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ABSJRACT 

Paleosols and the taphonomy of vertebrate fossils in the Eocene Kuldana Formation of northern 
Pakistan provide important infonnation on the preservation and time-averaging of fossil assemblages. 
Morphologic, mineralogic, and chemical data as well as comparisons with Quaternary soils suggest that 
Kuldana paleosols formed under generally dry and oxidizing conditions over time intervals of less than 
10 5 years and perhaps as short as 10 3 years. The distribution of carbonate in Kuldana paleosols further 
indicates that the upper half of the profiles were acidic whereas the lower halves were alkaline. Vertebrate 
fossils are rare in Kuldana paleosols and occur primarily in well-cemented sands tones and conglomerates 
with abundant micritic and iron-stained nodules that were reworked from floodplain soils. The scarcity of 
vertebrate remains in Kuldana paleosols probably reflects a combination of acidic, dry, and oxidizing 
conditions in the upper half of the profiles and rapid floodplain sedimentation. 

Comparisons between the taphonomic characteristics of Kuldana channel fossil assemblages and bone 
accumulations in modern rivers provide a basis for estimating the length of time represented by Kuldana 
fossils from several important localities. Vertebrate fossil assemblages from Barbora Banda are 
characterized by a low-diversity paleofauna, partially articulated skeletons, and bones that are sorted by 
size and shape. Comparison with bone accumulations in modern rivers suggests that the fossils from 
Barbora Banda accumulated in I to 10 years. Vertebrate fossils from the Lower Kuldana in the Kala 
Chitta Hills region, typified by locality H-GSP 62, are characterized by a high-diversity paleofauna and 
generally random and unsorted fossil bone distributions, which suggest that the fossils from these 
localities represent longer time intervals than the Barbora Banda fossils. Based on the time estimates for 
Kuldana paleosol development, fossil assemblages in Kuldana channel deposits in the Kala Chitta Hills 
region probably represent time intervals of about 10 3 years. 

RESUME 

Les paleosols et la taphonomie des vertebres fossiles de la Formation Kuldana (nord du Pakistan) 
fournissent des informations importantes sur la preservation et la duree de depot des assemblages fossiles. 
Des donnees morphologiques, mineralogiques et chimiques, ainsi que des comparaisons avec des sols 
quaternaires suggerent que les paleosoIs de la Fonnation KuIdana se sont fonnes dans des conditions 
oxydantes et seches dans des intervalles de temps inferieurs a 10 5 annees et peut-etre aussi courts que 10 3 

annees. De plus, la distribution des carbonates dans les paleosols de Kuldana indiquent que la moitie 
superieure des profils etait acide, alors que les parties inferieures etaient alealines. Les vertebres fossiles 
sont rares dans les paJeosols de la Formation Kuldana et se trouvent principalement dans des gres bien 
cimentes et dans des conglomerats renfennant de nombreux nodules de micrite, ferrugineux, remanies de 
sols de plaine inondable. La rarete des restes de vertebres dans ces paleosols reflete probablement la 
combinaison de conditions paIeopedologiques acide, seches, et oxydantes dans la moitie superieure des 
profils et d'une sedimentation rapide de plaine inondable. 

La comparaison entre les caracteristicques taphonomiques des assemblages fossiIes de chenaux et des 
accumulations d'ossements de la Fonnation Kuldana avec celles de f1euves actuels fournit une base pour 
estimer la duree representee par les fossiles de plusieurs localites importantes. Les assemblages de 
verlObres fossiles de Barbora Banda sont caracterises par une paleofaune de faible diversite, des squelettes 
partieIlement en connexion, et des ossements tries selon leur taille et leur forme. La cornparaison avec des 
accumulations d'os dans des fleuves actuels suggere que les fossiles de Barbora Banda se sont accumuIes 
en I a 10 aos. Les vertebres fossiles de la partie inferieure de la Formation Kuldana dans la region des 
Kala Chitta Hills, typiquement represenlOs par la localite H-GSP 62, sont caracterises par une paIeofaune 
de grande diversite et des ossements generalement non tries et distribues au hasard. Ceci suggere que les 
fossiles de ces gisements representent des intervaiIJes de temps plus longs que ceux de Barbora Banda. En 
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se basant sur les estimations de temps pour le developpement des palt,osols de la Fonnation Kuldana, les 
assemblages fossiles de chenaux de la region de Kala Chitta Hills representent probablement des 
intervaillede temps de mille ans. 

