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ABSTRACT 

Lake Tanganyika is the most widely cited modern analog for interpreting ancient 

rift-lake deposits. The lake consists of a series of half-grabens linked by a series of 

structural horsts. This asymmetric geometry allows classification of the basin margin 

into four distinct types of lake margins: escarpment (footwall), accommodation zone 

(structural horsts), axial, and hinged (hangingwall). Sedimentologic study of six study 

sites that represent all four margin types indicates that margin geomorphology, such as 

(e.g. depositional slope, and drainage size) and littoral sedimentology (e.g. occurrence 

of shore-parallel facies belts, and presence of certain environments such as winnowed 

surfaces, fan-deltas) differ significantly among the structural margin types. 

Compositional differences among the sites also reflect the structurally controlled 

variability in sedimentary processes. Total Organic Carbon (TOC) and Rock-Eval 

pyrolysis data show that relatively rich, hydrogen-rich organic matter typically 

accumulates along the accommodation-zone and escarpment margins, whereas typically 

lean, oxidized organic accumulates along axial and hinged margins. Sand composition 

among the margin types of Lake Tanganyika clusters tightly using the Gazzi-Dickinson 

point-counting methodology, confirming that provenance variability is generally 

minor. However, significant compositional differences among the tectonic margins 

appear when these data are cast using the traditional point-counting methodology. 

These compositional differences are primarily controlled by transport and depositional 

processes that vary among the sites. 

The Apache Canyon Formation, a mixed carbonate-clastic lacustrine sequence 

deposited within the extensional Bisbee basin of southeastern Arizwna, provides a test of 

predictive capacities of the basin-fill model developed from the Lake Tanganyika data. 

Three measured sections, located along a transect perpendicular to the basin-bounding 
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fault, are generally consistent with facies predictions developed from the Lake 

Tanganyika model. The observed first-order facies contrasts among the measured 

sections support the inference that the Apache Canyon Formation was deposited within 

an ancient half-graben lake basin. Although the actualistic model predicted adequately 

facies assemblages, however, the facies stacking patterns were less successfully 

predicted by the model. The discrepancies likely relate to temporal changes in tectonic 

and climatic effects that are not captured within a model based on modern data. 
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CHAPTER 1: INTRODUCTION TO THE DISSERTATION 

The basin-fill associated with rifts provides geologists with a detailed record 

from which to interpret geologic processes that control rifting. The episodic but 

profound vertical tectonism associated with rifting produces a first-order control on 

sedimentation; however, climate exerts an almost equally significant control (Reading, 

1986). This is particularly true of lake-dominated rift basins, in which changes in 

regional precipitation-evaporation balance can create large fluctuations in lake level 

that drive variations in facies distributions (e.g. Gasse, 1980). Differentiating the 

effects of these processes from the stratigraphic record will not only improve our 

understanding of the tectonic evolution of rifts, but also provide a regional climate 

record that can be incorporated into predictions for future climate change. 

An additional variable that controls sedimentation in rifts is the structural 

asymmetry associated with most modern or ancient rift basins. This factor must be 

filtered out of the preserved stratigraphic record before the tectonic or climatic signal 

can be recovered from rift strata. The goal of this research is to identify and delineate 

the effects of the structural asymmetry on the distribution and composition of facies 

within a modern and ancient half-graben. 

A combined modern/ancient approach allows hypotheses generated from the 

study of one system to be tested within the other system, providing important feedback 

lacking in studies of a single system. For example, in modern systems, both the 

processes and products are quantifiable. Also careful choice of study sites, allows one 

more variables to be constrained, simplifying comparisons. In contrast, in ancient 

systems, long-term effects of temporal changes in processes can be inferred; an 

impossible task within modern systems in the absence of long cores. 



The dissertation is divided into three, relatively self-contained, chapters 

addressing various aspects of rift-lake sedimentation. 

17 

Chapter 2 incorporates general observations and quantitative sedimentologic and 

organic geochemical data from modern Lake Tanganyika, part of the East African Rift 

System. The lake is highly asymmetric in basin morphology. The combined data from 

six study sites document significant differences in patterns of sedimentation that are 

controlled by the structural asymmetry of the lake basin. I have incorporated these 

data into previously published basin-fill models for rift-lakes that predict facies 

assemblages and stacking patterns within ancient rift sequences. 

Chapter 3 builds on the initial theme of Chapter 2 by testing the question: if the 

structural asymmetry within Lake Tanganyika creates significant differences in 

sedimentation patterns, does it also affect sediment composition? A modal analysis of 

medium-grained sand from several sandy environments within each study site indicates 

that quantifiable differences exist in the relative proportion of rock-fragments to 

clastic grains. These variations can be related to differences in the transport and 

depositional history of the sand that result from the structural asymmetry of the basin. 

Chapter 4 describes an ancient lacustrine sequence, the Cretaceous Apache 

Canyon Formation of southeastern Arizona, that was depoSited within the Bisbee Basin. 

Combined structural and thickness data of the underlying, but genetically related, 

strata indicate that the Apache Canyon Formation accumulated within a half-graben 

basin. I tested the actualistic predictions from the basin-fill model developed within 

Chapter 2 against the preserved strata on opposite sides of the half-graben. Although 

the model appears to predict some of the facies assemblages; however, in some cases 

facies-stacking patterns differed from the model predictions. The facies-stacking 

patterns reflect environmental transitions created by temporal ch2!1ges in both climate 

and tectonism that affected the opposing sides of the basin differently. 



