
ice shelves (34), and glaciation in Patago- 
nia is reported to have taken place around 6 
to 7 Ma (35). 

Taken together, there is considerable 
evidence that significant global climate 
variability during the Late Miocene led to a 
growth of glaciers. Glaciers would readily 
form in southeast Greenland because of the 
combination of high precipitation and high 
topography in the area, and North Atlantic 
glaciation likely nucleated in this region 
rather than further north. 

Our new data add considerable con- 
straints to the long-term modeling of North 
Atlantic glaciation. Consistent with data 
from Iceland (36), they prove that the 
Middle Miocene was fairly mild, that cool- 
ing most likely started shortly after 10 Ma 
within the early Late Miocene, and that full 
glacial conditions in southeast Greenland 
were established around 7 Ma in the middle 
Late Miocene. contemvoraneous with 
Southern ~ e m i s ~ h e r e  glacial expansion. 
The Late Miocene and Pliocene climate 
was variable, with perhaps completely ice- 
free periods. North Atlantic glaciation may 
have nucleated in-and for the first million 
years, been largely restricted to--Green- 
land. The east-west gradient in the abun- 
dance of glacial material off southeast 
Greenland makes it unlikelv that this Dart 
of Greenland has provided significant con- 
tributions to the northern North Atlantic 
IRD found elsewhere. Therefore, IRD from 
off mid-Norway and Svalbard dated to be- 
tween 5.7 and 4.5 Ma (8, 23) suggests that 
other North Atlantic ice sheets started to 
form no later than that time and that they 
were fullv established at about 2.5 Ma. 
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Isotopic Evidence for Neogene Hominid 
Paleoenvironments in the Kenya Rift Valley 

John D. Kingston,* Bruno D. Marino, Andrew Hill 
Bipedality, the definitive characteristic of the earliest hominids, has been regarded as an 
adaptive response to a transition from forested to more-open habitats in East Africa 
sometime between 12 million and 5 million years ago. Analyses of the stable carbon 
isotopic composition (Si3C) of paleosol carbonWe and organic matter from the Tugen Hills 
succession in Kenya indicate that a heterogeneous environment with a mix of C3 and C4 
plants has persisted for the last f 5.5 million years. Open grasslands at no time dominated 
this portion of the rift valley. The observed S13C values offer no evidence for a shift from 
more-closed C3 environments to C4 grassland habitats. If hominids evolved in East Africa 
during the Late Miocene, they did so in an ecologically diverse setting. 

Explanations for the origin of the Homi- 
nidae have invoked many different selective 
pressures, including bioenergetic ( I ) ,  mi- 
gratory (Z), morphological (3), and ther- 
moregulatory (4) considerations associated 
with foraging and feeding behavior, as well 
as aspects of life history patterns (5) and 

J. D. Kingston and A. Hill, Department of Anthropolo- 
gy, Yale University, New Haven, CT 06520, USA. 
B. D. Marino, Department of Earth and Planetary 
Sciences and Division of Applied Sciences, Harvard 

social systems (6). Implicit in most of these 
explanations is that as Middle to Late Mi- 
ocene [15 million to 5 million years ago 
(Ma)] rain forests in Africa became restrict- 
ed in distribution, drier and more seasonal 
woodland and grassland communities be- 
came widespread, and overall habitat diver- 
sity increased. It has been assumed that the 
divergence of hominids from the other Af- 
rican apes was associated with terrestrial 
adaptations to exploit resources in open 

University, Cambridge, MA bi138, USA. habitats or in bridging forested patches. 
*To whom correspondence should be addressed. Origin of the genus Homo has also been 
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linked to vegetation shifts resulting from 
worldwide climatic cooling about 2.4 Ma 
(7). However, in situ paleoenvironmental 
data from East Africa are rare, particularly 
for the Late Miocene. 

Indirect support for a shift in ecosystems 
related to increasing low-latitude aridity 
and seasonality has been inferred from evi- 
dence of global climatic change recorded in 
deep-sea cores (8-10). Use of the marine 
record assumes that local and regional ter- 
restrial environments have consistently 
tracked global climatic changes and have 
not been significantly affected by local dis- 
ruption of East African habitats induced by 
regional crustal doming, volcanism, and 
graben formation along the zone of rifting 
over the last 17 million years. In addition to 

creating topographically and vegetationally 
diverse landscapes, orographic changes 
likely had significant effects on regional 
atmospheric circulation patterns. 

