A Molecular Organic Carbon Isotope Record of
Miocene Climate Changes

M. Schoell, S. Schouten, J. S. Sinninghe Damsté,
J. W. de Leeuw, R. E. Summons

The difference in carbon-13 ('3C) contents of hopane and sterane biomarkers in the
Monterey formation (Naples Beach, California) parallels the Miocene inorganic record of
the change in 80 (3'20), reflecting the Miocene evolution from a well-mixed to a highly
stratified photic zone (upper 100 meters) in the Pacific. Steranes (3'3C = 25.4 + 0.7 per
mil versus the Pee Dee belemnite standard) from shallow photic-zone organisms do not
change isotopically throughout the Miocene. In contrast, sulfur-bound C,4 hopanes (likely
derived from bacterial plankton living at the base of the photic zone) have systematically
decreasing '3C concentrations in Middle and Late Miocene samples (3'3C = —29.5 to
—31.5 per mil), consistent with the Middle Miocene formation of a carbon dioxide—rich cold

water mass at the base of the photic zone.

The Miocene marked the transition from
an ice-free world with well-mixed oceans to
one that was glaciated and had highly
temperature-stratified oceans like those of
today (I-3). Paleoenvironmental informa-
tion on the Miocene Pacific is almost ex-
clusively derived from oxygen and carbon
isotope studies of foraminifera in carbonate-
rich sediments from open ocean settings.
Miocene sediments throughout the north-
ern Pacific rim, however, are predominant-
ly diatomaceous mudstones, often rich in
organic matter, that are typified by the
Monterey formation in California (4). Pa-
leoclimatic data from Monterey-type sedi-
ments are sparse and limited to benthic
foraminifera (5). Here we propose a new
approach and show that *C/'*C ratios of
organic constituents such as C;5 hopanes
and C,, steranes provide paleoclimatic in-
formation from Monterey-type sediments
that complement paleoclimatic studies from
open ocean sediments.

We examined samples from the Miocene
Monterey formation at Naples Beach, Cali-
fornia (Figs. 1 and 2 and Table 1), a Miocene
section that has been the subject of many
geological and geochemical studies (5-12).
The time span covered in this section is from
Saucesian [~18 to 24 million years ago (Ma)]
to Mohnian (=8 Ma), on the basis of faunal
analysis and correlations with strontium iso-
tope data (6, 7). Total organic carbon (TOC)
in these sediments ranges between 4 and 17%
by weight, and organic matter is thermally
immature, as indicated by sterane isomeriza-
tion ratios (20S/20R < 0.1). The concentra-
tions of sulfur-bound C,; steranes [for exam-

ple, 20R-5a, 14, 17a(H)-cholestane (I, Fig.
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2)] and C;; hopanes [such as 22R-178,-
21B(H)-pentakishomohopane (I, Fig. 2)]
change throughout the profile and are posi-
tively correlated with TOC (13-17). Free
and sulfur-bound steranes vary only slightly in
their 3C content [33C = —25.4 + 0.7 per
mil versus the Pee Dee belemnite standard
(PDB)] and are isotopically similar to modern
C,; sterols (—26.4 = 0.5 per mil) in the
Santa Monica Bay (I8). In contrast, *C
contents in sulfur-bound C;5 hopanes de-
crease significantly during Middle and Late
Miocene time (8'°C = —29.5 to —32.5 per
mil). The latter biomarker 33C values are
clearly independent of their abundance and
are not related to TOC values; rather, they
exhibit systematic trends that are possibly
linked to changes in the Miocene surface
ocean.

The cholestane carbon skeleton is de-
rived from cholesterol and closely related
structures that are defunctionalized during
transport and diagenesis. One of the most
effective pathways for steroid preservation in
sediments results from the natural incorpo-
ration of sulfur (19). Cholesterol is biosyn-
thesized predominantly by planktonic algae
that today live optimally at depths of =0 to
30 m in Pacific coastal waters, as indicated
by a sharp maximum in the concentration of
chlorophyll-a at this depth (18). Zooplank-
ton, another major source of cholesterol,
graze on algae and have high carbon conver-

