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Paleopedology and geochemical analysis of Upper Jurassic deposits in the Stanleyville Group of Central Africa
indicate harsh Late Jurassic paleoclimates in the interior of Gondwana. Subsurface samples collected from the
Samba borehole near the center of the Congo Basin show only weak morphological evidence of pedogenesis,
but are characterized by an abundance of shrink-swell (vertic) features and rare calcium carbonate nodules,
indicating seasonal variations in moisture availability and net soil moisture deficiency, respectively. X-ray dif-
fraction analysis of paleosol matrix material reveals the presence of analcime and the clay mineral palygors-

?f,ffgvgrg;m kite, strong indicators of hot, arid climatic conditions. The 830 and &D values of clay minerals from paleosol
Stanleyville Group profiles range from + 22.3%. to + 25.4%. and —44.4%. to —39.6%. SMOW, respectively, and correspond to
Paleosols crystallization temperatures between 25 °C and 40 °C. These crystallization temperatures compare favorably
Paleoclimate with austral summer surface temperature estimates for Central Africa that result from Late Jurassic global

Stable isotopes circulation models. Calculations of soil CO, production using the §'3C values of pedogenic carbonates and
plant-derived organic matter produce lower CO, production estimates for the Stanleyville Group relative to
the roughly contemporary Morrison Formation of the western U.S. These low soil CO, production estimates
provide further support for arid Late Jurassic climate conditions in the Congo Basin. The paleoclimatic condi-
tions inferred here from the Stanleyville Group are similar to those reconstructed from other Upper Jurassic
African continental localities between 5°S and 20°S paleolatitude. However, penecontemporaneous terrestrial
coastal sites within this latitudinal belt of Gondwana retain evidence of generally wetter conditions, suggesting
that those regions may have received more rainfall than the continental interior. The paleoclimatic setting
reconstructed here from geologic indicators and geochemical proxies suggests that general circulation models
accurately predict unique paleoenvironmental conditions that lack modern analogs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The latter half of the Jurassic Period was a time of significant paleo-
geographic change as fragmentation of Pangea progressed and the in-
cipient North Atlantic developed between North America and Eurasia
(Uchupi, 1988; Smith et al., 1994; Golonka et al., 1996). These tectonic
rearrangements brought about major changes in both climate and sea
level (Parrish, 1993; Hallam, 2001). Global datasets of paleoclimate in-
dicators suggest that low-latitude Late Jurassic environments were
arid and tropical ever-wet conditions were absent (Rees et al., 2000).
During the Late Jurassic, the African portion of Gondwana straddled
the equator (Smith et al., 1994), providing a large area for development
of low-latitude continental environments. Some of the Late Jurassic ter-
restrial ecosystems that developed in eastern Africa boasted diverse
faunas that rivaled those of contemporary Europe and North America
(Goodwin et al,, 1999; Aberhan et al., 2002), but data from this time pe-
riod are lacking for much of the rest of the continent.
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Despite the fact that several east African localities have provided a
wealth of vertebrate fossil material (Raath and McIntosh, 1987;
Goodwin et al., 1999; Aberhan et al., 2002), Upper Jurassic continen-
tal deposits compose only a small portion of the present surficial ge-
ology of Africa, and little effort has been devoted to the study of
paleoclimatic data recorded in these rocks. Paleoclimate interpreta-
tions made from African Upper Jurassic strata are typically restricted
to general comments on the presence of climatically-sensitive sedi-
mentary indicators, presented as background information in studies
of vertebrate faunas and depositional environments (e.g., Assefa,
1991; Aberhan et al,, 2002). Even less is known about the terrestrial
environments that developed in the interior of the African continent.
The Upper Jurassic-Lower Cretaceous Stanleyville Group of the Congo
Basin presents a unique opportunity to study the paleoclimatic condi-
tions of low-latitude, Late Jurassic terrestrial environments deep in
the interior of Gondwana.

This study evaluates paleoclimatic conditions during deposition
of the Stanleyville Group using paleopedological, mineralogical,
and geochemical data. Examination of climatically-sensitive paleosol
features and mineralogical composition yields information about
relative amounts of precipitation and patterns of annual rainfall dis-
tribution, while stable isotope analysis of clay minerals provides
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quantitative estimates of soil temperature. Soil CO, production esti-
mates based on §'3C values of paleosol calcite and organic matter
from both the Stanleyville Group and the Morrison Formation of
the western U.S. are compared in order to illustrate potential differ-
ences in environmental parameters. Results of this work are also
compared with paleogeographic studies of sedimentological and pa-
leobotanical climate indicators and general circulation model (GCM)
results for Late Jurassic paleoclimate in low-latitude Africa.

2. Geological background
2.1. Tectonic and paleogeographic setting

During the Late Jurassic, the breakup of Pangea was well under-
way, but Gondwana remained largely intact, stretching from near
the South Pole to ~25°N (Smith et al., 1994; Golonka et al., 1996).
The Congo Basin, a large downwarped area atop the Congo craton
(Bumby and Guiraud, 2005; Giresse, 2005; Kadima et al., 2011a,
2011b), occupied a position between 10°S and 20°S in the interior
of Gondwana (Smith et al., 1994). Formation of the Congo Basin
was initiated in the Late Proterozoic (Lawrence and Mvumbi, 1988;
Chorowicz et al., 1990), perhaps as the result of failed rifting (Daly
et al,, 1992; Crosby et al., 2010; Kadima et al, 2011b), and was com-
pleted by Early Paleozoic thermal subsidence (Lawrence and
Mvumbi, 1988; Daly et al., 1992) that generated accommodation
space for Upper Jurassic-Lower Cretaceous strata of the Stanleyville
Group.

Within the Congo Basin, the Cuvette Centrale sub-basin, bounded
by Precambrian thrust belts, covers an area approximately 1.2 million
km? and contains up to 9 km of sedimentary fill, ranging in age from
Early Cambrian to Recent (Daly et al., 1992; Kadima et al., 2011b). The
structural framework of the Cuvette Centrale is dominated by NE-SW
trending transfer faults and ESE-WNW trending normal faults formed
in the initial Late Proterozoic extensional event (Chorowicz et al.,
1990; Kadima et al., 2011b). These faults were later reactivated by
Late Cambrian and Permo-Triassic compressional events related to the
assembly of Gondwana and Pangea, respectively (Daly et al., 1992;
Bumby and Guiraud, 2005; Giresse, 2005; Kadima et al,, 2011b). Further
reactivation and uplift in the Middle Jurassic was followed by subsi-
dence in the Late Jurassic (Chorowicz et al., 1990; Daly et al., 1992).

