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FIG. 2 a A 12/25-um - 25/60-um two-colour diagram for 48 IRAS point
sources selected in L1641 (ref. 14). A rectangular area corresponds to the
T Tauri box*®. Filled circles denote IRAS point sources associated with
molecular outflow. b, Bolometric luminosity plotted against the 12/25-um
colour diagram for the 48 IRAS point sources. Upper horizontal scale is the
dust colour temperature derived from 12-um and 25-um flux densities on
the assumption of a A~ emissivity law. Filled circles denote IRAS point
sources associated with molecular outfiow.

sponds to this epoch, and their ages on the birthline, 1x 10° yr
(ref. 21), are consistent with the timescales of outflow and the
main accretion phase.

A consequence of this interpretation is that molecular outflow
represents the main accretion phase of a solar-type low-mass
protostar. It is then likely that mass accretion takes place inside
a flattened circumstellar disk around a protostellar core, with
outflow occurring along the poles®. If outflow is ultimately
powered by the energy released by the accretion®, the
mechanical luminosity of outflow should be smaller than the
bolometric luminosity. In Table 1, we find this to be the case.
On the other hand, mass-ejection rate in the outflows in Table
1 is typically 107> My yr~!, comparable to the mass accretion
rate above. This is, however, not a problem in star formation
as most of the outflowing mass is actually of interstellar origin
(r=10" cm) (ref. 1), and mass flux from the inner circumstellar
region (r< 10'° cm) must be significantly smaller than a mass
accretion rate of 107> Mg yr ' O
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Development of Asian monsoon
revealed by marked ecological
shift during the latest Miocene
in northern Pakistan

Jay Quade, Thure E. Cerling & John R. Bowman

Department of Geology and Geophysics, University of Utah, Sait Lake City,
Utah 84112, USA

CARBON isotopes from soil carbonate' and soil organic matter®*
yield palaeoecological information because the carbon in the soil
carbonate forms in isotopic equilibrium with local soil CO, (refs
1, 7), the isotopic composition of which is in turn determined by
local plant cover. Siwalik Group sediments in northern Pakistan
contain a well exposed palaeosol record spanning the past 18 Myr.
Here we report on stable-carbon-isotope results from associated
pedogenic carbonate which indicate a dramatic ecological shift
from C;- to C,~-dominated floodplain biomass beginning ~7.4-
7.0 Myr ago. The earlier C; floodplain biomasses were probably
mainly composed of trees and shrubs, whereas C, grasslands
dominated in the Plio-Pleistocene. Oxygen isotopes also exhibit
a shift in the latest Miocene, probably corresponding to a major
climate change which may have induced the forest-to-grassland
transition. This dramatic ecological shift in the latest Miocene
may mark the inception or a marked strengthening of the Asian
monsoon system.

Plants display three distinct carbon isotopic groupings. Cs
plants include virtually all trees irrespective of climate, nearly
all shrubs and herbs, and grasses favoured by a cool growing
season. They average ~—27%, but display a range from —35 to
—20%, depending on genus, plant longevity, moisture stress, light
intensity and other factors®”. C, plants include a few shrubs in
the families Euphorbiaceae and Chenopodiaceae, but especially
grasses favoured by warm growing seasons. C, grasses average
~—13%. CAM (crassulacean acid metabolism) plants, which
include succulents like cactus and some yuccas, are not impor-
tant components of ecosystems outside deserts, and will not be
discussed here. The isotopic compositions of soil organic matter,
where preserved, and of soil CO, where soil respiration rates
are high, are then determined by the proportion of C;: C, plants
in the local biomass. Fractionation effects arising from gaseous
diffusion and equilibrium exchange produce an enrichment of
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813C ([(UC/IZC)sample/(uC/ 12(:)sv.emdard] - 1) in soil carbonate
of ~15% with respect to soil-respired CO, (refs 1, 7, 10). Soil
carbonate formed in the presence of a pure C; and pure C,
biomass would then have 8'C (PDB) values at 25 °C of ~—12
and +2%., respectively. Oxygen isotopes in soil carbonate have
been shown to have a strong positive correlation with the isotopic
content of local rainfall'.