The Tugen Hills succession, exposed 
west of Lake Baringo in the Kenya Rift 
Valley (Fig. lA) ,  is the only well-calibrated 
African sequence spanning the Late Mi- 
ocene and Pliocene (I l ). This sequence has 
yielded an extensive faunal record that 
includes the greatest concentration of hom- 
inoids in the 14- to 4-Ma range (12) as well 
as a number of hominid specimens from 
about 4.5 to 0.2 Ma (13-16) (Fig. 1B). 
Paleoecological data from this succession, 
linked directly to fossil hominoids, are thus 
highly relevant to the determination of 
whether environmental change was a piv- 

Sedimentary units 

Volcanic flows 

No known record 

Hominid sites 

@ Other hominoid sites 

Fig. 1. (A) Outline structural map of northwest Kenya show~ng the 
location of the Tugen Hills as a complex fault block between the Elgeyo 
escarpment and the axial Baringo-Suguta trough within the East African 
Rift Valley. (B) Schematic stratigraphic section of the Tugen Hills 
succession showing sedimentary and volcanic flows units. Geochronol- 
ogy is based on biostratigraphy, radiometric KIAr and 40Ar/39Ar dating, 
and paleomagnetic studies ( 1  1, 46). Paleosols exposed along the 
eastern foothills of the Tugen Hills were formed by modification of 
volcaniclastic alluvial fan, fluvial, and lacustrine facies and comprise a 

otal driving force in hominid evolution. u 

We determined the stable carbon isoto- 
pic composition of soil carbonates and soil 
organic matter to infer the proportion of 
vegetation that used the C3 and C4 path- 
ways of carbon fixation (1 7-1 9). This ap- 
proach relies on the differential isotopic 
discrimination during assimilation of atmo- 
spheric carbon into C3 and C4 plant tissue 
(20, 21). At soil respiration rates typical for 
temperate and subtropical ecosystems, the 
613C of the soil atmosphere (22) is over- 
whelmingly a function of respired CO, 
derived from the microbial oxidation of soil 
organic matter and root respiration. Be- 
cause the gas phase controls the isotopic 
composition of precipitating pedogenic car- 
bonate, the 613C of soil carbonate reflects 

Gwloglc 
Age (Ma) units 

Kapthurin 

Ndau and Songoiwa 

Upper Chemeron 

Middle Chemeron 

Lower Chemeron 

Kaparaina basalts 
Lukeino 

Mpesida Beds 

Kabarnet trachyles 

Ewalel phonolites 

Ngorora 
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minor component ( ~ 1 % )  of the sedimentary sequence. Criteria for 
recognition of paleosols included destruction of primary sedimentary 
features, bioturbation, root mottling, slickensides, root casts and traces, 
clay skins, pedogenic nodules, truncation of upper horizons by erosion- 
al surfaces, and gradational contacts with underlying units. Organic- 
rich A horizons were rare. Paleosols are unevenly distributed laterally 
and vertically in the succession, reflecting complex paleotopography 
and extremely localized depositional regimes within the structurally 
complex inner rift. 
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the relative proportion of surface vegetation 
using each photosynthetic pathway. Simple 
models have been used to describe the 
influence of temperature and other factors 
on the S13C of the final carbonate phase 
(1 7). This approach has been used to re- 
construct vegetation in a number of con- 
texts with regional and global significance 
(23-26) . 

In modern ecosystems, the C3 photo- 
synthetic pathway is used by most trees, 
shrubs, and herbs as well as grasses prefer- 
ring wet, cool growing seasons, whereas C4 
physiology is linked almost exclusively to 
grasses and sedges in warm, arid, open 
habitats. The C 0 2  concentrating mecha- 
nism of C4 plants is regarded as an adapta- 
tion to depressed atmospheric CO, levels 
relative to O2 or to water-stressed environ- 
ments (27, 28) and is considered to have 
evolved independently from C3 plants as 

Fig. 2. Stable carbon isoto- 
pic composition of paleosol 
carbonates from the Tugen 
Hills succession. As a result 
of 13C enrichment from frac- 
tionation during gaseous 
diffusion and carbonate pre- 
cipitation, pedogenic car- 
bonates forming at 35" and 
15°C are enriched by about 
14 and 15.5 per mil, respec- 
tively, relative to biologically 
respired CO,. Assuming an 
average 813C value of -26 
per mil for C3 vegetation 
and -13 per mil for C4 
plants, pedogenic nodules 
forming in C3 and C4 dom- 
inated environments have 
average 813C values of - 12 
to - 10.5 per mil and +1 to 
+2.5 per mil, respectively 
(shaded intervals). Interme- 
diate values indicate a mix 
of C3 and C4 vegetation. 
Precise quantitative esti- 
mates of the proportion of 
C4 vegetation inferred from 
pedogenic carbonate 813C 
values are usually not attain- 
able because (i) the range 
of values for C4 (- 15 to - 10 
per mil) and C3 vegetation 
(-35 to -23 per mil), (ii) 

many as 26 times (29, 30). The specific link 
between C4 vegetation and open habitats 
provides a key here for documenting the 
development bf either grassland or -open 
woodland habitats (3 1 ) . 