In the 1950s, two boreholes were drilled by the Syndicate pour
I'Etude Géologique et Miniére de la Cuvette Congolaise at Samba
and Dekese in order to constrain subsurface stratigraphic architecture
for a study of reservoir potential in the Cuvette Centrale (Lawrence
and Mvumbi, 1988). The Samba well, the source of the Stanleyville
Group samples used in this study, was located near the center of
the Congo Basin and penetrated approximately 1170 m of Paleozoic,
Mesozoic, and Cenozoic deposits resting atop Precambrian basement
(Giresse, 2005; Kadima et al., 2011a). The 6.7 cm diameter cores re-
covered from the Samba and Dekese boreholes are currently housed
in the Royal Museum for Central Africa in Tervuren, Belgium.

2.2. Stratigraphy

The Stanleyville Group (Veatch, 1935), alternatively referred to as
the Stanleyville Formation (Daly et al, 1992), crops out along the
banks of the Lualaba and Congo rivers in the eastern part of the Cuvette
Centrale (Lepersonne, 1974; Cahen, 1983) (Fig. 1A). Boreholes indicate
that the Stanleyville Group is also present in the subsurface in the cen-
tral and far western portions of the basin (Cahen et al., 1959; Egoroff
and Lombard, 1962; Cahen, 1983). Eastern outcrop sections are 460 m
thick in the type-area near Kisangani (formerly Stanleyville) (Colin,
1994) and consist primarily of reddish-brown and greenish-gray mud-
stones with interspersed limestones and bituminous beds (Bose, 1974).
Subsurface sections to the west, near the basin center at Samba, are
dominated by red sandstones and reach a thickness of 323 m (Cahen

et al., 1959; Bose, 1974; Cahen, 1983). Boreholes in the far western
part of the basin near Kinshasa and Brazzaville contain a mix of red
mudstones and sandstones, with a reduced total thickness not greater
than 20 m (Egoroff and Lombard, 1962; Bose, 1974; Cahen, 1983). In
the Samba core, the Stanleyville Group lies unconformably beneath
sandstones of the Lower Cretaceous Loia Group and rests unconform-
ably atop Lower to Middle Paleozoic sandstones correlative with the
Aruwimi Group (Kadima et al.,, 2011a).

2.3. Age and depositional setting

The Stanleyville Group was initially considered to be Upper Triassic
in age based on preliminary analysis of fishes collected from eastern
outcrops (Leriche, 1911; Veatch, 1935). Subsequent biostratigraphic
studies, including more extensive analyses of the Stanleyville fishes
(Saint-Seine et al,, 1952; Cahen and Lepersonne, 1955; Saint-Seine,
1955; Saint-Seine and Casier, 1962), and additional analyses of ostra-
codes (Grekoff, 1957), conchostracans (Defrétin-Lefranc, 1967), and bi-
valves (Cox, 1953, 1960), all support assignment to the Upper Jurassic.
Further refinement of the biostratigraphy suggests that the Stanleyville
Group extends from the lower Kimmeridgian to the Barremian or
Aptian (Lepersonne, 1977; Cahen, 1983). In contrast, Kadima et al.
(2011a) cite a palynological report by Stough (1965) that assigns a
Middle to Upper Jurassic (Bajocian-Oxfordian) age to the Stanleyville
Group. Most recently, Colin (1994) reinterpreted the biostratigraphic
evidence in favor of a Middle Jurassic (Aalenian-Bathonian) age,
based largely on aspects of the fish and ostracode assemblages. In the
past decade, an entirely Middle Jurassic age has been adopted by
some (Arratia et al.,, 2002; Lépez-Arbarello et al., 2008; Rauhut and
Lopez-Arbarello, 2009), but not all (Yanbin et al., 2004; Giresse, 2005;
Kadima et al., 2011a) researchers. The ostracode assemblage from
the Stanleyville Group (Colin, 1994) does not resemble those of the
Upper Jurassic Morrison (U.S.A.) or Tendaguru (Tanzania) forma-
tions (Schudack et al., 1998; Sames, 2008), but the conchostracan
fauna is similar to that of the Upper Jurassic Tacuaremb6 Formation
of Uruguay (Yanbin et al., 2004). Although more detailed work is
needed to resolve the questions surrounding the precise age of the
Stanleyville Group, this study adheres to the stratigraphic age as-
signment presented by Cahen (1983).

Biostratigraphic correlation of the subsurface Stanleyville section at
Samba with outcrops in the type area near Kisangani indicates that
the Jurassic-Cretaceous boundary likely occurs between 1009.26 m
and 941.87 m depth in the Samba core (Cahen, 1983). Deposition of
the Jurassic portion of the Stanleyville Group was roughly coeval with
that of the Morrison Formation of the western U.S., the informally-
named Lourinhd formation of western Portugal, and the Tendaguru
Formation of Tanzania (Fig. 2; Sames, 2008).

In the Samba core, the Stanleyville Group consists of fluvial and
lacustrine deposits (Cahen, 1983; Kadima et al., 2011a). The tempo-
rally equivalent fluvio-lacustrine deposits of the Morrison Formation
(Kimmerdgian-Tithonian) crop out over a large part of the western
U.S., extending from New Mexico northward to Montana, and from
Utah eastward to Oklahoma (Kowallis et al., 1998; Foster, 2003;
Turner and Peterson, 2004), corresponding to paleolatitudes be-
tween 30°N and 35°N (Smith et al., 1994). Morrison Formation sam-
ples used here were collected from outcrops near Ghost Ranch, New
Mexico; Shell, Wyoming; and Bridger, Montana (Fig. 1B), providing a
geographically broad sampling of Morrison environments.

3. Methods
3.1. Field sampling and laboratory analysis
The Stanleyville paleosol samples used in this study come from

the Samba core between 1167.43 m and 844.65 m depth. Samples
were collected from all parts of this interval that showed evidence
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Fig. 1. Maps of the study areas and localities from which samples were collected. Each study area is plotted on the Late Jurassic paleogeographic map below, modified from Smith et al.
(1994). (A) Map of Central Africa showing locations mentioned in text and outcrop distribution of the Stanleyville Group based on Lepersonne (1974). The shaded area represents the
Congo Basin, and the dashed line denotes the approximate border of the Cuvette Centrale sub-basin. (B) Map of sampling localities and outcrop distribution of the Morrison Formation
based on Foster (2003).

of pedogenic modification. Each sample was described in detail, in- Stanleyville paleosol samples selected for X-ray diffraction (XRD)
cluding observations of lithology, Munsell color, sedimentary or ped- analysis were disaggregated in deionized water using an ultrasonic
ogenic features, and reactivity with hydrochloric acid. A total of 16 water bath and centrifuged to separate the total clay fraction
paleosol profiles were identified in the Stanleyville section of the (<2 pum) from the coarse fraction (>2 pm). The >2 um size fraction
core (Fig. 3), and each profile was classified according to the system of each sample was powdered with a mortar and pestle and analyzed
developed by Mack et al. (1993). at SMU using a Rigaku Ultima IIl X-ray diffractometer with a step size
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Fig. 2. Correlation chart for Upper Jurassic terrestrial successions of North America, Western Europe, Eastern Africa, and Central Africa. Stratigraphic nomenclature is based on references
given at the bottom of each column (Cahen, 1983; Peterson, 1988; Hill, 1989). Depicted ages of the Lourinhd formation, the Tendaguru Formation, and the Stanleyville Group are based on
biostratigraphy (Cahen, 1983; Hill, 1989; Sames, 2008). The age of the Morrison Formation is based on radiometric dating (Kowallis et al., 1998).