INTRODUCTION 

Paleosols represent a relatively new and useful tool for studying a variety of topics 
including paleoclimates (Cerling et al. 1989, Quade et al. 1989, Cerling 1991, Mora et 
al. 1991, Driese & Foreman 1992, Driese et al. 1992), relative sea level changes 
(Joeckel 1991), sediment accumulation rates (Retallack 1984, Kraus & Bown 1986, 
1993), and mammalian evolution and paleoecology (Gingerich 1989, Bown & Beard 
1990). In studies of vertebrate fossils, paleosols also provide insight on processes of 
fossil preservation as well as on the amount of time represented by fossil assemblages 
(Retallack 1984). Temporal inferences are important for interpreting fossil assemblages 
and their evolutionary relationships (Gingerich 1980, 1989, Behrensmeyer 1982, Bown 
& Rose 1987, Thewissen 1992). 

In this paper, we integrate information on the taphonomic context of vertebrate 
remains from the Kuldana Formation in the Kala Chitta Hills region of northern 
Pakistan with preliminaty data on paleosols from the same area. Conditions of Kuldana 
paleoso1 development provide insight on vertebrate fossil preservation in the Kuldana 
Formation. In addition, taphonomic characteristics of Kuldana channel bone 
assemblages are compared with studies of bone accumulation in modern rivers to 
develop broad estimates for the amount of time represented by several important 
Kuldana fossil assemblages. 

STUDY AREA AND METHODS 

The Eocene Kuldana Formation in the Kala Chitta Hills region of northern 
Pakistan is approximately 150 m thick and consists of red mudstones and lesser 
quantities of limestones, sandstones, and conglomerates (Hussain et al. 1978, West & 
Lukacs 1979, Wells 1983, 1984). Previous studies have suggested that Kuldana 
sediments accumulated within a low-lying alluvial plain characterized by small and 
perhaps ephemeral streams (Wells 1983, 1984). Kuldana paleosols, however, have 
received little attention. 

In the study area, the lower half of the Kuldana Formation is subdivided into 
numerous vertically-stacked lithofacies sequences that are typically 2 to 5 m thick. The 
base of each sequence is represented by lenticular sandstones or conglomerates, which 
are overlain by laterally-persistent purple and red mud stones (Fig. 1). The sandstones 
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and conglomerates frequently contain vertebrate remains and most fossil localities in the 
Kuldana Formation are associated with this lithofacies (West & Lukacs 1979, Wells 
1983, 1984). Overlying the purple and red mudstones and capping the sequences are 
thin « 1 m thick) grey limestones with common ostracod shell fragments. 

Kuldana paleosols were studied using a combination of field and petrographic 
observations as well as by mineralogic and geochemical analyses. The mineralogy of 
the clay-sized fraction of paleosol samples was detennined using a Scintag X -ray 
diffractometer with a Cu target. Oriented clay samples were analyzed following air
drying (untreated), glycolation, and heating to 550' C. Major oxide chemistry of 
paleosol samples was analyzed by X-ray fluorescence spectrometry. Total oxidizable 
carbon was measured using the Walkley-B1ack method (Janitzky 1986). Paleosol colors 
were described using Munsell notation. 

KULDANA PALEOSOLS 

Kuldana paleosols in the Kala Chitta Hills region are developed primarily in the 
laterally-persistent purple and red mudstones that overlie the lenticular sands tones and 
conglomerates. Recognition of paleosols in the study area is based on the presence and 
distribution of matrix and mottle colors, slickensides, carbonate nodules, and the cyclic 
vertical arrangement of Kuldana lithofacies. A representative paleosol from the lower 
half of the Kuldana Formation near the town of lhalar is described below (Fig. I). 

MORPHOLOGY 

The paleosol is overlain by a 60-cm-thick, well-cemented and bedded, grey (N7) 
limestone with common ostracod remains (ostracod wackestone). The limestone also 
contains sub-vertical gypsum- and clay-filled cracks that cross-cut bedding planes and 
the lower boundary of this unit is typically sharp. 