To establish a modern analog for inter- 
pretation of isotopic data from an inner rift 
ecosvstem. we analvzed the S13C of modern 
soil carbonate and 'associated organic mat- 
ter from 14 sites along a roupuhly 20-km 
transect running north-south through the 
eastern foothills of the Tugen Hills (eleva- 
tions ranging from 1200 to 1600 m). The 
SL3C values of soil carbonates range from 
-8.8 to f0 .4  per mil (Fig. 2), reflecting 
mixed C3 and C4 vegetation unevenly 
distributed over the landscape. This varia- 
tion is also apparent in the carbon isotopic 
composition of coexisting organic matter 
(Fig. 3). Both the carbonate and organic 
matter data are consistent with undisturbed 
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temperature-sensitive frac- 
tionation effects during carbonate precipitation, and (iii) assumptions regarding a +I  .5  per mil correction 
for preindustrial atmospheric 813C values. However, even in the case where C3 vegetation is isotopically 
heavy, with a 813C of -23 per mil, and the 813C of preindustrial atmospheric CO, is -6.5 per mil (47), 
the 813C values of paleosol carbonates forming at 15" to 35°C fall outside the potential pure C3 range 
from horizons throughout the sequence, indicating a C4 component as early as 15.3 Ma. Crassulacian 
acid metabolism (CAM) plants, with 813C values spanning the range of C3 and C4 vegetation, are 
adapted to extreme xeric conditions and we assume were unlikely to have comprised a significant 
component of the plant biomass in theTugen Hills during the Neogene. Analyses of three standards [one 
internal standard, NBS (National Bureau of Standards) 19, and NBS 201 in conjunction with carbonate 
samples yielded 813C SD of k0.15 (n = 66), k0.09 (n = 12), and -0.21 per mil (n = 15), respectively. 
The SD of nine samples from a single carbonate nodule was k0.31 per mil, and replicate analyses of 29 
nodules resulted in a SD of 20.13 per mil. 

ecosystems in the Baringo Basin character- 
ized by Acacia reficiens-A. mellifera bush- 
land and minor riverine woodland with a 
significant substratum of perennial and an- 
nual C4 grasses (32). Soils typically form 
over hundreds or thousands of years, and 
carbon isotopic analysis of pedogenic car- 
bonate and organic matter reflects propor- 
tions of C3 and C4 vegetation averaged 
over an interval spanning many generations 
of plants. The wide range of carbon isotopic 
signatures, despite this averaging effect, 
indicate that plant heterogeneity in the 
Tugen Hills region is controlled by factors 
such as local variation in drainage. bed- 

u ,  

rock, topography, and rainfall, which per- 
sist over longer time scales than soil hori- 
zons. Although the modern data cannot 
provide an exact analog for the reconstruc- 
tion of past vegetation in the Tugen Hills 
(range of S13C variation in modern soil 
components is shifted toward a greater C4 
component relative to paleosols), these 
data provide an illustration of the expected 
range of variation across a vegetationally 
heterogeneous landscape and emphasize the 
need for extensive lateral isotopic data in 
geomorphologically complex regions such 
as continental rift zones. 

Exposures of the Tugen Hills succession 
are locally extensive (>800 km2), permit- 
ting lateral sampling (1 to 8 km) through- 
out the sequence. The S13C values of pe- 
dogenic carbonate sampled from 95 paleo- 
sol sites (Fig. 2) indicate extensive lateral 
variation at all stratigraphic levels. The 
observed variance for S13C values suggests a 
persistent mosaic of both C3 and C4 plants 
(averaging -70 to 80% C3) most closely 
resembling the estimated range of modern 
grassy woodlands (33). Analyses of vari- 
ance, both parametric and nonparametric, 
indicate that there is no statisticallv signif- 
icant difference in SL3C variation thriugh - 
the succession except for the modern car- 
bonates, which are enriched in 13C (greater 
C4 component) relative to the isotopic 
composition of Chemeron Formation nod- 
ules. The isotopic data do not indicate any 
abrupt vegetational shifts correlating to 
global climatic shifts, such as the Messinian 
salinity crises at 5.5 to 4.8 Ma (34) or 
putative cooling at about 2.4 Ma (35). 
Tugen Hills S13C values also do not reflect 
a dramatic ecological shift from C3- to 
C4-dominated floodplain vegetation in 
northern Pakistan beginning about 7.4 Ma, 
determined on the basis of paleosol carbon- 
ates (23), which has been linked to a global 
decrease in atmospheric C 0 2  (36). 