sion efficiencies, making their biomass isoto-
pically similar to their food source (20, 21).
Thus, the 8'3C of sedimentary cholesterol
from all sources should approximate the
average 8'3C value of algal carbon. In con-
trast, the C;5 hopanes are derived from the
bacteriohopane polyols (such as III in Fig. 2)
and are compounds biosynthesized exclu-
sively by prokaryotes (22, 23), including
cyanobacteria and the heterotrophic eubac-
teria. The divergence of the 8!3C signatures
for sedimentary steranes and C;5 hopanes
over the same time indicates that a carbon
source not tied to algal productivity contrib-
utes significantly to the hopanoid biomark-
ers. Heterotrophic bacteria are unlikely be-
cause they would synthesize hopanes that are
isotopically similar to, or slightly *C-en-
riched with respect to, primary algal photo-
synthate, including the steranes discussed
above (20, 21).

The strongly correlated changes in the
concentrations of sulfur-bound hopanes and
steranes, as well as the TOC (Fig. 2), point
to their common origin in the photic zone.
Common modes of accumulation were likely
controlled by high levels of photosynthetic
productivity and aided by preservation in
oxygen-depleted water columns similar to
those in the modern Santa Monica and
Santa Barbara basins (24). We believe that
the predominant source of the C;5 hopanes
is cyanobacterial picoplankton including the
prochlorophytes. Contributions from sedi-
mentary bacteria to Cs5 hopanes in these
sediments appear to be minor. This conten-
tion is supported by the absence of A-ring
methylated hopanes, biomarkers for methyl-
otrophs (25), suggesting that methane recy-
cling was suppressed in the Monterey depo-
sitional environment (16). Also, bisnorho-
pane and trisnorhopane, biomarkers likely
derived from bacteria that use pore water
CO, as a carbon source (16), differ markedly
from C;5 hopanes both in abundance and
BC content (14).

Algae and marine bacteria have different
depth habitats in modern ocean water col-
umns, a fact that holds the key to the inter-
pretation of the Naples Beach biomarker data.
Algal productivity is maximized at shallow
depths (0 to 30 m), whereas bacterial biomass
(Synechococcus and the prochlorophytes) in

Fig. 1. Map of coastal California
Tertiary geology with Monterey for-
mation and location of Naples
Beach outcrop (9). The numbers in
circles represent the following geo-
logical units: 1, Eocene to Upper
Cretaceous marine rocks; 2, Oli-
gocene marine rocks; 3, Oligocene
nonmarine rocks; 4, Rincon shale
and Vaqueros formation (lower Mi-
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ocene and upper Oligocene ma-

rine); 5, Miocene Monterey formation; 6, Sisquoc formation.
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Fig. 2. Stratigraphy and lithology of the Miocene section at Naples Beach (70), depicted with the
total organic carbon content (TOC) concentrations and carbon isotopic composition of macromo-
lecularly bound C,4 hopane and C,, sterane as well as the isotopic composition of the kerogen
[kerogen data are from (72)]. The sample positions in the lithology column are schematic (for age
assignments, see Table 1). Abbreviations: sil., siliceous; U., Upper; calc., calcareous.

the Atlantic Ocean occurs at all depths in the
photic zone. The prochlorophytes, for exam-
ple, follow the seasonally changing nitracline
(26, 27). Averaged annually, about 80% of
the prochlorophyte cell production occurs be-
tween 70 and 100 m [figure 9 in (26)]. The
313C data for the C;5 hopanes in the Naples
Beach profile are consistent with their origin
from bacteria living at greater water depths
than algae. On the basis of these consider-
ations, we infer that the 3'C signatures of the
C,5 hopanes and steranes are decoupled be-
cause of different habitat depths of their
source organisms. We propose that the 3!°C
signatures of the C;5 hopanes reflect changes
at the base of the photic zone.