Palaeosols from the well dated''** (Fig. 1) Siwalik Group
sediments in the Potwar Plateau region are abundant within the
fine-grained floodplain facies of large river systems. Palaeosols
typically contain pale red to yellow, clay-rich B horizons that
have been thoroughly bioturbated and leached of carbonate.
Organic A horizons, which often cap Plio-Pleistocene
palaeosols, are rare in the Dhok Pathan formation (8.9-5.3 Myr),
and are absent in older beds. We took great care in all our
sections to sample carbonate nodules associated with this suite
of pedologic features, preferably from the soil base (calcic
horizons). Most, but not all, palaeosols in the section contained
pedogenic carbonate.

Our sampling density averaged ~1 palaeosol per 130,000 yr
over 17 Myr. From the standpoint of both carbon and oxygen
isotopes, the record contains three distinct phases.

From 18 to 7.4-7.0 Myr, almost all of the 8'*C results (using
the PDB dating standard) for soil carbonate fall between —13
and —9% (Fig. 2). Organic matter from two A horizons in the
Dhok Pathan formation is ~15%, more negative than associated
carbonate. This is the same isotope difference displayed between
the two phases in modern soils'’, indicating that neither com-
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FIG. 1 a Locations of study sections and b, approximate intervals over which
palaeosols were sampled on the Potwar Plateau, northern Pakistan. (Fm. is
formation.) Magnetic polarity timescale is from ref. 36.
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ponent has experienced diagenetic alteration. A single soil at
the 8.5-Myr level from the Chinji village section yielded results
in the range —7 to —5%. The 8'®0 (PDB) of soil carbonate
averaged ~~10to —9%, but showed a higher standard deviation
than carbon (Fig. 3).

From 7.4-7.0 to 5 Myr, the stable carbon and oxygen isotopic
compositions of soil carbonate shift towards more positive
values (Figs 2 and 3). A carbon shift seems to begin at ~7.4 Myr
at Kaulial, but values more positive than the —9% maximum
typical of older levels do not occur consistently until 6.4 Myr.
At Jalalpur the change had commenced by 7.3-7.2 Myr. We are
uncertain whether the spread in these dates is real, or the result
of small errors in palacomagnetic age estimates. The shift at
Rohtas, not included in Fig. 1 owing to dating uncertainties in
the lower portion of the section, begins a few hundred metres
below the base of the Gilbert Chron, a position consistent with
a latest Miocene age. This shift was completed at Rohtas and
at Jalalpur by ~5 Myr with the attainment of positive carbon
values. The soil carbonate 8'*0 (PDB) also changed by ~3%
during this period, attaining values of ~—7 to —5%, (Fig. 3).

From 5 to 0.4 Myr, the carbon isotopes for soil carbonate fall
between —2 and +2%. Soil organic matter lies between —14 and
—11% (ref. 10). The average isotope separation between organic
matter and soil carbonate is ~15%, again indicating that no
diagenetic alteration of isotopic composition has occurred'®.
The soil carbonate 8’0 (PDB) falls largely between —7 and
—5%. for this period and for modern soils in the area.

The carbon isotope results from 52 different palaeosols indi-
cate that a pure or nearly pure C; biomass dominated floodplains
before 7.4-7.0 Myr ago. In modern ecosystems at low latitudes
and altitudes, the narrow range of carbon values from this period
can only be produced by closed canopy forests with or without
an understorey of C; shrubs and herbs. C; grasses, normally
restricted to cooler higher latitude/higher elevation climates,
can also be present in the shaded understorey, but their overall
contribution to the biomass is small. Where the canopy is broken,
however, patches of C,-dominated grassland occur owing to the
resulting higher irradiance, water stress, and temperatures'®'’,
C, plants were present, as indicated by a single palaeosol from
the level of ~8.5 Myr, but evidently they were not common. We
therefore cannot interpret the floodplain ecosystem as having
been a ‘mosaic’ of mixed grassland and woodland. Our recon-
struction is at variance with previous interpretations based on
palaeosols that identified a mosaic of habitats, including grass-
lands, in the lower Dhok Pathan formation at Khaur!®.

