-state CPIMAS 13C NMR spectra of demineralized sediments. Organic-rich sediments 
were from (A) the Mexican coast, (B)the Peruvian coast, and (C) the Black Sea. Sediments with 
intermediate OC concentrations were from (D) the Arabian Sea, (E) the Washington coast, and (F) 
the Cascadia basin west of the Washington coast. Organic-poor sediments were from (G) the 
surface and (H) 10 to  12 cm depth of the equatorial Pacific Ocean gON, and (I) the Southern Ocean. 

maximum alkyl intensity is shifted from 
polymethylene (-30 ppm) to tertiary and 
quaternary alkyl carbon (-40 to 45 ppm). 
The amideicarboxylic resonance is split, 
probably due to the presence of carbonyl 
groups bonded to unsaturated or branched 
aliphatic carbon. 

Molecular compositions were estimated 
by a numerical modeling procedure that used 
the NMR data to predict the relative fraction 
of OC present in biochemicals [such as amino 
acids, carbohydrates, nonprotein alkyl 
(alkyl,,) carbon, and black carbon (25)] like- 
ly to be preserved in marine sediments. Such 
molecular mixing models allow the intensity 
measured for a given chemical shift region to 
be apportioned into fractional contributions 
from individual model components. Critical- 

ly, alkyl,, carbon can then be distinguished 
from protein alkyl carbon to assess petroleum 
formation potential. 

Alkyl,, carbon is positively correlated 
(r2 = 0.67, P < 0.05) with surface area- 
normalized OC concentrations (Table l). OC 
concentrations are normalized to surface area 
(26) to account for variations in grain size 
distribution and mineral composition (27). 
To assess whether this trend is linked to 
oxygen exposure, an estimate of OET is 
needed. For about half of these samples, OET 
values were determined in situ (15, 16). For 
the others, we use the correlation (r2 = 0.96, 
P < 0.05; Fig. 2A) between OC surface 
loadings and the log of OET for stations 
where these parameters were measured (15, 
16) to calculate OET from the measured 

---Alkyl,, Alkyl,,/SA 
(glkg) (mglm2)

(% of TOC) 

OCIsurface area (SA) concentrations (Table 
1). 

Alkyl,, carbon is negatively correlated 
(r2 = 0.77, P < 0.05) with OET in oxic 
sediments (Fig. 2A). Alkyl,, carbon contri- 
bution is highest (26 to 36%) in anoxic sed- 
iments and decreases exponentially with in- 
creasing OET. The range of alkyl,, carbon 
contributions obtained for anoxic sediments 
agrees with the range of hydrogen index val- 
ues [250 to 450 mg of hydrocarbon per gram 
of OC] measured for anoxic sediments from 
the Mexican (28), Peruvian, and Oman mar- 
gins (29, 30). 

The relation between alkyl,, carbon and 
OET is further supported by calculating an 
OM degradation index based on the mole 
percentages of 15 hydrolyzable amino acids 
(31). The index integrates variations in the 
relative abundance of amino acids caused by 
their different rates of decomposition and 
alteration (31). For our sediment suite, the 
correlation (r2 = 0.79, P < 0.05; Table 1) 
obtained between alkyl,, carbon and the 
degradation index provides independent evi- 
dence for an inverse relation between alkyl,, 
carbon contribution and OM degradation. 