The uppermost unit of the paleosol consists of a 40-cm-thick, partially-cemented 
and massive purple (5RP) to black (N3) mudstone. The gypsum- and clay-filled cracks 
within the overlying limestone extend down into this unit. The lower boundary of the 
purple mudstone is gradational in color. 

A 40-cm-thick red (lOR 4/6) clayey mudstone is present beneath the purple 
mudstone. The red mudstone contains common grey mottles and slickensides that 
impart a subangular blocky structure to this unit. In addition, rare carbonate nodules that 
are typically I to 5 mm in diameter are present in this unit. Cross-sectional geometries 
of the grey mottles are oblate or cylindrical and the mottles probably represent root 
traces. The lower boundary of the red mudstone is gradational in texture. 

The purple and red mudstones overlie a 60-cm-thick and partially-cemented red 
(5RP 612) muddy sandstone with abundant carbonate nodules that are I to 5 cm in 
diameter. The abundance of nodular carbonate in this unit causes it to appear mottled. In 
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Figure 1.- Stratigraphic section showing the typical vertical distribution of lithofacies, paleosol features, and major 
oxide contents of Kuldana deposits in the Kala Chitta Hills region. Weight percent values for oxides marked with an 
(*) have been multiplied by 100. Arrows mark location of samples used for mineralogic analyses shown in Figure 2. 
TOe = total oxidizable carbon. . 

thin-section, the nodules consist of smaller, micritic nodules that contain detrital 
metamorphic rock fragments, which are occasionally stained by iron oxides (Plate lA). 
The smaller micritic nodules are cemented with sparry prismatic carbonate cement and 
intercrystalline pores are commonly filled with iron-stained clay minerals (Plate lB). 

The base of the profile consists of a 70-cm-thick and well-cemented red (lOR 4/6) 
muddy conglomerate with common grey mottles. The conglomerate consists primarily 
of large detrital fragments of an ostracod wackestone that have been partially replaced 
by authigenic quartz and, which are similar to the limestone that overlies the paleosol 
(Plate IC). The limestone rock fragments are surrounded and cemented by common 
iron-stained clay coatings. The base of the profile is characterized by a sharp and 
irregular contact. 

Beneath the profile occurs a poorly-cemented red OOR 4/6) muddy sandstone 
with common grey mottles and slickensides. Sand grains in this unit include micritic 
carbonate nodules and mudstone rock fragments. Clay coatings are absent. 
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Figure 2.- X-ray diffraction patterns of air-dried (untreated) Kuldana paleosol samples (clay-sized fraction, < 2 )lm 

in diameter), The paleosol mineralogy is generally uniform and is characterized by abundant clay minerals and 
quartz, Ch = chlorite, V :::: vermiculite, I :::: ilIite, T:::: talc, K :::: kaolinite, Q:::: quartz, F:::: feldspar, C ::: calcite, D =: 

dolomite, H :::: hematite. 

CHEMISTRY AND CLAY MINERALOGY 

The chemistry of the Kuldana paleosol shows erratic down-profile changes (Fig. 
1). For instance, the purple and red mudstone in the upper half of the profile are 
enriched in Si0 2, A1 20 3, Fe203, Ti0 2, K 20, MgO, and P205 relative to the 
underlying red sandstone and conglomerate. Down-profile depletions in these 
compounds are accompanied by a decrease in clay and increases in sand and gravel 
contents. In contrast to the down-profile chemical depletions, Ca 0 and Mn 0 contents 
are highest in the basal sandstone and conglomerate, which contain abundant carbonate 
cement and grains. Organic carbon contents are uniformly low « 1 wt. %) throughout 
the profile. 

The mineralogy of the clay-sized fraction of the paleosol samples is generally 
uniform (Fig. 2). Clay minerals present include iIlite, talc, chlorite, and lesser amounts 
of vermicuIite. Non-clay minerals present include quartz, feldspar (albite), calcite, 
dolomite, and hematite. Variations in mineralogy between paleosol samples are 
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minimal. The red mudstone is slightly depleted in talc, calcite, and dolomite relative to 
the overlying purple mudstone whereas heating of the samples to 550 0 C demonstrated 
that the purple mudstone is slightly enriched in vermiculite relative to the underlying 
red mudstone. The mineralogies of the purple mudstone and the red muddy sandstone 
that immediately underlies the paleosol are virtually identical. 