of 0.05° over a range of 2°-70° 26. Using the total clay fraction, orient-
ed aggregates were prepared and mounted on glass slides. Each clay
sample was treated to produce (1) K -saturated, (2) Mg?*-saturated,
and (3) Mg?"-saturated as well as glycerol-solvated mounts. After
initial XRD analysis, K*-saturated samples were heated in a furnace
at 500 °C for a minimum of 2 h, and then reanalyzed. Analysis of the
total clay fraction was followed by isolation and analysis of the fine
clay fraction (<0.2 um), which contains predominantly pedogenic,
rather than detrital, clays in paleosol profiles (Tabor et al., 2002;
Vitali et al., 2002). All clay samples were analyzed at SMU using a
Rigaku Ultima Il X-ray diffractometer with a step size of 0.05° over
arange of 2°-30° 26. The relative abundance of different clay mineral
species in all size fractions was estimated using the area of the 001
peak in the glycerol-solvated mount with background removed.

Four paleosol matrix samples were selected for determination of
6'%0 and oD values of phyllosilicates in the fine clay fraction. These
samples were treated with a citrate-bicarbonate-dithionite solution
to remove iron oxides, then thoroughly rinsed with deionized water
at least five times and subsequently dried. Each sample was divided
into two aliquots: one for 6D analysis and one for 6'80 analysis. The
sample fractions selected for 6D analysis were dehydrated at ~250 °C
for 0.5 to 0.75 h under vacuum to remove any adsorbed or interlayer
water. Samples were then heated in 0.16 bar O, under closed-system
conditions at ~850 °C for 30 min, and water vapor produced by dehy-
droxylation of the clay minerals was passed over reduced uranium
metal at ~760 °C to produce hydrogen gas. H, yields were determined
by mercury manometry with a precision of 4- 1 umol. The isotopic com-
position of the hydrogen gas was measured at SMU using a Finigan MAT
252 isotope ratio mass spectrometer. Sample fractions reserved for 550
analysis were dehydrated in nickel-rod bombs under open-system vac-
uum at 150 °Cfor 1 h to remove sorbed water and reacted with bromine
pentafluoride to produce oxygen gas (Savin and Epstein, 1970). The
0, was then reacted with graphite to produce CO,, which was cryo-
genically isolated and analyzed for §'80 values using a Finigan MAT
252 isotope ratio mass spectrometer at SMU. Both 6D and §'80
values are reported in per mil (%.) units relative to Standard Mean
Ocean Water (SMOW).

Carbonates in the Samba core were collected and drilled from
handsample. Visual inspection revealed no coarsely crystalline, sparry
fabrics that typically represent groundwater or diagenetic cements
(Mora et al., 1993; Quast et al., 2006). Sample powders were reacted

with 100% orthophosphoric acid at 25 °C and cryogenically purified to
produce CO, (McCrea, 1950). The carbon isotope composition of the
extracted CO, was measured at SMU using a Finigan MAT 252 isotope
ratio mass spectrometer.

Organic matter collected from both the Stanleyville Group and the
Morrison Formation consisted of carbonized vascular plant material.
All organic samples were treated with dilute HCI to remove any car-
bonate material, then thoroughly rinsed with deionized water and
air-dried. Procedures for combustion of organics to produce CO,
were based on methods detailed by Boutton (1991). Each sample
was sealed under vacuum in a vycor combustion tube with ~1 g cop-
per oxide and 0.5 g native copper, then pyrolized in a muffle furnace.
Samples were heated at 900 °C for 2 h, then the furnace temperature
was incrementally reduced and held at 650 °C for 2 h. Carbon dioxide
evolved during pyrolization was extracted and analyzed at SMU using
a Finigan MAT 252 isotope ratio mass spectrometer. Carbon isotope
composition is reported here in per mil (%.) relative to the PeeDee
Belemnite standard (PDB).

4. Results
4.1. Paleosol classification

Of the total thickness of the Stanleyville section (323 m), approx-
imately 21% consists of pedogenically altered material. Three different
paleosol morphologies were identified in the Stanleyville section of
the Samba core (Figs. 3-4). Vertic Protosols are the most abundant
paleosol type, whereas Vertisols and calcic Vertisols are much less
common (Table 1).

4.1.1. Vertic Protosols

Seventy percent of the paleosols in the Stanleyville section are
vertic Protosols. These paleosols are characterized by vertic features
in weakly-developed profiles. Vertic Protosols are most often identi-
fied by the presence of clastic dikes in otherwise unmodified, homog-
enous matrix (Fig. 5). When clastic dikes are absent, these profiles
may have poorly-developed slickensides, occasionally in conjunction
with incipient angular blocky ped structure or wedge-shaped aggre-
gates. Although clastic dikes help determine the upper contacts of
many profiles, lower contacts are commonly difficult to distinguish
due to weak morphological development of pedogenic features in
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the B-horizon. Profiles vary between one and several meters in thick-
ness (Fig. 3). Vertic Protosols are spread throughout the paleosol-
bearing portion of the Stanleyville Group and formed in a variety
of lithologies. Vertic Protosols developed in fine-grained deposits
such as mudstones typically have slickensides and evidence of ped
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Fig. 4. Diagrammatic illustrations of representative paleosol profiles described from
the Stanleyville Group.

structure. Profiles in coarser-grained deposits—siltstones and muddy
sandstones—exhibit clastic dikes, but lack other pedogenic features.

4.1.2. Vertisols

Vertisols are a minor component (18%) of the Stanleyville section
relative to vertic Protosols, with only three profiles observed (Fig. 3,
Table 1). These paleosols are dominated by well-developed suites of
vertic features. Each profile has clastic dikes at its upper contact and
a well-defined Bss horizon. Stanleyville Vertisols developed in mud-
stone, siltstone, and muddy sandstone, but well-developed wedge-
shaped ped structure was observed in only a single profile from the
finest-grained deposit. Vertisol profiles in the Samba core range
from 2 to 5 m and are not as thick on average as vertic Protosols. Nev-
ertheless, the Stanleyville Vertisol profiles are more mature in terms
of their morphological development.

4.1.3. Calcic Vertisols

Calcic Vertisols are the least abundant paleosol type in the Stanley-
ville Group, with only two profiles recorded (Fig. 3, Table 1). These
paleosols possess Bkss horizons, containing both weakly-developed
slickensides and pedogenic carbonate accumulations. Calcic Vertisol
profiles are dominated by vertic features, including both clastic dikes
and slickensides, while carbonate accumulations are a relatively minor
component. Carbonate deposits formed as either discrete nodules
(stage Il Bk horizon; Gile et al., 1966) or diffuse, wispy seams of calcite
(stage I Bk horizon; Gile et al., 1966). These paleosols developed in silt-
stones, and no ped structure is visible, despite the presence of slicken-
sides. Both calcic Vertisols in the Stanleyville section are between 2
and 3 m thick.