The contrasting chemical OC composi- 
tions in sediments with different OETs, cou- 
pled to the higher OC surface loadings and 
burial efficiencies (16) in sediments with 
short OETs, result in surface area-normal- 
ized alkyl,, concentrations that are more 
than two orders of magnitude higher in an- 
oxic sediments than in sediments with long 
OETs (Fig. 2B). The correlation between nor- 
malized alkyl,, concentrations and OETs is 
significant ( r 2  = 0.92, P < 0.01) for samples 
with measured OETs and improves to 0.96 
(P < 0.01) when samples with calculated 
OETs are included. The absolute concentra- 
tion of alkyl,, carbon, which is a pivotal 
determinant in the oil generation potential of 
source rocks, also varies by more than one 
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Fig. 2. Relative contri- 
bution of alkyl,, carbon 40 samples 
(A) and surface area- i Oxic samples 
normalized and total 35 
concentrations (insert) 
of alkyl,, carbon (B) 
plotted against mea- 
sured (open circles or 
squares) or calculated 
(gray circles or squares) 
OET. The insert in (A) 
illustrates the correla- 
tion between the frac- 
tion of OC in alkyl,.,, 
structures and a diage 
netic degradation in- 
dex The regressions are 
for a least-squares fit to 
the data for oxic sedi- 
ments [circles;~ =-1.73 
In(x) + 29.81 in (A) and 
for surface area-normal- 
ized alkyl,,,, carbon con- 
centrations [circles; y = 
-0.043 In(x) + 0.321 in 
(B). 
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order of magnitude over this OET range 
(r2 = 0.90, P < 0.05; Fig. 2B). The better fit 
obtained upon normalizing concentrations to 
surface area suggests that selective preserva- 
tion of alkyl,, OC may also be constrained to 
some extent by mineral surfaces (27), possi- 
bly through protective sorption (32, 33). 

To further characterize the alkyl,, com- 
ponent, we used solid-state 13C NMR proton 
spin relaxation editing (PSRE) (34) to frac- 
tionate the acquired CPIMAS spectra and 
generate two subspectra of components char- 
acterized by different proton relaxation rates. 
These contrasting relaxation rates reflect the 
presence of OC components that are spatially 
separated by at least 30 to 100 nrn (34). 
PSRE subspectra (Fig. 3) reveal that all or- 
ganic-rich sediments (samples 1 through 7) 
are composed of two significantly different 
(P < 0.05) and physically separate compo- 
nents. The composition of the fast-relaxing 
component reflects a mixture dominated by 
amino acid and carbohydrate carbon. In con- 
trast, the slow-relaxing component, which ac- 
counts for about one-third of the CPJMAS 
signal in OC-rich samples, is enriched in 
polymethylene carbon. Such PSRE distinct 

fractions could not be identified in samples 
with <3.0 weight % (wt%) OC, suggesting 
that OM is physically homogeneous at the 
nanometer scale in these samples. 

We then compared the compositions of 
the PSRE slow-relaxing component and the 
nonhydrolyzable (35) OM fraction of the 
alkyl,,-rich Mexican sediment (sample 5; 
Fig. 3). The nonhydrolyzable fraction ac- 
counts for 32.5% of OC and is also en- 
riched in polymethylene carbon. Such close 
similarities in chemical composition and 
abundance (-30% of OC) between the 
nonhydrolyzable, alkyl,,, and PSRE slow- 
relaxing components suggest that major 
portions of the three fractions are one and 
the same. This nonhydrolyzable, chemical- 
ly unique, and spatially separate polymeth- 
ylene component is also compositionally 
similar to cell wall-derived algaenans (14), 
the nonhydrolyzable component of a ma- 
rine algal sapropel ( lo) ,  and kerogen from 
type I oil shales (36). 

OET thus plays an important role in the 
selective preservation of fossil fuel precur- 
sors in marine sediments and directly influ- 
ences the oil generation potential of OM in 

Fig. 3. CPIMAS spectrum of the demineralized 
Mexican coast sediment [(A), sample 5 in Table 
I ) ]  the fast-relaxing (B) and slow-relaxing (C) 
subspectra obtained by PSRE, and the CPIMAS 
spectrum of the nonhydrolyzable component 
of the same sample (D). Numbers above peaks 
indicate the chemical shifts (in ppm) of the 
major peaks. 

marine shales. The early view that anaerobic 
conditions were essential for the generation 
of petroleum source rocks (22) appears to be 
an accurate first sketch of an immensely com- 
plex picture. 
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Late Holocene Climate and 