KULDANA PALEOSOL INTERPRETATION 

Comparisons between the morphology and geochemistlY of the Kuldana paleosol 
and modern soils provide insight on the weathering environment and the length of time 
represented by paleosols in the study area. In addition, information on soil Eh-pH 
conditions and chemical weathering recorded by the paleosol is useful for understanding 
the distribution and taphonomy of vertebrate fossils in the Kuldana Formation. 

P ALEOSOL Eh - pH CONDITIONS 

Red matrix colors and common carbonate nodules suggest that the Kuldana 
paleosol formed in a generally dry, oxidizing, and alkaline soil environment. Under 
these conditions, iron oxides such as hematite precipitate and produce red soil colors 
(Schwertmann & Taylor 1977) and hematite is the pigmenting agent in Kuldana 
deposits (Fig. 2). Alternatively, red colors can also develop in originally brown or 
yellow-brown soils over time due to the progressive dehydration of iron compounds 
during diagenesis (Walker 1967, 1974, Retallack 1991). Even if the Kuldana paleosol 
matrix was originally yellow-brown, soils with this color also form under well to 
moderately drained and oxidizing conditions (Schwertmann & Taylor 1977). 
Furthermore, the presence of grey mottles in the Kuldana paleosol suggests that the 
deposits were not originally grey and subsequently oxidized red during diagenesis, 
otherwise the paleosols would be uniformly red. 

The grey mottles and slickensides in the Kuldana paleosol also provide evidence 
for periodic soil wetting and dlying, perhaps related to seasonal rainfall. In modern 
soils, grey mottles within an oxidized matrix represent areas of localized iron reduction 
along roots and soil channels (Retallack 1991) that fonn in soils, which are saturated by 
surface or ground waters for 10-25% of the year (Daniels et al. 1971, Coventry & 
WilIiams 1984). Because grey mottles are not abundant in the Kuldana paleosol, soil 
conditions were probably dry for most of the year. In addition to the grey mottles, 
slickensides in the upper half of the Kuldana paleosol are similar to pedogenic 
slickensides that are present in contemporary clayey soils (Vertisols), which experience 
seasonal rainfall and soil wetting and drying (Dudal & Eswaran 1988, Wilding & 
Tessier 1988). By analogy with contemporary clayey soils, slickensides in the Kuldana 
paleosol provide evidence of seasonal rainfall in the study area during the Eocene. 

The presence of carbonate nodules and detrital limestone fragments in the lower 
half of the Kuldana paleosol indicates that at least this portion of the paleosol was 
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alkaline. Because the solubility of calcium carbonate increases with decreasing pH 
(Arkeley 1963), pedogenic carbonate is present in modern soils that are generally 
alkaline (Birkeland 1984). Conversely, the scarcity of carbonate nodules in the upper 
half of the Kuldana paleosol suggests that this portion of the profile was acidic. 
Evidence of a pedogenic origin for the Kuldana nodules includes 1) light carbon 
isotopic compositions (Wells 1984), 2) similarities between the micromorphologic 
fabrics of the Kuldana nodules and modern soil nodules (Sehgal & Stoops 1972, Wells 
1984, Drees & Wilding 1987), 3) the presence of iron-stained clay within nodule pores 
(Plate IB and C), which indicates that clay infiltration, a typical pedogenic process 
(Birkeland 1984), post-dated carbonate precipitation, and 4) the nodules are associated 
with other pedogenic features such as mottles and slickensides. 

PALEOSOL WEATHERING 

Mineralogic and chemical data for the Kuldana paleosols suggest that the 
paleosols in the study area experienced minimal chemical weathering. For instance, the 
presence of chlorite and the scarcity of vermiculite in the paleosol shows that the 
mineralogy of the paleosol is immature (Fig. 2). Studies of Quaternary soils have shown 
that chlorite is commonly transformed to vermiculite in soils that have experienced 
significant chemical weathering (Weaver 1989, Mohindra et al. 1992). 