The advent of 1sotopically more positive soil organic matter
and carbonate values after 7.4-7.0 Myr marks the gradual
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FIG. 2 The 8*3C (PDB) of palaeosol carbonate nodules plotted against age
in the Siwalik Sequence, northern Pakistan. The negative values before
7.4 Myr indicate a C; biomass dominated the floodplain, whereas more
positive values in the Plio-Pleistocene palaeosols indicate the dominance
of C, grasslands. @, Chinji-Nagri; O, Kautlial Kas; B, Mirpur; [J, Jalalpur; A,
Pabbi hills.
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expansion of C, plants on to the floodplain. This must signify
the appearance of grasslands because they are the only known
C, biomasses of large extent. Therefore, a vegetation mosaic of
C, grassland and C; forest was probably present between 7.4-7.0
and 5 Myr. By 5Myr, C, grasses constituted >90% of the
biomass, and this persisted through the top of the record
(~0.4 Myr). The few negative values obtained perhaps signify
limited riparian habitats in which some C; trees and shrubs
grew. The isotope shift in the carbonates cannot be explained
by changes in soil respiration rates over time because soil organic
matter also reflects the shift. Moreover, leached zones in Siwalik
palaeosols usually exceed 50cm, consistent with high-
respiration-rate soils in which the isotopic composition of car-
bonate is controlled by the proportion of C;: C, plants""°.

The reasons for the late Miocene ecological shift can be
interpreted in two ways. The shift may have been in response
to a climate change that allowed the invasion of C, grasses from
outside the region. Alternatively, the ecological shift may mark
the evolutionary first appearance of C, plants, and thus a floral
invasion unrelated to a climate change. The oldest C, grasses
yet documented appear in the late Miocene (~7.0 Myr)*® of
North America, but the palaeobotanical record for grasses is
very sparse.

The oxygen isotopes provide important evidence as they shift
in every section towards more positive values slightly before the
carbon isotope shift. Diagenesis does not seem to have modified
the isotopic composition of the carbonates, and the oxygen event
is widespread, affecting the entire Potwar Plateau. The isotopic
composition of soil water is determined by temperature, the
isotopic composition of regional rainfall, seasonality of precipi-
tation, and other factors. Without further evidence we are reluc-
tant to speculate on the exact reason for the shift except to say
that a major change in some aspect of the regional climate is
indicated.

Moderate rainfall, seasonal drought, and natural fires are all
viewed as important to modern grasslands®. One or more of
these conditions may have been absent before 7.4 Myr. Higher
rainfall in the Miocene, as indicated by thick leached zones in
soils, is one explanation. Depth of leaching in modern soils in
the area is <50 cm. Leaching depths of 1-2 m (after compaction)
in the middle and late Miocene indicate =1 m of rain per year
based on modern patterns®'. The presence of soil carbonate in
palaeosols throughout the record precludes the wet tropical
climate called for by Krynine®?.

Some soil features, as with isotopic composition, change
sharply after ~7 Myr. For example, depth of soil leaching
decreases, on average to 50cm or less. Leached zones (B
horizons) are notably yellower (2.5 Y 5/5 dry), in contrast to
the strong reds (5 YR 4/4 dry) and oranges of older soils. Most
notably, organic A horizons become common in younger sedi-
ments. Oxidation during diagenesis may have removed the older
humic horizons and altered original soil colours. However, the
humic zones and colour changes begin to appear at Kaulial
Kas, Jalalpur and Rohtas at ~7.5 Myr, even though burial depths
and therefore diagenetic histories differ between sections.
Another possible explanation is that the appearance of humic
soil zones marks the expansion of grassiands. Of the 17 humus
horizons analysed so far, 15 indicate a pure or nearly pure C,
biomass. In modern soils, organic accumulations under grass-
lands (mollic epipedons) are considerably greater than under
forests®>.