Results of previous isotopic analyses of 
paleosol carbonates from hominoid locali- 
ties in East Africa (33) imply that the 
proportion of C4 biomass has increased . . 
gradually over the last 10 million years. 
Unlike the Tugen Hills record, these data 
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are a compilation of S13C values from sites 
separated by up to 750 km. At a number of 
these East African sites, the proportion of 
C4 biomass differs substantiallv from what 
we observed at roughly contemporaneous 
horizons in the Tugen Hills succession, 
suggesting regional vegetation heterogene- 
ity and offering additional support for the 
notion that early hominids exploited a 
range of habitats. 

Carbon isotopic analysis of bulk paleosol 
organic material (disseminated and nodu- 
lar) (Fig. 3) corroborates the lateral varia- 
tion shown by S13C values of pedogenic 
carbonate. indicating that habitats in the " 

Tugen Hills were heterogeneous, a mix of 
C3 and C4 vegetation. The S13C organic 
carbon values for samples older than 8.5 Ma 
reflect a slightly greater C3 component 
than do associated pedogenic carbonates. 
These data, if representative of the original 
vegetation, suggest an increase in the pro- 
portion of C4 vegetation between 8.5 and 
6.8 Ma. Discrenancv between the S13C . , 
values of paleosol carbonate and coexisting 
organic matter can be attributed to either 
diagenetic modification of soil components 
or deviation from model conditions during 
carbonate precipitation (37). Careful sam- 
pling strategy (38) has minimized effects of 
the latter. Research has shown carbonate 
nodules to be impervious to significant di- 
agenesis (39) relative to organic matter, 

Fig. 3. The 613C of paleosol 
organic matter, (0) dissem- 
inated and (0) nodular, 
from the Tugen Hills suc- 
cession. The C3 and C4 
ranges are based on analy- 
ses of the carbon isotopic 
composition of modern C3 
and C4 vegetation collected 
in the East African Rift Valley 
(25). Bulk nodular organics, 
isolated by dissolution of 
pedogenic carbonate nod- 
ules in HCI, may have great- 
er potential than disseminat- 
ed carbon residue for accu- 
rately retaining the 613C of 
the or~ginal humus as it is 
relatively sequestered from 
diagenetic processes. Dif- 

which can be altered (40). 
Isotopic analysis of pedogenic carbonate 

throughout the Tugen Hills succession indi- 
cates that ecosvstems contained a mix of C3 
and C4 vegetation, but the specifics of these 
naleoenvironments remain unknown. Po- 
tential habitats, consistent with our current 
knowledge of the relation between the S13C 
of soil components and vegetation, range 
from woodland to semidesert bushland. In 
addition, some habitats are not represented 
in the paleosol carbonate record. For exam- 
ple, an extensive autochthonous paleoflora 
from a 12.6-Ma horizon in the Tugen Hills 
includes 57 taxa with rain forest affinities 
(41). This flora suggests high rainfall condi- 
tions that do not favor the formation or 
preservation of pedogenic carbonate, and 
the local sediments are devoid of carbonate 
bearing paleosols. Forests may have formed 
an integral part of past ecosystems in the 
area, perhaps dominating escarpment ridges 
as they do today. Interpretations of paleo- 
habitats based on isotonic data derived from 
paleosols rely on the uniformitarian assump- 
tion that ecological and climatic affinities as 
well as isotopic signatures of C3 and C4 
vegetation have remained consistent 
through the Neogene. However, under dif- 
ferent atmospheric conditions and before the 
evolution of C4 metabolism, C3 plants or 
C3-C4 intermediates may have occupied the 
modem C4 niche and formed extensive 
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ference in the 613C of organ- 
ic matter and pedogenic Nodular organics 
carbonate (A6) has been 
used as a test of the state of 
preservation of the original 15 me Muruyur 
ecological signal in paleosol 
components (37). Theoreti- -30 -25 -20 -15 -10 -5 
cal models predict a A6 of 6°C of paleosol organic matter (per mil) 
14 and 15.5 per mil at 35" 
and 15"C, respectively. Although means for the A6 for disseminated and nodular organics are within 
the theoretical range (15.3 and 15.4 per mil, respectively), the standard deviation is substantial (5.0 
and 4.1 per mil, respectively). Four organic residues from the Muruyur Formation (15.3 to 15.2 Ma) 
yielded 613C values greater than that of any modern whole plant tissue (i-10 per mil), suggesting 
diagenetic 13C enrichment. Analysis of an internal standard (n = 14) with organic samples had a 613C 
standard deviation of k0.07 per mil. 