The strong similarity between the erratic down-profile changes in paleosol 
chemistry and texture further suggests that the vertical changes in the paleosol 
chemistry are related to differences in depositional texture, rather than chemical 
weathering (Driese et al. 1992). For instance, the purple and red mudstones are 
enriched in A1 2 0 3, Si0 2, Ti0 2, K 20, MgO, Fe203, and P20S compared to the 
underlying sandy paleosol units (Fig. 1). In modern alluvial soils that have experienced 
little chemical weathering, textural differences in the soil parent materials commonly 
reflect episodic sedimentation, rather than pedogenic processes (Holmes & Western 
1969, Schumacher et al. 1988, AsIan & Autin 1992). Furthermore, depositionally
related textural variations in young alluvial soils commonly coincide with down-profile 
changes in soil chemistry (Sidhu et al. 1977, Hayward 1985). Thus young alluvial soils 
typically have multiple parent materials and show erratic down-profile variations in 
chemistry. In contrast to young soils, old and deeply-weathered soil profiles are 
characterized by unidirectional or gradual down-profile variations in soil composition 
that reflect pedogenic, rather than depositional processes. The similarity between the 
textural and chemical changes in the Kuldana paleosol suggest that chemical variations 
in Kuldana paleosols were caused by depositional processes and do not reflect 
significant chemical weathering of the paleosol parent materials. 

The limited evidence of chemical weathering in Kuldana paleosols could reflect 
soil development in a relatively dry or semi-arid climate, which would have favored 
slow mineral weathering (Birkeland 1984). Alternatively, limited weathering could 
simply reflect that the paleosols in the study area had little time to develop. 
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TIME OF PALEOSOL DEVELOPMENT 

The morphology and composition of Kuldana paleosols and comparisons with 
Quaternary soils suggest that paleosol development in the study area occurred over time 
intervals of less than 10 5 and probably closer to 10 3 years. Quaternary soils in the 
southwestern U .S. that contain pedogenic carbonate accumulations similar to those in 
the Kuldana paleosol, form in less than 10 5 years (minimum age for K horizons, 
Machette 1985). Pedogenic carbonate in Quaternary soils of the Gangetic Plain in India 
provides additional insight on the amount of time represented by the Kuldana paleosols. 
For instance, Gangetic Plain alluvial soils that contain acidic A and shallow B horizons 
that overlie alkaline B horizons with carbonate nodules similar to those in the Kuldana 
paleosol, range in age from 10 2 to 10 3 years RP. (Mohindra et al. 1992). Furthermore, 
the Gangetic Plain soils that are older than 2,500 years B.P. contain virtually no chlorite, 
common vermiculite, and a moderate amount of illuvial clay in Bt horizons. The 
presence of chlorite and the scarcity of illuvial clay in the Kuldana paleosol suggests 
that the paleosol formed over a shorter time period « 2,500 years) than the Gangetic 
Plain soils. Because the Gangetic alluvial soils and the Kuldana paleosols could have 
fOlmed under different climatic conditions, and thus, at different rates, the comparison 
between the Quaternary soils and Kuldana paleosols can only be used to broadly 
estimate the amount of time represented by the paleosols. Thus, the Kuldana paleosols 
are interpreted to have probably formed over thousands (10 3) of years. 

Comparisons between the geometries of Kuldana sandstones and conglomerates 
and models of alluvial stratigraphy indicate that Kuldana deposits accumulated rapidly, 
which supports the suggestion that Kuldana paleosols formed over short time periods. 
For instance, models of alluvial stratigraphy predict that rapid sediment accumulation 
produces alluvial deposits that are characterized by abundant mudstones, which locally 
encase lenticular or ribbon-shaped sand bodies (Allen 1978, Bridge & Leeder 1979). In 
contrast, the models predict that slow sedimentation favors continual lateral channel 
migration and produces alluvial fills with thick sheet sands tones and small quantities of 
mudstone. Based on these stratigraphic models, the lenticular geometry of Kuldana 
sandstones and conglomerates and the abundance of mudstones present in the study area 
suggest that Kuldana sediments accumulated rapidly. Rapid sedimentation would have 
minimized the amount of time available for Kuldana paleosol development, which is 
consistent with the morphology and immature composition of the Kuldana paleosols. 