Table 1
Abundances of paleosol types within the Stanleyville Group.

Paleosol type # of profiles % of profiles % of section thickness
Vertic Protosol 12 70 14
Vertisol 3 18 4
Calcic Vertisol 2 12 3
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4.2. Stratigraphic distribution of paleosols

The highest concentration and diversity of paleosols in the Stanleyville
Group occurs within the interval containing the Jurassic-Cretaceous
boundary (1009-942 m; Cahen, 1983). Uncertainty regarding the exact
location of the boundary within this interval makes it difficult to de-
termine which paleosols are Upper Jurassic and which are Lower
Cretaceous. Most of the observed paleosols occur in the upper half
of the Stanleyville section, extending from approximately 1035 m
to 845 m depth. Below 1035 m, the Stanleyville consists of relatively
coarse-grained, sandy deposits devoid of pedogenic features. These
lower fluvial sandstones are characterized by horizontal bedding
and, less commonly, crossbedding. Above 1035 m, finer-grained de-
posits increase in abundance, and paleosol profiles occur sporadical-
ly. Vertic Protosols are scattered throughout the paleosol-bearing
part of the section. Only a small interval extending from 1005 m to

950 m depth contains more mature Vertisol profiles, some contain-
ing traces of pedogenic calcite (Fig. 3). Overall, pedogenic alteration
of Stanleyville strata is rather limited.

4.3. X-ray diffraction-analysis of paleosol matrix samples

Powdered samples from the >2 um coarse size fraction contain a
high abundance of the zeolite analcime, with characteristic peaks at
5.60 A and 3.42 A. For potentially Upper Jurassic samples collected
between 1031.0 m and 942.5 m depth, estimates of analcime abun-
dance range from 9% to 57%, with an average of 31% (Fig. 6). Analcime
abundance varies considerably throughout both the Upper Jurassic
and Lower Cretaceous parts of the Stanleyville section, and there is
no discernable correlation with lithology or paleosol type. Other com-
mon minerals in the matrix coarse fraction include quartz and
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feldspar, and some samples also contain minor amounts of pedogenic
calcite or dolomite that could not be avoided in the sampling process.

The clay mineralogy (<2 um) of a sample from a representative
Vertisol at 964.0 m (Fig. 3) is summarized in Fig. 7. The total clay frac-
tion is dominated by illite and mixed-layer illite-smectite. Small
peaks at 7.10 A and 3.52 A indicate the presence of trace amounts
of kaolinite, whereas peaks at 4.49 A and 4.26 A are indicative of
palygorskite. The primary peak for palygorskite, which typically occurs
at 10.4 A, is obscured by the wide peaks of illite and mixed-layer illite-
smectite around 10.0-11.5 A. Traces of analcime occur occasionally in
the total clay fraction throughout the section. The fine clay fraction
(<0.2 um) from the same sample (CS29) consists entirely of illite and
mixed-layer illite—smectite, with no traces of kaolinite or palygorskite.
Analyses of other samples from different paleosol profiles in the
Samba core show similar patterns, although some also contain minor
amounts of smectite (Fig. 8).

Analysis of the stratigraphic distribution of clay minerals within
the Stanleyville Group reveals higher concentrations of smectite and
mixed-layer illite—smectite below approximately 915 m depth (Fig. 8).
This interval of greater smectite abundance is resolvable in both the
total and fine clay fractions. Above 915 m, in the Lower Cretaceous
part of the section, smectite occurs in only small amounts, and the
clay mineral assemblage is dominated by illite with only minor amounts
of kaolinite. Palygorskite-bearing samples are restricted to the interval
of higher smectite abundance in the lower two thirds of the section

(>915 m; Fig. 3). Most of the paleosols (76%) fall within the smectite
and palygorskite-bearing zone below 915 m, with only four profiles
(24%) located above this zone.

4.4. Oxygen and hydrogen isotope analysis of clay minerals

The 680 and &D values measured from the fine clay fractions of
four paleosol matrix samples are given in Table 2. Three samples from
the Jurassic-Cretaceous boundary interval have §'80 values between
+22.3%0 and +25.4%. SMOW and 6D values between —44.4%. and
—39.6%. SMOW. The fourth sample, from Lower Cretaceous strata in
the upper part of the section (Cahen, 1983), has a 6'%0 value of
+ 25.4%0 and a 6D value of —48.5%..

4.5. Carbon isotope analysis of carbonates and plant-derived organic
matter from the Stanleyville Group

Of the seven carbonate specimens sampled from the Samba core,
only one is suitable for use in estimation of soil CO, production
(Ekart et al., 1999; Tabor et al., 2004; Sheldon and Tabor, 2009).
This micritic calcite nodule, collected from a calcic Vertisol in Upper
Jurassic-Lower Cretaceous strata at 982.0 m depth (Fig. 3), has a
813C value of —6.8% PDB (Table 3). All other carbonate samples
from the Stanleyville section were collected from coarse-grained flu-
vial deposits rather than paleosols, and although they were likely
formed by pedogenic processes, they are detrital sedimentary clasts
and therefore inappropriate for use in CO, production calculations
(Ekart et al., 1999; Tabor et al., 2004; Sheldon and Tabor, 2009). The
513C values of these six samples are 2.6%. more positive, on average,
than that of the nodule collected from the calcic Vertisol (Table 3).

Five organic matter samples were analyzed for determination of
813C values. Three of these samples come from the Lower Cretaceous
part of the Stanleyville section, and two samples were collected from
the Jurassic-Cretaceous boundary interval between 1009 m and
942 m depth (Cahen, 1983). One of the samples (CS03) was com-
posed of carbonized woody material, but the rest comprised small
particles of unidentifiable organic matter. Carbon isotope values for
these organics range from —24.8%. and —23.2%. PDB, with an aver-
age of —24.3%. (Table 3).

4.6. Carbon isotope analysis of plant-derived organic matter from the
Morrison Formation

Carbonized plant material is exceedingly scarce within the Morrison
Formation, so despite careful inspection of over 1000 m of section at
several different localities, only four organic samples were recovered
from three sites. One sample from Montana (MD020) consists of car-
bonized woody material, and the rest are composed of particles of
organic matter suspended in clastic matrix. The 8'C values of
these samples range from —22.3%. to — 18.7%. PDB, with an average
of —21.0%. (Table 4).