Cultural Changes in the 


Southwestern United States 

Victor J. Polyak* and Yemane Asmerom 

Columnar stalagmites in  caves of the Guadalupe Mountains during the late 
Holocene record a 4000-year annually resolved climate history for the south- 
western United States. Annual banding, hiatuses, and high-precision uranium- 
series dating show a present day-like climate from 4000 t o  3000 years ago, 
following a drier middle Holocene. A distinctly wetter and cooler period from 
3000 t o  800 years ago was followed by a period of present day-like conditions, 
wi th  the exception of a slightly wetter interval from 440 t o  290 years before 
the present. The stalagmite record correlates wel l  w i th  the archaeological 
record of changes in  cultural activities of indigenous people. Such climate 
change may help t o  explain evidence of dwelling abandonment and population 
redistribution. 

We present high-resolution late Holocene cli- mites and other microarthropod parts may also 
mate reconstruction for the southwestem Unit- be broad indicators of climate change (5).An-
ed States on the basis of variations in annual nual growth banding in stalagmites, document- 
band thickness, growth-no growth records, dif- ed elsewhere by only a few reports (3, 6-9), has 
ferences in mineralogy, andhigh-precision ura- the potential to reveal highly resolved climate 
nium-series (U-series) dating of stalagmites. change. In this semi-arid region with seasonal- 
These stalagmites, from Carlsbad Cavern and dependent precipitation, stalagmite growth is 
Hidden Cave, Guadalupe Mountains, New moisture limited, and with relative humidity of 
Mexico (Fig. l), show evidence of primary 75 to 95% in these caves, the stalagmites- 
features such as aragonite layers, well-pre- although not yet useful for stable isotope work 
served delicate fossils, and growth banding, (lo), unlike other settings (2, 11)-preserve 
indicating a lack of diagenetic alteration. Ara- well-defined, climate-revealing, annual bands. 
gonite layers in calcitic stalagmites generally Layers of altering clear and inclusion-rich 
form at the typically low cave temperature (i.e., 
20°C) under conditions of higher-than-normal 
evaporation from already elevated MgCa in Fig. 1. Location of Carls- 

bad Cavern, Hiddencave waters, and can therefore be regarded (in Cave, and the Guadalupe 

comparison to calcite layers) as indicators of Mountains in relation to 

more evaporative conditions in caves (1-4). the puebloan Southwest 

Changes in species of well-preserved fossil (dashed line). Samples 


from Carlsbad Cavern 
came from the entrance 


Department of Earth and PLanetary Sciences, Univer- to Bat Cave near the 
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calcite [couplets (8, 9)] define annual banding 
in the stalagmites, which can be detected by 
optical microscopy (Fig. 2). Our darker inclu- 
sion-rich portions of each couplet appear to 
consist of a mixture of water and organics 
probably formed by a dry-seasonal deposition 
of microflora. The clear portion of each band 
represents faster growth during seasonal peri- 
ods of increased drip rates. To establish that the 
bands constitute annual deposition of calcite, 
we measured thicknesses of >I600 bands 
(from a possible -2000 bands, 2796 C 88 to 
835 C 25 years B.P.) in stalagmite BC2. The 
average measured band thickness equals 
0.106 C 0.002 d y e a r ,  and the growth rate 
derived from U-series dating equals 0.100 C 
0.006 d y e a r ,  which are within their 2u  er- 
rors (12, 13). There are no apparent hiatuses in 
this segment of stalagmite BC2, and it is clear 
that the bands represent annual deposition of 
calcite, and that band thickness represents the 
growth rate. This agreement was strengthened 
by supporting data from all five stalagmites 
(13). It is also apparent that decreased annual 
precipitation usually results in thinner bands, 
aragonite layers, or no-growth scenarios. For 
instance, a sequence of thinner bands in stalag- 
mite BC2 was deposited coeval with aragonite 
layers in stalagmites 89029 and 89037. In our 
climatic setting, thicker calcite bands are there- 
fore interpreted as relative indicators of in- 
creased annual precipitation like that reported 
by Brook et al. (9). 

A significantly cooler, wetter climate in the 

Hidden Cavern 

-N M  87131, USA. tion location of Hidden Peak 
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