T APHONOMY OF KULDANA FOSSIL ASSEMBLAGES 

Vertebrate fossils from the lower Kuldana Formation are found primarily in well
cemented, lenticular sandstones and conglomerates (West & Lukacs 1979, Wells 1983, 
1984). The fossils are commonly associated with sand- and gravel-sized micritic and 
iron-stained carbonate nodules as well as with detrital quartz grains (West & Lukacs 
1979, Wells 1983, 1984) (Plate ID). Vertebrate fossils, however, are rarely found in 
Kuldana paleosols. 
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Sarbora Sanda I and 11 

PLANTAE 

Charophyta 
Chara (BB I only) 

Ulmacea 
Celtis (BB I only) 

Labiatae 
Ajunginucilla (BB I only) 

VERTEBRATA 

Reptilia 
Crocodilia indet. (BB 11 only) 

Mammalia 

Artiodactyla 
Dichobunidae 

Diacodexis pakistanensis (BB I and 11) 

Perissodactyla 
Isectolophidae 

unnamed species (BB I and 11) 

Rodentia 
Paramyidae 

unidentified species (BB I only) 
Cocomyidae 

two unidentified species (BB I only) 
Rodentia indet. 

incisor fragments from BB 11 

Mammalia indet. 
unidentified large mammal incisor (BB 11 only) 

Localily H·GSP 62, Kala Chitta Hills 

MOLLUSCA 

Gastropoda 
Planorbis 

VERTEBRATA 

Osteichthyes 
Channidae 

Eochama 

indet. (including "catfish") 

Reptilia 

Chelonia indet. 

Crocodilia indet. 

Squamata indet. 

Mammalia 

Lipotyphla 
Seia? 

Rodentia 
Chapattimyidae 

Chapattimys debruijni 
Saykanomys ijlsti 
Saykanomyssondaari 

Perissodactyla 
Tapiroidea 

unidentified species 

Primates 
Adapidae 

Panobius aiM; 

Artiodactyla 
Dichobunidae 

unidentified species 
Raoellidae 

Khit1haria dayi 

Cetacea 
Protocetidae 

Pakicetus sp. 
Ichthyolestes 

Table 1,~ List of recovered biota from Kuldana fossil localities Barbora Banda I and lIt Northwest Frontier Province 
and H-GSP 62, Kala Chitta Hills region. 
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Previous studies have suggested that the carbonate nodules, which occur with 
vertebrate fossils in Kuldana sands tones and conglomerates, represent reworked soil 
nodules (Wells 1983, 1984). Similarities between the micromorphologic fabrics of in 
situ carbonate nodules from Kuldana paleosols and detrital nodules in Kuldana 
conglomerates support this interpretation (Plate lA and D). Thus, it seems likely that a 
significant proportion of the vertebrate fossils in Kuldana sandstones and conglomerates 
were reworked into channels from floodplain soils during episodes of channel erosion 
(Wells 1983, 1984). In the following sections, faunallists and the taphonomic contexts 
of two important Kuldana fossil localities are discussed (Barbora Banda and H-GSP 62, 
Wells 1983, West & Lukacs 1979). Information on the taphonomy of Kuldana fossils 
and paleosols is used to discuss factors that influenced fossil preservation and the 
amount of time represented by individual fossil assemblages in the study area. 

LOWER KULDANA FOSSIL ASSEMBLAGES 

The Barbora Banda and H-GSP 62 localities of the lower Kuldana Formation 
illustrate important differences in the taphonomy of Kuldana fossil assemblages. The 
two Barbora Banda localities occur in the North-West Frontier Province of Pakistan. 
The localities are referred to as Barbora Banda I and II and consist of well-cemented 
and lenticular sandstones and conglomerates (Wells 1983) that have yielded an 
abundant vertebrate fauna, though one of low diversity (Table 1, based on Thewissen et 
al. 1983, de Bmijn et al. 1982). The majority of specimens represent the artiodactyl 
Diacodexis pakistanellsis (approximate bodyweight 300 g). Many of the specimens of 
D. pakistanensis and an undescribed tapiroid from the same localities are partially 
articulated skeletons that show little evidence of abrasion. These two forms constitute 
most of the vertebrate fossils from the localities (Barbora Banda I yielded 138 
specimens of Diacodexis pakistanensis, Barbora Banda yielded 24). Bones at Barbora 
Banda are sorted by size and shape, and paleoflow measurements indicate that heavier 
elements, such as skulls, were deposited upstream of lighter bones, such as vettebrae 
(Wells 1983). 