5. Discussion
5.1. Paleoclimate conditions based on paleosol morphology

Slickensides and abundant clastic dikes observed in Stanleyville
paleosols are indicative of variations in moisture availability. Vertic
features in modern soil profiles are formed by shrink-and-swell pro-
cesses resulting from cyclical wetting and drying (Wilding and Tessier,
1988; Coulombe et al., 1996). Slickensides observed in Stanleyville
paleosols are typically poorly developed because of the high silt content
of the mudstones, whereas clastic dikes are quite deep, commonly
extending >0.5 m from the paleosol surface. The depth of cracking in
modern Vertisols is directly related to intensity of desiccation within
the soil profile (Zein el Abedine and Robinson, 1971; Dasog et al.,
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Fig. 7. XRD spectra for oriented aggregates of the total clay fraction (<2 pm) and fine clay fraction (<0.2 um) from a Vertisol at 964.0 m depth containing illite, mixed-layer illite/smectite,

and trace amounts of palygorskite.

1988), where the distal termination of soil cracks signals the transition
from dry to moist soil matrix (Dudal and Eswaran, 1988). Consequently,
the deep penetration of clastic dikes in the Stanleyville paleosols may
reflect thick zones of low soil moisture in the upper parts of the soil pro-
files, related to intense desiccation. Although other common vertic fea-
tures, such as mukkara structure and gilgai microrelief, were not
identified in the Stanleyville paleosol profiles, the relatively large scale
of these features makes them difficult to detect in the small cross-
section of the drill core. The small diameter of the core may also have
allowed some poorly-developed paleosols (e.g., non-vertic Protosols)
to escape detection, although such types of profiles would provide little
additional paleoclimatic information.

The absence of paleosol profiles in the lower part of the Stanleyville
Group (Fig. 3) is likely related to the coarse-grained texture and higher
sedimentation rates of the fluvial channel deposits. Although paleosols
developed within finer-grained mudstones in the upper part of the sec-
tion, even these profiles typically lack well-developed horizonation and
pedogenic structure (Figs. 3-4). Many of the thicker paleosol profiles,
especially Vertisols and vertic Protosols, appear to be cumulic in nature
(sensu Marriott and Wright, 1993), suggesting that some Stanleyville
soil-forming environments were characterized by constant sedimen-
tation rates and relatively slow aggradation. Conversely, thick vertic
Protosols characterized by the presence of clastic dikes alone suggest
pulses of more rapid sedimentation. Generally weak morphological
development among the majority of the Stanleyville paleosols is
likely related to reduced chemical weathering rates and low biolog-
ical productivity in the soil, both of which are characteristic of arid
environments (Melillo et al., 1993; Sellwood and Price, 1993; Mack
and James, 1994; Churkina and Running, 1998; Nemani et al., 2003;

Bradford et al., 2006). Notably, no evidence of rooting (e.g., rhizoliths
or root traces) was observed in any of the paleosol profiles in the
Stanleyville Group. If the lack of root structures in Stanleyville paleo-
sols is attributable to absence of significant vegetation, this provides
further support for interpretation of Stanleyville paleoenvironments
as arid and inhospitable.

5.2. Paleoclimate conditions based on matrix mineralogy

Earlier mineralogical analysis of sedimentary matrix in the Stanley-
ville section of the Samba core indicated that beds above approximately
1100 m were dominated by analcime (Vanderstappen and Verbeek,
1964). The analcime present in the Stanleyville deposits was initially
suggested to be an alteration product of volcanic materials (Vernet,
1961), but subsequent analyses concluded that a non-volcanic origin
for the analcime was more likely (Vanderstappen and Verbeek, 1964).
XRD analysis reveals trace amounts of analcime in the Stanleyville
clay assemblages (<2 pm fraction), but the bulk of the analcime is con-
centrated in the >2 pm size fraction. Sedimentary analcime is associated
with arid environments, forming in saline, alkaline brines of lacustrine
and playa settings by crystallization from gelatinous aluminosilicates
at or below the water table (Hartley et al., 1991; English, 2001; Do
Campo et al,, 2007). The alumina and silica necessary for analcime crys-
tallization may be derived from decomposition of either volcaniclastic
material, feldspars, or clay minerals that are unstable in sodium-rich
brines depleted in silicon and aluminum (English, 2001).

Soil-formed palygorskite develops in arid climates, often in associ-
ation with gypsum-bearing parent materials such as those derived
from shallow, saline lakes or lagoons (Khademi and Mermut, 1998).
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amounts throughout the section.

Modern palygorskite-bearing soils are often saturated by saline ground-
water (Singer, 1984; Curtis, 1990). Alternatively, non-pedogenic paly-
gorskite may precipitate from alkaline brines in lacustrine or shallow
marine environments (Callen, 1984) and be inherited by soil profiles
that later overprint lacustrine strata within an arid climatic setting.
Humid climatic conditions not only inhibit formation of pedogenic
palygorskite, but also cause dissolution and removal of palygorskite
from soil profiles (Singer, 1984). Therefore, the occurrence of paly-
gorskite in the clay mineral assemblages of the Stanleyville paleosols
strongly suggests arid climatic conditions.

Near 1011 m depth in the core are several seams of satin spar cal-
cite with a medial scar, indicating replacement of gypsum. These
seams formed between thin layers of lacustrine clay with alternating
light and dark banding. The presence of analcime, palygorskite, and

Table 2

Measured 5'®0 and 6D values of phyllosilicates and mean annual soil temperature es-
timates for the Stanleyville Group. These temperatures should be considered maxi-
mum estimates due to errors resulting from variable sample composition.

Sample Depth Paleosol Age 5180 ) Temperature
(m)  type (%SMOW)  (%SMOW) (°C) £3°
CS16 925.5 Vertic  Lower +254 —48.5 23
Protosol Cretaceous
CS25 951.0 Vertic U. Jurassic-L. +22.9 —44.2 35
Protosol Cretaceous
CS29 964.0 Vertisol U. Jurassic-L. +25.4 —44.4 25
Cretaceous
CS39 993.5 Vertisol U. Jurassic-L. +22.3 —39.6 40
Cretaceous

replaced gypsum in the Upper Jurassic part of the Stanleyville Group
is consistent with hot, arid conditions and deposition in ephemeral flu-
vial and saline lacustrine paleoenvironments. The abrupt disappearance
of palygorskite and the decrease in smectite, which is also typical of dry
environments (Birkeland, 1999), at approximately 915 m may reflect a
climatic shift toward more humid conditions in the Early Cretaceous.

Table 3

Carbon isotope data for carbonates (n=7) and plant-derived organic matter (n=>5)
from the Stanleyville Group. CS34 is the only carbonate sample deemed appropriate
for use with the CO, paleobarometer. Of the organic matter collected and analyzed,
only samples CS21 and CS29 are potentially Upper Jurassic in age. CS03 consists of
carbonized woody material, but all other organic samples are fine particulate matter
derived from bulk matrix samples.