To understand the origins of the vegetation shift in the latest
Miocene, it is instructive to look at modern monsoonal climate
and its impact on the modern vegetation and soils. Modern
climate in northern Pakistan is monsoonal, with 70% of the
40-cm annual rainfall for the Potwar Plateau falling in the warm
summer months. This moderate rainfall, the strongly seasonal
rainfall distribution, and prevalence of natural fires from sum-
mer lightning strikes all favour grasslands over forest?’. Mean
daily summer growing-season temperatures fall between 30 and
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FIG. 3 The 8*80 (PDB) of palaeosol carbonate nodules in the Siwalik
Sequence, northern Pakistan. Oxygen isotopes shift towards more positive
values in the late Miocene, indicating a change in the average isotopic
composition of soil water probably resulting from regionai climatic change.
Key, as in Fig. 2.

35°C on the Potwar Plateau, the range favoured by C, grasses
in particular**-?’. Plants listed for western India®® and our own
observations on the Jhelum River floodplain indicate that the
extant native grasses of the Potwar Plateau region are Cgs. It
is therefore likely that the biomass on floodplains was a largely
C, grassland before modification by man in the past few mil-
lennia.

Our evidence indicates that if the monsoon system already
existed it experienced a strong intensification beginning at ~7.4~
7.0 Myr, marked by the first appearance of C, grasslands
favoured by the monsoonal climate of the Potwar Plateau today.
The marine record from the northern Indian Ocean supports
this, in that diatom assemblages specific to monsoon circulation
patterns first appeared 11-10 Myr ago. Abundances of these
diatoms increased markedly at 7.3 Myr, an event thought to
indicate intensification of the reversing monsoon in the region®.

Our vegetation reconstruction is also supported by mam-
malian fossil evidence. The larger animals before ~7.0 Myr
(tragulids, suids, Okapia-like giraffes, low-crowned bovids and
others) were browsers®**2. At 7.4 Myr a major faunal turnover
occurred, one which Barry et al®® speculated was related to
climate change. After 7.4 Myr, a grazing adaptation is manifest
in the high-crowned dentition of a newly appearing tragulid and
large bovids. Overall, the browsers are much less evident in the
younger assemblage. Rodents also show a major turnover at
~7.0 Myr, which has been interpreted to be caused by displace-
ment of forests by grassland®®. Most significantly Sivapithecus
sp., which is evidently allied to tree-dwelling orangutans, disap-
peared from the record at 7.4 Myr™® | at about the time grasslands
appear. O
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Old carbon in living organisms
and young CaCO, cements
from abyssal brine seeps
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ABYSSAL brine springs at the base of the Florida Escarpment in
the Gulf of Mexico (~3,280 m, 26° O2’ N 84° 55’ W) are surroun-
ded by communities of abundant heterotrophic organisms'™ and
carbonate-cemented crusts®. These organisms are apparently sup-
ported by local chemosynthetic primary production because the
BC content of their tissues is lower than that found in typical
photosynthetically fixed organic carbon®, and the enzymes associ-
ated with chemosynthetic metabolism are present in their tissues””,
Here we report that fossil methane is the dominant source of
carbon found in living tissues and recent authigenic carbonate
minerals associated with abyssal brine seeps at the base of the
Florida Escarpment. Most organic carbon and authigenic carbon-
ates adjacent to the seeps contain progressively less modern carbon
as their *C contents approach that of methane carried in the
brine. Incorporation of fossil methane (<1.3% modern carbon)
into living tissues and carbonate cements results in recently formed
materials which are depleted in '*C. Therefore, "*C cannot be used
to indicate the age of authigenic materials produced at the pore-
water-seepage environments that speckle the continental margins
of the world.