The H-GSP 62 locality is present east of the Barbora Banda localities in the Kala 
Chitta Hills region. Similar to the Barbora Banda sites, the fossils are found primarily in 
well-cemented sandstones and conglomerates. In contrast to the other localities, 
however, the vertebrate fauna of the H-GSP 62 locality is diverse and consists of both 
small (approximately 90 g, rodent-sized) and large (approximately 25 kg, dog-sized) 
animals (Table 1). In addition, articulated elements are absent at the locality and the 
fossils are unsorted and show evidence of abrasion. 

KULDANA PALEOSOLS AND CONTROLS 
ON FOSSIL PRESERVATION 

The scarcity of vertebrate remains in Kuldana paleosols in the study area is 
probably related to I) paleosol Eh-pH conditions and 2) sediment accumulation rates. 
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As discussed previously, Kuldana paleosols developed under generally dIY, oxidizing, 
and alkaline conditions. The rarity of carbonate nodules in the upper half of the 
paleosol, however, suggests that this part of the profile was acidic. Acidic soil 
conditions near the floodplain surface would have inhibited the preservation of bones 
and teeth in Kuldana paleosols (Retallack 1984). Additionally, dry and oxidizing soil 
conditions could have caused bones on the floodplain surface to crack, flake, and 
disintegrate. In contrast, well-preserved vertebrate fossils from Eocene paleosols in 
North America are commonly encrusted with iron and carbonate compounds that 
precipitated in association with shallow fluctuating water tables (Bown & Kraus 1981). 
The mineral coatings probably helped preserve the fossils in these seasonally wet 
paleosols. The relatively dry soil conditions evidenced by Kuldana paleosols in the 
study area could have prevented the precipitation of the mineral coatings necessary to 
preserve vertebrate remains in these paleosols. 

A second and possibly more important factor related to the scarcity of vertebrate 
fossils in Kuldana paleosols is sediment accumulation rate. As discussed previously, the 
morphology and composition of Kuldana paleosols and the lenticular geometry of 
Kuldana sandstones and conglomerates in the study area suggests that Kuldana 
paleosols formed over short time periods and that sedimentation was rapid. Rapid 
sedimentation would disperse, rather than concentrate, vertebrate remains in Kuldana 
floodplain deposits, including those in paleosols. Studies in Amboseli Park in Kenya for 
comparison, have suggested that 10 3_10 4 years are necessary for bones to accumulate 
in "fossiliferous" concentrations on floodplain surfaces (Behrensmeyer 1982). Thus, 
rapid rates of sediment accumulation could have prevented bones and teeth from 
accumulating in "fossiliferous" concentrations in Kuldana paleosols. In contrast to the 
Kuldana Formation, Eocene paleosols from the Willwood Formation in Wyoming 
contain abundant vertebrate remains (Bown 1979, Bown & Kraus 1981). The 
abundance of vertebrate fossils in Willwood paleosols with well-developed A horizons 
probably reflects the greater length of time (10 3-10 5 years, Kraus & Bown 1986) 
represented by these paleosols (Stage 1-6 paleosols, Bown & Kraus 1981, 1987). 

TIME AVERAGING OF 
KULDANA CHANNEL FOSSIL ASSEMBLAGES 

Because channels can rework bones from older floodplain deposits, fossil 
assemblages in channel deposits are generally thought to represent longer time intervals 
than attritional floodplain fossil assemblages (Behrensmeyer 1982). Factors that control 
the input of bones from older floodplain deposits and thus the maximum length of time 
represented by fossil assemblages in channel deposits include: 

1) the availability of fossils in floodplain deposits, 

2) the ability of a channel to rework older floodplain deposits. 

For instance, if fossils are not preserved in floodplain deposits, the amount of time 
represented by channel fossil assemblages will not be affected by the reworking of older 
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floodplain deposits. Similarly, if floodplain sedimentation is rapid or if clayey 
floodplain deposits inhibit lateral channel migration, bone inputs from older floodplain 
deposits will be minimized. 