Carbonate nodules

Sample Depth (m) Age 8'3C (%.PDB)
CS18 935.0 Lower Cretaceous —2.59
CS34 982.0 Upper Jurassic-Lower Cretaceous —6.83
CS54 1091.0 Upper Jurassic —4.07
CS55 1092.0 Upper Jurassic —5.15
CS56 1108.0 Upper Jurassic —4.80
CS57 11195 Upper Jurassic —4.17
CS58 1120.5 Upper Jurassic —4.31
Organic matter

CS03 856.5 Lower Cretaceous —23.16
CS04 857.5 Lower Cretaceous —24.67
CS09 874.0 Lower Cretaceous —24.381
CS21 942.0 Upper Jurassic-Lower Cretaceous —24.63
CS29 964.0 Upper Jurassic-Lower Cretaceous —24.22
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Table 4

Carbon isotope data for plant-derived organic matter (n=4) from three localities in
the Morrison Formation. Average 6'>C value for all samples is —21.0%.. GR = Ghost
Ranch, NM; MD = Bridger, MT; SH = Shell, WY.

Sample Weight % C 513C (%. PDB) Material
GRO14 46.1 —21.99 Bulk
GRO16A 14 —18.68 Bulk
MD020 53.5 —21.20 Wood
SHO19 29 —22.28 Bulk

5.3. Paleotemperature proxy

Measured 6'80 and &D values of clay minerals were used to esti-
mate average annual soil paleotemperature using the equation de-
rived by Delgado and Reyes (1996), rearranged to isolate the
temperature variable:

3.54 x 10°
Ty =\
61%0—0.1256D + 8.95

(M

Three Upper Jurassic-Lower Cretaceous samples produced soil
temperature estimates ranging from 25 °C to 40 °C+ 3 °C (Table 2),
with an average of 33 °C (10=7.6 °C). A Lower Cretaceous sample
produced an estimate of 23 °C4-3 °C. The clay minerals used in this
analysis are assumed to have formed in isotopic equilibrium with me-
teoric waters with 680 values between 0% and +1% SMOW
(Fig. 9); however, given the high temperatures suggested by these es-
timates and the presence of the arid environmental indicators paly-
gorskite and analcime, the Stanleyville clay mineral assemblages
may have formed in the presence of waters subjected to evaporative
effects. The isotopic composition of surface waters that have under-
gone intensive evaporation reflects kinetic, rather than equilibrium,
fractionation (Savin and Hsieh, 1998). On a plot of §'80 vs. 8D values,
heavily evaporated waters are shifted to the right of the meteoric
water line (Fig. 9; Savin and Hsieh, 1998). If the clay minerals ana-
lyzed here formed from waters evaporatively enriched in 0 and
deuterium, the measured 680 and 6D values would correspond to
even higher paleotemperatures.

It is important to note that the temperature equation presented by
Delgado and Reyes (1996) was developed for smectite, and the clay
mineral samples analyzed here contain variable amounts of kaolinite
and illite in addition to smectite. The temperature dependence

*
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Fig. 9. Plot of 5'80 vs. 8D values for selected clay mineral samples from the Stanleyville
Group. The meteoric water line is shown at left, and the isotherms on the right repre-
sent potential compositions of smectite formed in equilibrium with meteoric waters at
different temperatures. Blue markers represent compositions of Upper Jurassic-Lower
Cretaceous samples, and the red marker represents a Lower Cretaceous sample. The
measured isotopic compositions of the three Jurassic-Cretaceous samples suggest an
upper limit for average annual soil paleotemperature between 35 °C and 40 °C.

functions for the fractionation factors of kaolinite and mixed-layer il-
lite-smectite differ from that of smectite (Capuano, 1992; Savin and
Hsieh, 1998), such that the paleotemperature estimates produced
here using the Delgado and Reyes equation are slight (<3 °C) overes-
timates. These paleotemperature estimates should be considered
maximum average annual soil temperatures. Yet, evidence has been
found for similarly high temperatures based on A%’ measurements
of Quaternary soil and paleosol calcite (Passey et al., 2010), as
well as Permian-age fluid inclusions within continental evaporites
(Benison and Goldstein, 1999). The paleotemperature estimates
generated here are consistent with soil temperatures measured in
modern, dry tropical sites.

5.4. Estimation of soil CO, production

The 6'3C values of pedogenic carbonate and plant-derived organic
matter collected from the Stanleyville section of the Samba core and
the Morrison Formation permit estimates and comparison of Late Ju-
rassic soil CO, concentrations between these two areas. These calcu-
lations require (1) calcite and organic matter 6'>C values presented
here from the Samba core (Table 3), (2) organic matter '3C values
from Morrison Formation samples presented here (Table 4), and (3)
calcite 6'3C values from Morrison Formation samples presented in
Ekart et al. (1999). Carbon isotope fractionation for CO4)—calcite was
calculated using the equation experimentally derived by Romanek
et al. (1992):

Eecco, = 11.98—0.12+T, 2)

where €._coy is the calcite-CO,(g) enrichment factor. Based on the range
of temperatures estimated from paleosol phyllosilicate 580 and 6D
values (Table 2), COy—calcite carbon isotope fractionation factors
were calculated at 5 °C increments between 20 °C and 35 °C (Table 5).
The equation developed by Cerling (1991) and reformulated by Ekart
et al. (1999) is rearranged to isolate the soil CO, production variable S
(z) and used to estimate in-situ soil CO, production:

c 583¢,—6"c,
613C,—1.00446"3C,—4.4

S(z) = 3)

where Cy is the concentration of CO, in the atmosphere, 513C, is the
813C value of atmospheric CO,, §'3Cs is the §'3C value of soil CO,,
813Co is the 6!3C value of soil-respired CO, (produced by in-situ soil
processes), and S(z) is the concentration of soil-respired CO,, equal to
P(CO2)s0it — P(CO3)atm. All pedogenic carbonates were collected from

Table 5

Soil CO, production estimates calculated using Upper Jurassic samples from the
Stanleyville Group and the Morrison Formation. Carbon isotope fractionation factors
were calculated at 5 °C increments between 20 °C and 35 °C using the equation derived by
Romanek et al. (1992). S(z) values calculated from the Stanleyville carbonate sample
(CS34, 982.0 m depth) use the 6'C value of the nearest plant-derived organic matter in
the Samba core (—24.2%.) to represent soil-respired CO, (5'Co). The average &'3Ce.
value reported by Ekart et al. (1999) (—6.2%041.0%. 10) was used in conjunction with
the average 6'>C value of the organic samples in Table 4 (—21.0% + 1.6% 10) to generate
soil CO, production estimates for the Morrison Formation (EKM). 8'*Cagm= — 6.7%. PDB,
Ca=1450 ppmV (5X PAL).