temperate and tropical grasslands. 
Isotopic paleosol data from the Tugen 

Hills, incorporating lateral sampling over a 
long time span in a single widespread local- 
ity, document a complex vegetational mo- 
saic of C3 and C4 plants over the past 15.3 
Ma in the Baringo Basin with no dominant 
vegetational trend. This reconstruction of 
rift valley vegetation does not rely on a 
compilation of data from spatiotemporally 
limited sites, which is problematic in vege- 
tationally heterogeneous regions such as the 
East African Rift system. The presence of 
C4 vegetation at 15.3 Ma, representing the 
oldest evidence for C4 flora, is supported by 
stable carbon isotopic analysis of fossil her- 
bivore tooth apatite from the Tugen Hills 
(42). Although extremely poor, the paleo- 
botanical record of East Africa (43, 44) as 
well faunal and sedimentological d a g  (45) 
indicate ecological diversity during the Mi- 
ocene with arid-adapted communities es- 
tablished as early as 23 Ma. While the 
course of human evolution was surelv af- 
fected by environmental change, our data 
suggest that interpretations of the origin of 
hominids in East Africa during the Late 
Miocene should be considered within the 
context of a heterogeneous mosaic of envi- 
ronments rather than an abrupt replace- 
ment of rain forests by grassland and wood- 
land biomes. 
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Retention and 5' Cap Trimethylation of 
U3 snRNA in the Nucleus 

Michael P. Terns and James E. Dahlberg* 
It is shown here that maturation of the m7G-capped precursors of U3 small nuclear RNA 
(snRNA) occurs by a previously unknown pathway. In contrast to the 5' m7G-capped 
precursors of other snRNAs, this RNA is not exported to the cytoplasm but is retained in 
the nuclei of Xenopus laevis oocytes, where it undergoes trimethylation of its 5' cap. The 
m7G caps of most snRNA precursors are trimethylated only after transport of the RNAs 
to the cytoplasm. The nuclear retention and maturation of this nucleolar RNA raises the 
possibility that other m7G-capped RNAs are also retained and modified in the nucleus. 

T h e  m7G caps at the 5' ends of RNAs 
made by RNA polymerase I1 (RNA Pol 11) 
facilitate the efficient export of many of 
these transcripts from the nucleus to the 
cytoplasm (1, 2). Precursors of the spliceo- 
soma1 U1, U2, U4, and U5 small nuclear 
RNAs (pre-snRNAs), which are made by 
RNA Pol 11, are convenient substrates for 
the study of nucleocytoplasmic RNA traf- 
ficking, because maturation of these RNAs 
occurs only after they have been exported 
to the cytoplasm. Trimethylation of their 
m7G caps to m27237G caps and transport of 
the RNAs back to the nucleus require the 
binding of Sm proteins to a sequence ele- 
ment common to these RNAs (3, 4). Cu- 
riously, U3 RNA, a nucleolar snRNA that 
functions in ribosomal RNA processing, 
has a m2*237G cap although the RNA lacks 
an Sm protein binding site (5 ) .  Here, we 
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show that in spite of its m7G cap, newly 
made pre-U3 RNA remains in the nucleus 
where trimethylation of the cap occurs. 
Thus. the nucleolar U3 RNA is orocessed 
by a pathway distinct from that of nucleo- 
olasmic snFWAs. This raises the oossibilitv 
that other m7G-capped precursors of nucle- 
olar snRNAs also are retained and oro- 
cessed in the nucleus; this result also con- 
firms our previous observation (1) that m7G 
caps are not sufficient to direct RNA Pol I1 
transcriots out of the nucleus. 

To determine the nucleocytoplasmic 
distribution of newly made U3 RNA, we 
injected a X. laevis U3 gene into nuclei of 
X. laevis oocytes and isolated the resulting 
RNA from manually dissected (6) cytoplas- 
mic and nuclear fractions (Fig. 1A). No U3 
FWA was detected in the cytoplasm, al- 
though large amounts of this RNA were 
oresent in the nucleus. As exoected. a 
precursor of U1 FWA was preseAt in ;he 
cytoplasm, whereas the spliceosomal U6 
RNA, which is made by RNA Pol I11 (4) 
and has a y-mpppG cap (7 ) ,  was not; this 
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