Studies of experimental and natural bone accumulation in the East Fork River in 
Wyoming have shown that channel bone assemblages can represent short time intervals 
(Behrensmeyer 1982, Asian & Behrensmeyer in press). For instance, experimental 
bones, representing a point source within the channel, became sorted by size and shape 
in 1 to 10 years. In contrast to the sorted distribution of experimental bones, natural 
bone assemblages in the same channel were unsorted and randomly distributed. This 
random and unsorted distribution of the natural bones was attributed to the varying 
locations and times at which bones were introduced into the channel. Furthermore, 
reworking of older floodplain deposits by the river produced natural bone assemblages 
that represent time intervals of up to 10 4 years. 

Comparisons between the taphonomic characteristics of the Kuldana channel 
fossil assemblages and the patterns of bone accumulation in the East Fork River provide 
a basis for estimating the amount of time represented by Kuldana fossil assemblages. 
First, the presence of paItially-articulated skeletons and bones sorted by size and shape 
at the Barbora Banda localities suggests that the assemblages represent short time 
intervals (1-10 years), based on the time required to sort the experimental bones 
representing point sources in the East Fork River. This time estimate is also consistent 
with the suggestion that the Barbora Banda fossils represent a mass mortality event 
caused by a flood (Wells 1983). 

In contrast to the Barbora Banda localities, fossils from locality H-GSP 62 
represent a wide variety of species and bone sizes and shapes. The unsorted distribution 
of these fossils is similar to the distribution of natural bones in the East Fork River, 
which suggests that the fossils from H-GSP 62 accumulated over longer time intervals 
than the Barbora Banda fossils. Because Kuldana fossils were reworked from floodplain 
soils, the estimated amount of time represented by Kuldana paleosol development also 
provides a maximum age for the length of time represented by Kuldana channel fossil 
assemblages. Based on the previous suggestion that Kuldana paleosols formed over time 
intervals of less than 10 5 years and probably closer to 10 3 years, unsorted fossil 
assemblages in Kuldana channel deposits should represent similar time spans. 

CONCLUSION 

Integrating information on paleosols and the taphonomy of vertebrate fossil 
assemblages in the Kuldana FOImation of northern Pakistan is important for two 
reasons. First, information on Kuldana paleosols provides a better understanding of the 
factors that controlled the preservation and distribution of the vertebrate remains in 
Kuldana deposits. Specifically, acidic, dry, and oxidizing soil conditions in the upper 
half of Kuldana paleosols as well as stratigraphic evidence for rapid sediment 
accumulation could explain the scarcity of vertebrate remains in Kuldana mudstones. 
Second, comparisons between the taphonomic characteristics of Kuldana fossil 
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assemblages and bone accumulations in modern channels are useful for estimating the 
amount of time represented by fossil assemblages from different localities. These 
temporal inferences are important for interpreting evolutionary relationships between 
Kuldana vertebrate fossils and those from Eocene deposits of other continents. 
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LEGEND OF THE PLATE 

PLATE 1 

Photo micrographs of Kuldana paleosol and conglomerate samples. 

A. Sample from a pedogenically-modified sandstone showing detrital micritic carbonate 
nodules (m) that are present within larger, pedogenic carbonate nodules. The smaller 
nodules contain common metamorphic rock fragments (rf) and in some instances, are 
partially stained red by iron oxides (i). 

B. Same sample as in A showing close-up of a detrital micritic carbonate nodule (m) 
and sparry carbonate cement (s). Iron-oxides (i) have filled interclystalline voids. 

C. Sample from a pedogenically-modified conglomerate showing abundant ostracod 
wackestone rock fragments (w) surrounded by iron-stained, iIluvial clay coatings (c). 
Wackestone rock fragments have been partially replaced by authigenic quartz 
clystals. 

D. Conglomerate sample showing abundant micritic carbonate nodules (m) and 
irregularly-shaped bone fragments (b). Some nodules are partially-stained red by iron 
oxides (i). All photomicrograph views are in plane-polarized light. 

Scale bars = 500 ].tm. 
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