Sample  Temp  &corcc  0'Cec 813Cs 5"3Co S(z)
°0) (% PDB) (% PDB)  (%PDB)  (ppmV)

CS34 20 —9.6 —6.8 —164 —24.2 4011
CS34 25 —9.0 —6.8 —15.8 —24.2 3213
CS34 30 —84 —6.8 —15.2 —24.2 2618
CS34 35 —7.8 —6.8 —14.6 —24.2 2158
EKM 20 —9.6 —6.2 —15.8 —21.0 14,786
EKM 25 —9.0 —6.2 —15.2 —21.0 8259
EKM 30 —84 —6.2 —14.6 —21.0 5474
EKM 35 —78 —6.2 —14.0 —21.0 3931
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depths at least 50 cm beneath the paleosol surface, likely below the
zone where mixing of atmospheric and soil-respired CO, produces
steep gradients in concentration and isotopic composition of soil CO,
(Cerling and Quade, 1993; Ekart et al.,, 1999). Using marine carbonate
values reported in Veizer et al. (1999) and assuming a constant offset
of —8%. between surface ocean carbonates and the atmosphere (Ekart
et al, 1999), Late Jurassic atmospheric 6'3C is estimated at — 6.7%. PDB.

8'3Cs is calculated from measured calcite 5'3C values based on as-
sumed temperatures of crystallization in the soil (Table 5). Consider-
ing that the Morrison Formation and Upper Jurassic Stanleyville
Group paleosol profiles are coeval soil systems and that atmospheric
CO; has a short residence time in Earth's troposphere and, therefore,
is well mixed, atmospheric pCO, (C, in Eq. (3)) should be identical
for estimates of S(z) in both the Morrison and Stanleyville paleosols.
It is not necessary to specify the actual value of C, because S(z)
values for the Morrison Formation and Stanleyville Group may be
expressed as a ratio (i.e., S(Z)Morrison/CAglobal; S(Z)Stanleyville/CAglobal;
Caglobal/Cagiobal = 1). For demonstration purposes, however, it is useful
to input some value of C, in order to estimate concentrations of S(z) in
units of ppmV. Most CO, models agree that Late Jurassic atmospheric
pCO, was substantially higher than modern (Budyko et al., 1985; Berner
and Kothavala, 2001; Berner, 2006a, 2006b). The most recent version of
the GEOCARBSULF model (Berner, 2008) produces estimates of atmo-
spheric pCO, for the Late Jurassic (500-1000 ppmV) that are lower
than those derived from independent proxies (Royer, 2006). 5X PAL
(PAL=290 ppmV) was selected as the C, value in Eq. (3) because it is
intermediate between the estimates calculated from recent carbon
mass flux models and independent proxies (Royer, 2006; Berner, 2008).

513C values of fossilized plant material collected from the Stanley-
ville Group (Table 3) and the Morrison Formation (Table 4) are used
as input values for the §'3C composition of soil-respired CO, (8'3Cy in
Eq. (3)). Using this approach, the 6'3Cs values calculated from the ped-
ogenic carbonate §'3C value in the Stanleyville section (CS34, 982 m)
are matched with the 6'3C value of the stratigraphically-nearest organic
material (CS29, 964 m). The average of the Morrison Formation organic
5'3Cvalues in Table 4 (— 21.0%. -+ 1.6% 10, n =4) was used in conjunc-
tion with the average §'3C value of Morrison Formation pedogenic

Table 6

Upper Jurassic continental deposits of Africa and paleoclimatic conditions inferred from
published interpretations and reports of sedimentological data. Some successions extend
into the Cretaceous. Paleolatitudes were estimated using the PointTracker program
(Scotese, 2002). Locality numbers correspond to Fig. 10.

Locality Location Stratigraphy Paleolatitude Paleoclimate Reference

number
1 Algeria Taouratine  17°N Humid Busson and
Formation Cornée, 1991
2 Ethiopia Mugher 12°S Arid Assefa, 1991
Mudstone
3 Mali Continental 11°N Intermediate Bamford et al.,
Intercalaire 2002
4 Niger Assaouas 8°N NA Alessandrello
Sandstones and Teruzzi,
1989
5 Somalia Garbaharre  19°S arid Angelucci et al.,
Formation 1983
6 Sudan Abu Gin 5°S Arid Awad and
Formation Shrank, 1993
7 Tanzania  Tendaguru  30°S Humid Aberhan et al.,
formation 2002
8 Tunisia Asfer Group 20°N NA Anderson et al.,
2007
9 N Kadzi 32°S NA Raath and
Zimbabwe Formation MclIntosh, 1987
10 w Gokwe 33°S Intermediate Bond and
Zimbabwe Formation Bromley, 1970
11 DRC Stanleyville 13°S Arid This study
Group

carbonate samples reported by Ekart et al. (1999) (—6.2%.+ 1.0%. 10,
n==63). Soil CO, production, or S(z), estimates resulting from this
calculation in the Stanleyville Group range from ~4000 ppmV for a
temperature of 20 °C to ~2200 ppmV at 35 °C, whereas estimates
for the Morrison Formation range from ~14,800 ppmV (20 °C) to
~3900 ppmV (35 °C) (Table 5). The averages for each of the sets of
four S(z) values calculated at different temperatures for the Stanleyville
Group and Morrison Formation are determined to be significantly
different using a separate-variance t test (o« =0.10). Estimates of S(z)
calculated at 35 °C for the Stanleyville sample are probably more realis-
tic than estimates calculated at 20 °C, considering the temperature esti-
mates derived here from paleosol phyllosilicate samples.

Soil-respired CO, appears to be strongly linked with actual evapo-
ration lost from the soil through biological production, and biological
production is strongly correlated with mean annual precipitation
(Witcamp, 1966; Garrett and Cox, 1973; Edwards, 1975; Lieth, 1975;
Brooke et al., 1983; Buyanovsky and Wagner, 1983). Therefore, lower
soil CO, production estimates for the Stanleyville Group relative to the
Morrison Formation are consistent with arid Late Jurassic climate condi-
tions inferred for the Congo Basin from paleosol morphology and matrix
mineralogy.

5.5. Comparison with other Upper Jurassic continental deposits in Africa

Upper Jurassic continental deposits are exposed rarely in Africa.
Large swaths of the northern and eastern continental margins were
submerged by epicontinental seas during the Late Jurassic (Guiraud
et al., 2005), and erosional processes dominated the continental inte-
rior (Arkell, 1956). Of the few Upper Jurassic terrestrial successions
preserved in Africa, perhaps the best-known is the Tendaguru Forma-
tion of Tanzania (Bussert et al., 2009). Upper Jurassic continental strata
with reasonable age control are also exposed in Algeria (Busson and
Cornée, 1991), Ethiopia (Assefa, 1991; Goodwin et al, 1999), Mali
(Bamford et al., 2002), Niger (Ginsburg et al., 1966; Alessandrello and
Teruzzi, 1989), Somalia (Angelucci et al., 1983), Sudan (Awad and
Schrank, 1993), Tunisia (Anderson et al., 2007), and Zimbabwe (Bond
and Bromley, 1970; Raath and McIntosh, 1987).