The energy source for deep-sea chemosynthetic communities
is reduced compounds, such as HS~, CH,, NH, or
petroleum®™®, which may be carried in pore fluids from anoxic
subsurface formations onto the oxygenated sea floor. Dissolved
IH,S (H,S, HS™, $72), NH{ and CH, are all present in brines
that discharge onto the sea floor at the base of the Florida
Escarpment'"'2.  The extremely negative &C values
[(PC/"C)gampte — (PC/?C)gia] X 1,000 (< —70% relative to the
PDB standard) found in tissues of animals living on patches of
sediment enriched in isotopically light methane® indicates the
overrriding importance of methylotrophy'®. Biogenic methane
is the only natural carbon source that has such depleted §'°C
values®. The chemosynthetic use of H,S and NH; would
require uptake of dissolved inorganic carbon which is enriched
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in >C and therefore should produce isotopically ‘heavy’ organic
tissue.

Earlier measurements of '*C in animal tissues from this same
site produced a surprising result; tissues with very negative §°C
values contain significant amounts of modern carbon (~60% )°.
Here we report new measurements of 8'C and *C from the
ambient methane, living animal tissues, bacterial mats, sedimen-
tary organic carbon and authigenic carbonate carbon collected
at the brine seeps during RV ALVINs 1986 visit to the Florida
Escarpment (Table 1), which we use to establish the carbon
sources and pathways.

The seep methane samples contain between 1.0% and 1.3%
modern carbon. However, we cannot distinguish these measured
values from 0% modern because they are close to the detection
limit of the accelerator-mass-spectrometer technology used
(0.4%) (ref. 14) and the extensive sample handling involved in
concentrating the methane may have added to the '*C back-
ground.

In our new, larger data set, the 6°C and '*C values of the
animal tissues and other organic carbon samples exhibit two
trends (Fig. 1). Data lying in envelope A (between ambient
methane and average marine organic carbon) indicate that fossil
methane mixed with varying amounts of pelagic organic matter
is the dominant source of carbon in the seep organisms’ tissues;
some contain as little as 12.8% modern carbon. Other organic
samples with extremely negative §'°C values contain appreciable
amounts of modern **C and exhibit a second mixing trend (B
in Fig. 1). These data may indicate that there is a second source
of young biogenic methane here®, generated by rapid
methanogenesis using organic detritus in the sediments around
the seeps. Methanogenesis in organic-rich sediments around the
seeps should be stimulated by the nearly complete sulphate
depletion, as it is in coastal sediments'®. Such depletion results
from mixing of pore fluids with sulphate-free seep fluids at the
Florida Escarpment''. Dual sulphide sources have been iden-
tified by stable-isotope analysis, some advected in with the brines
and some produced by microbial sulphate reduction in the
sediments'!. Thus, there may also be dual methane sources. A
less likely, but possible explanation for the second mixing trend,
is the contamination of samples by "“C used in tracer experi-
ments that are periodically conducted in shared laboratory
facilities. We note that this trend is dominated by earlier
measurements®.

The shells of living mussels contained 82 + 3% modern carbon
and a mean 8'°C (PDB) value of —4.3 +1.7%. These values are
similar to those expected for bottom water'® and confirm that
the dominant source of shell carbon is dissolved seawater bicar-
bonate.
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FIG. 1 Plot of the proportion of modern carbon and 8*3C values of carbon-
carrying components associated with abyssal brine seeps at the base of
the Florida Escarpment, Gulf of Mexico. Values are given in Table 1. Envelope
A contains the organic carbon measurements and indicates the mixing trend
between ideal pianktonic organic carbon (8*3C (PDB)=-—22% and 90%
modern carbon)?* and the ambient methane. Envelope B indicates a secon-
dary trend in the organic data. Ageing causes one sedimentary sample to
fall below the envelope. Envelope C contains the carbonate data.
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