The carbon isotopic composition of a
polycyclic biological compound can be ex-
pressed as

B3O = 813
3°C; =8"Cpic — €, — € 0y
where 3'°Cp. is the isotopic composition

of the dissolved CO,; €, summarizes all

fractionations between dissolved CO, and
primary photosynthate, and €, is the frac-
tionation occurring during the biosynthe-
sis of polyisoprenoids from primary photo-
synthate (28, 29). The isotopic difference
between hopanes and steranes can be writ-
ten as

A13CH-S = A13CDIC - Aﬁp (2)

The value for €, cancels out, because both
biochemicals are derived from similar bio-
synthetic pathways with similar isotope dis-
criminations (30, 31). The isotopic differ-
ence between steranes and hopanes
(A*Cyy.g) is then a close approximation for
relative changes in the photic zone caused
either by the change in 3Cpc or by
biological fractionation. Small values of
ABCyy g should reflect a well-mixed photic
zone and large differences should indicate a
highly stratified photic zone. The value of
ABC, g closely tracks the 3'%0 signal of
Miocene foraminifera (Fig. 3B), which sug-

Table 1. Carbon isotope analyses of steranes and hopanes from a Miocene section at Naples
Beach, California. Abbreviations: L., Lower; M., Middle; n, number of analyses.

Age*  Age* C,, sterane C,5 hopane
Epoch/stage/CN zone*  Sample*  from to 313Ct n 313Ct n

(Ma) (Ma) (per mil) (per mil)
Not determined KGO8 6.1 7 -253+16 3 -29.7 £ 0.7 2
Delmontian/L. Mohnian KG05 7 7.6 —-26.0 £0.2 2 -315+05 2
M. Miocene/CN5 KGO1 13.7 15 -25.4 0.7 4 -29.4 + 0.8 2
M. Miocene/CN4 KG02 14 16 -255+0.7 2 -282+0.2 2
Saucesian/Relizian KG11 17.6 17.7 -26.3 0.9 3 -27.3+x15 2
Saucesian KG10 17.6 17.7 -257+x1.0 3 -27.0=0.8 2
Saucesian KG09 17.7 24 —-259+04 3 —-26.6 £ 0.2 2
Saucesian KG03 17.7 24 —-24.1 +£0.2 2 —-24.7 £ 0.3 3
*Sample numbers and ages are from (7). 1o SD of repeat analyses.
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gests that A1*C,; g monitors the cooling of
waters in the deep photic zone during this
time.

Variations in 8'3Cp; in the photic
zone (<100 m) can be caused by CO,
removal through photosynthesis, organic
matter remineralization, CO, exchange
with the atmosphere, and the vertical or
lateral transport of water masses (32, 33).
The 8'*Cpy profiles through the photic
zone in the Pacific change by only 1 to 1.5
per mil between water depths of 25 and
100 m (32, 33). Even in the eutrophic
Santa Monica Bay, the §!°Cp, values are
=1.5 and =0.3 per mil at depths of 25 and
100 m, respectively (18). Changes of this
magnitude are far too small to account for
the change of 6 to 7 per mil in the *C
content of hopanes in the Naples Beach
profile (Fig. 3). The highly productive
modern Santa Monica Bay shows that
high rates of algal photosynthesis alone are
insufficient to affect the 8'C of surface
ocean waters to account for the carbon
isotope changes in Miocene biochemicals
at Naples Beach. During the total anoxia
of a water column possibly caused by
exceptionally high surface productivity,
one would expect a concomitant change
in the 8'3C of total organic carbon and
that of coeval carbonates (34); such effects
are not observed in the Naples Beach
profile (5, 35).

The fractionation €, is the sum of all
fractionations associated with (i) CO,
transfer to the site of carboxylation, (ii)
combined Rubisco carboxylation, and (iii)
growth rate (29, 36). Many studies show
that €, values correlate with the concen-
trations of dissolved CO, [CO,(aq)] and
concomitant changes in temperature (28,
37, 38). Excellent correlations between
313C of particulate organic carbon (POC)
and temperature have been observed in
the Drake Passage where cold antarctic
waters mix with mid-latitude waters (38).
Cell size and growth rate, however, are
important factors that can obliterate the
correlation of 8Cpny with [CO,(aq)]
(29, 36).