Paleoclimate information is not available for the Upper Jurassic—
Lower Cretaceous beds of the Continental Intercalaire in eastern
Niger (Ginsburg et al.,, 1966; Alessandrello and Teruzzi, 1989) or
the Upper Jurassic continental deposits in southern Tunisia (Benton
et al., 2000; Anderson et al., 2007). Dinosaur-bearing strata of the
Kadzi Formation in northern Zimbabwe are similarly lacking reports
of paleoclimate indicators. The Gokwe Formation of northwestern
Zimbabwe and other nearby deposits that are potentially correlative
with the Kadzi Formation retain evidence of shallow, alkaline lacus-
trine paleoenvironments with thin evaporite layers present in some
areas (Bond and Bromley, 1970; Cooper, 1988; Ait-Kaci Ahmed et al,,
2004). Sedimentological and taphonomic evidence of intermittent
flooding implies that rainfall patterns during deposition of the
Gokwe Formation were strongly seasonal (Bond and Bromley,
1970). Fluvial deposits in the Continental Intercalaire of northeast-
ern Mali contain large amounts of silicified wood, analysis of which
suggests a hot and arid isothermal climate with adequate water to
support large conifers (Bamford et al., 2002).

Available evidence suggests that Late Jurassic paleoclimatic condi-
tions in Ethiopia, Somalia, and Sudan were relatively arid. The Upper
Jurassic Mugher Mudstone in central Ethiopia consists of marginal ma-
rine deposits overlain by fine-grained fluvial sediments (Assefa, 1991;
Schmidt and Werner, 1998). These rocks contain a diverse vertebrate
fauna, including fishes, turtles, crocodilians, theropod and sauropod di-
nosaurs, and mammals (Goodwin et al., 1999; Clemens et al., 2007).
Sedimentary and pedogenic climate indicators imply hot, dry condi-
tions with seasonal precipitation (Assefa, 1991; Schmidt and Werner,
1998). Upper Jurassic floral remains from western Sudan are also inter-
preted as evidence of arid to semi-arid conditions (Awad and Schrank,
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1993). Contemporary marginal marine deposits in Somalia contain gyp-
sum layers consistent with aridity (Angelucci et al., 1983).

In contrast, the paleoclimatic setting of the Tendaguru Formation
is reconstructed as tropical to sub-tropical with pronounced seasonal-
ity of rainfall (Aberhan et al., 2002). Middle-Upper Jurassic strata in
eastern Algeria are also interpreted as evidence of warm, humid cli-
mate (Busson and Cornée, 1991). Kaolinite-dominated clay assem-
blages and ferruginous crusts suggest high weathering rates typical
of tropical climates (Busson and Cornée, 1991). These units comprise
both palustrine and fluvial deposits and contain abundant fragments
of wood and vertebrate fossil material (Busson and Cornée, 1991).

Although the paleoclimate categories applied here (arid, humid,
intermediate) are rather coarse and sometimes based on limited
data, paleoclimate indicators suggest that paleogeographic zones
with distinctly different climate patterns were present on the Late
Jurassic African continent (Fig. 10). Sites where annual precipitation
is inferred to be roughly equivalent to, or greater than, evapotranspi-
ration occur in coastal areas near the equator and at approximately
30°S paleolatitude. Sites with stronger evidence of aridity are clus-
tered in a low-latitude belt stretching from 5°S to 20°S paleolatitude.

5.6. Comparison with global studies of Late Jurassic climate

The results of this study provide an important reference point for
comparison with large-scale reconstructions of global paleoclimate in
the Late Jurassic. Global studies have utilized a variety of techniques
to interpret paleoclimatic conditions, including climate modeling
(Sellwood and Valdes, 2008), phytogeographic analysis (Rees et al.,
2000), and geospatial analysis of climatically-sensitive sedimentary
deposits (Hallam, 1984). Interpretation of central African paleocli-
matic conditions as hot and arid with a small amount of seasonal pre-
cipitation is consistent with the outputs of a succession of general
circulation models (Valdes and Sellwood, 1992; Sellwood and Valdes,
2006, 2008). In contrast to the arid continental interior, the Tethyan
coastlines of Africa are often modeled as areas of high seasonal rain-
fall (Valdes and Sellwood, 1992: Fig. 4; Sellwood and Valdes, 2006:
Fig. 3C-D, 2008: Fig. 5A). The paleogeographic distribution of sedimen-
tary climate indicators (e.g., coals and evaporites) also indicates hot and
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arid conditions for lower latitudes and much of Africa (Hallam, 1984,
1985). Incorporation of Late Jurassic phytogeographic data presents
a similar picture, with a subtropical summer-wet climate near the
equator and an arid desert zone poleward of ~10°S paleolatitude
(Rees et al., 2000: Fig. 7C).

Recent GCM estimates of Late Jurassic surface temperature in
Central Africa range from approximately 28 °C in austral winter (JJA)
(Rees et al., 2000, Fig. 9B) to more than 40 °C in austral summer (DJF)
(Sellwood and Valdes, 2006: Fig. 3A, 2008: Fig. 3A). The range of sum-
mer paleotemperatures estimated by these GCM studies is 28 °C to
44 °C, while the range of estimated winter paleotemperatures is slightly
lower, between 28 °Cand 36 °C (Rees et al., 2000: Fig. 9A-B; Sellwood
and Valdes, 2006: Fig. 3A-B, 2008: Fig. 3A-B). Measurements at
modern, low latitude soil-forming localities indicate that average an-
nual soil temperatures are higher than mean annual air temperatures
by approximately 5 °C (Passey et al, 2010). The range of maximum
paleotemperature estimates produced here from isotopic analysis of
clay minerals (25 °C to 40 °C) compares favorably with the results of
GCM simulations, suggesting mean surface air temperatures between
20 °C and 35 °C. The overall results from geologic indicators and
chemical proxies of paleoclimate are consistent with GCM results
and suggest that Late Jurassic GCMs are able to predict paleoclimate
accurately for tectonic and paleogeographic scenarios that are vastly
different from modern.

6. Conclusions

Paleopedology and geochemical analysis demonstrate that hot and
arid climate conditions prevailed in the deep interior of Gondwana dur-
ing deposition of the Stanleyville Group. The presence of analcime and
palygorskite is interpreted as evidence of hot and dry, saline lacustrine
settings. Abundant vertic features throughout the Stanleyville section of
the Samba core indicate that what little precipitation occurred within
the continental interior was distributed seasonally. Lower soil CO, pro-
duction estimates for the Stanleyville Group relative to the Morrison
Formation are consistent with arid conditions in the Congo Basin in-
ferred from paleosol morphology and matrix mineralogy. Oxygen and
hydrogen isotope analysis of the fine clay fraction of paleosol matrix
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samples provides soil temperature estimates between 25 °C and 40 °C,
which are in accord with surface temperature estimates produced in
GCM simulations for the Late Jurassic. Evidence from other Upper
Jurassic, African continental localities between 5°S and 20°S paleolati-
tude suggest hot, arid climatic conditions similar to those reconstructed
here for the Stanleyville Group. Some areas that developed closer to the
coast retain evidence of more humid conditions, with higher weather-
ing rates and enough precipitation to support growth of large woody
plants.
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