In the case of the Naples Beach profile, we
have indirect evidence that it is mostly the
changing water temperature and related
changes in [CO, (aq)] that caused the change
in the isotopic composition of the hopanes
and A*Cy; 5. We used as an approximation
the correlation between isotopic composition
of POC and temperature in modern oceans
[=1.6°C for each per mil change in §C
(38)] and the today’s 83C of the shallow
photic zone sterols for calibration (Fig. 4).
From these relations, we estimate a 3.1° to
4.3°C drop of water temperature at the base of
the photic zone between the Early and Late
Miocene, a reasonable estimate for ice-vol-
ume—corrected temperature changes of Mi-
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ocene Pacific deep waters (39). Also, A’ Cyy ¢
values for Late Miocene time lead to a lower
photic zone temperature of 10° to 11°C, in
good agreement with today’s temperatures of
9.5° to 10.5°C at a depth of 80 to 100 m in
coastal California waters (Fig. 4). These rea-
sonable temperature estimates deduced from
biomarker carbon isotopes are circumstantial
evidence that the main control on $*C of
these organic constituents was the concentra-
tion of dissolved CO, and its concomitant
temperature changes.

The *C concentrations of Cy5 hopanes

Fig. 3. (A) The C,; sterane and A

Cas hopane 8'3C values interpret- 92
ed as indicators of changing wa- 23
ter masses in the shallow and
deep photic zone during the Mi-
ocene. Modern sterols in the San-
ta Monica Bay synthesized at 25-
m water depth and about 14°C
water temperature (18) are similar
to Miocene steranes in the Naples
Beach section. These data sug-
gest that shallow photic zone con-
ditions in the Miocene were simi-
lar to those today in Pacific coast-
al waters. The development of the I
Antarctic ice sheet (2, 3) is de- -33
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Permanent East Antarctica
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and the isotopic difference between steranes
and hopanes closely follow other paleocli-
matic events such as the buildup of the Ant-
arctic ice shield and the various Miocene
glaciations (40-42) (Fig. 3, A and B). During
the Early Miocene, dissolved CO, and
3BCpc (and very likely temperatures) were
similar throughout the photic zone, indicating
well-mixed surface waters (Fig. 4). The photic
zone stratification deduced from the organic
isotope record at Naples Beach is in accord
with the main body of Miocene paleoceano-
graphic work that found the Pacific to have
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top (not to scale) and the num-
bers below the bar are ages of
Miocene glaciations (44). (B) Iso-
topic difference (A'3C,) be-
tween C,, steranes and C,4 ho-
panes. The lower solid line is
A'3C,, ¢ as measured. The upper
solid line is A'3C,, 4 corrected for
the difference (8'3Cp,c) in the
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photic zone of contemporary San-
ta Monica Bay [A'3Cp,c ~ 1.2 per
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mil (77)]. In the Early Miocene
photic zone, A'3C,, ¢ likely started

I
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at the lower line (no A'3C,, gra-

dient) and ended at the upper line in Late Miocene after a A'3C, . gradient evolved with the advent
of cold waters at the base of the photic zone. The expression A'3C,, ¢ represents the residual
organic isotope signal that is only related to [CO,(aq)] or concomitant temperature gradients in the
photic zone. The Miocene $'80 record for benthic foraminifera is from (47).

Fig. 4. Development of photic zone
water-column stratification during 34
the Miocene, reconstructed from 0
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carbon isotopic compositions of bi-
omarkers. The C,, steranes and
C,5 hopanes are assumed to rep-
resent conditions in the shallow and
deep photic zones, respectively.
The 8'3C value for modern sterols is
from Santa Monica Bay data [3'3C
= —26.4 = 0.5 per mil at a temper-
ature of 14°C (18)]; the deep photic
zone value (~70 to 100 m) is the
actual measured temperature (78).
The temperature scale is calibrated
with the present sterol value to rep-

Water depth (m)

~80to 100

12 13 14 15 16
Temperature (degrees celsius)

10 1

resent 14°C and a change of 1.6°C

for 1 per mil change in the organic High [CO, (aq)] Low [CO, (aq)]
813C (38).
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evolved from a well-mixed water body to a
highly complex temperature-stratified ocean
(1-5, 40-44). The carbon isotopic signatures
of biomarkers augment this picture. For exam-
ple, a change in A®C, g at 14 to 15 Ma
corresponds with a major cooling event for
Pacific deep waters recorded by the 80
values of benthic foraminifera (40-42) (Fig.
2B). Also, East Antarctica became perma-
nently covered by ice during this time interval
(3, 44). The A’Cy; ¢ data suggest that the
trend to a more stratified photic zone contin-
ued into the Late Miocene, correlated with a
series of glaciations at the boundary of Middle
to Late Miocene (44). Finally, our data in Fig.
3 indicate a reversal of this trend during the
Late Miocene around 7 to 8 Ma, consistent
with the minor warming events observed in
the deep-sea 880 record (1, 40, 41). The
organic carbon isotope record suggests that
the changes in the deep photic zone were
closely coupled with changes of deep-water
masses in the Pacific and that the shallow
photic zone was not affected by these changes.

Our conclusions are partly based on a
favorable comparison of Miocene data with
modern eastern Pacific coastal water condi-
tions. In our case, this comparison may be
valid because we compared ancient and mod-
emn data from similar oceanographic settings.
However, care must be exercised when differ-
ent modern and ancient oceanographic set-
tings are compared. Also, our assumption of
an origin of C;5 hopanes from cyanobacteria
living predominantly in the deep photic zone
needs confirmation from modern data. Fur-
thermore, a calibration of sterane and hopane
13C contents with modem water temperature
and [CO,,,| data would be necessary for the
development of carbon isotope signatures of
biomarkers as a paleoceanographic tool.
Overall, however, we consider the striking
parallelism of the isotopic data derived from
biomarkers with known paleoclimatic events
as strong circumstantial evidence in favor of
their paleoceanographic significance.

Organic carbon isotope signatures of bio-
markers are not affected by diagenesis as long
as the basic carbon skeleton of the biological
structure of the molecule is preserved. There-
fore, carbon isotope analyses on steranes and
hopanes could possibly advance our knowl-
edge of the general climate changes beyond
Miocene time to the geologic record. In ad-
dition, with organic compound isotope data
we may be able to gain paleoclimatic
information from sediments accumulating
at continental margins and in epeiric seas,
environments from which little paleocli-
matic data is yet available.
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Deep, Zonal Subequatorial Currents

Lynne D. Talley* and Gregory C. Johnson

Large-scale, westward-extending tongues of warm (Pacific) and cold (Atlantic) water are
found between 2000 and 3000 meters both north and south of the equator in the Pacific
and Atlantic oceans. They are centered at 5° to 8° north and 10° to 15° south (Pacific)
and 5° to 8° north and 15° to 20° south (Atlantic). They are separated in both oceans by
a contrasting eastward-extending tongue, centered at about 1° to 2° south, in agreement
with previous helium isotope observations (Pacific). Thus, the indicated deep tropical
westward flows north and south of the equator and eastward flow near the equator may
result from more general forcing than the hydrothermal forcing previously hypothesized.

The upper ocean circulation is known to
be vigorous and basically east-west in ori-
entation, but despite many years of ocean-
ographic observation of the tropical Pacific,
relatively little is known about the circula-
tion below a depth of about.1000 m. More
is known about the deep tropical Atlantic
circulation because of its strong water mass
signatures in temperature, salinity, oxygen,
and nutrients. In the Pacific the discovery
of helium tongues of hydrothermal origin
has resulted in the hypothesis that the
dominant large-scale tropical circulation
centered at about 2500 m depth consists of
westward flow in two broad bands north and
south of the equator (I). Recent detailed
and large-scale observations made as part of
the World Ocean Circulation Experiment
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(WOCE) and South Atlantic Ventilation
Experiment are allowing the detailed de-
scription of the major elements of the cir-
culation at these depths. In this report,
evidence of longitudinally extensive east-
west flows at these depths within 15° to 20°
of the equator is presented, as indicated in
the fields of temperature, salinity, and ox-
ygen measured with unprecedented latitu-
dinal resolution; similarity between flow
patterns that have been hypothesized for
the Pacific and Atlantic is demonstrated.
The existence of large-scale zonal flow at
depth in the South Pacific is well known
because of its hydrothermal signature.
Plumes of water with high *He/*He ratios
emitted from the East Pacific Rise at 15°S
(2) were observed along 125°W, 135°W,
and the dateline (I, 3), in a core centered
at 2500 m at 15° to 20°S. Upward motion
from hydrothermal sources directly over the
rise that feeds the warm, helium-rich
tongue extending to the west was demon-
strated by Hautala and Riser (4). The
South Pacific plume is also evident in maps
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