CHAPTER 2: TEXTURAL AND COMPOSITIONAL VARIABILITY 

ACROSS LITTORAL SEGMENTS OF LAKE TANGANYIKA: 
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SEDIMENTATION IN LARGE RIFT LAKES 
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Lake Tanganyika, part of the East African Rift System, represents one of the most 

widely cited modern analogs for interpreting ancient rift-lakes. Yet, to date, there 

have been relatively few detailed sedimentologic studies of the modern sediments of lake 

Tanganyika that allow for comparisons to outcrop- and wellbore-scale observations 

within ancient strata. Clastic and organic sedimentologic data from six study sites along 

the northern portion of lake Tanganyika confirms the predictions of recent basin-fill 

models for rift lakes, that the well-documented structural asymmetry of the rift 

imparts an underlying control on facies distributions within the littoral and sub

littoral regions of the lake. 

Four recurrent structural margin types exist along the alternating half-graben 

structure of the lake: axial margins (at the ends of the lake); hinged margins (along the 

hangingwall of individual half-grabens); escarpment margins (along the footwall of 

individual half-grabens); and accommodation-zone margins (at the transition between 

individual half grabens). 

The axial margin site (Ruzizi River delta at the north end of the lake) consists of a 

single, large, low-gradient, wave-dominated delta. Brown, massive silts dominate the 

prodelta environment; sand occurs along beaches, river-mouth bars and distributary 

channels. An extensive zone of coarse-grained carbonate has accumulated across a 

bathymetric bench that is bypassed by most of the present deltaic sedimentation. 



19 

The hinged margin site (near Nyanza Lac, Burundi), is dominated by wide, sandy 

beaches and widely spaced, low-gradient streams. Carbonate sands and bioclastic gravel 

occur across a wide, bathymetric bench that is extensively winnowed. Silt and sandy

silt unevenly blankets this bathymetric bench offshore of the river-mouths and at the 

offshore edge of the bench. 

The escarpment margin sites (Kigoma, Tanzania and Bemba, Zaire) represent steep 

margins adjacent to the main basin-bounding fault. Small «1 km2) fan deltas 

alternate with talus and bedrock outcrop along the shore. Immediately offshore poorly 

sorted silt and biogenic oozes predominate; laminae occur in muds collected below 80 m 

water depth. 

The accommodation-zone margin sites (Cape Banza, Zaire and Magara, Burundi) 

reflect the wide variability in the nature of the transitions between adjacent half

grabens. The Cape Banza site is dominated by a structural horst; the submerged portion 

is covered with talus and a carbonate lag deposit. The Magara site is characterized by a 

series of en-echelon faults that contain bioclastic lags on the submerged footwall 

blocks. Elsewhere clastic silt and sand exhibit a consistent, offshore-fining pattern. 

Total organic carbon (TO C) values from fine-grained samples reflect the contrasts 

in margin-types. TOC values from the hinged and axial margins are generally low (1.2 

to 1.7 WfOk) whereas the escarpment and accommodation-zone margin values are 

generally higher (2.6 to 3.0 wt%). Rock-Eval pyrolysis data show a similar trend. 

All data on organiC matter are Significantly correlated with water depth, reflecting the 

permanently stratified lake waters; however, the relative area of the lake floor above 

and below the oxicline is controlled by the structural margin type. 

The spatial pattern of the facies, particularly the degree to which facies parallel the 

shore, best discriminates among the different structural margin-types. Comparisons 

of normalized, cumulative grain-size distributions distinguish among the hinged, axial, 
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and accommodation-zone or escarpment margins. These data generally support the 

predictions from previous basin-fill models, although several important modifications 

are outlined. Coupling these data with seismic data from this lake, as well as other 

lakes, improves the actualistic basin-fill models for large rift-lakes. 

INTRODUCTION 

Thick lacustrine strata commonly form a significant component of both ancient and 

modern rift basins. Typically, lacustrine strata exhibit abrupt vertical and lateral 

facies changes that produce a complex three-dimensional facies geometry. Both the 

tectonic episodicity of rifts and temporal, climate-induced fluctuations in the water 

budget of the basin create this facies complexity. Nevertheless, differentiating the 

controls on sedimentation paHerns in rift-lakes is an important goal as rift lakes not 

only represent viable economic targets for hydrocarbons, coal, and other mineral 

deposits but also form long-term repositories of detailed paleoclimatic data for 

continental regions 

In recent model results of sedimentation within rifts, the half-graben geometry 

produces asymmetry in the controls that affect deposition (Turner-Peterson and 

Smoot, 1985; Leeder and Gawthorpe, 1987; Blair and Bilodeau, 1988; Burgess et aI., 

1988; Gore, 1988a; Cohen, 1989a, 1990; Lambiase, 1990; Scholz and Rosendahl, 

1990; Tiercelin et aI., 1992). Many of these models are based on East African Rift 

lakes because high-resolution seismic data, acquired from these lakes over the last 

decade has provided information on the 3-D geometry of these basins. To date, however, 

few quantitative sedimentologic studies have documented the extent of facies differences 

created by the structural asymmetry within modern rift lakes (notable exceptions 

include, (Cohen et aI., 1986; Yuretich, 1986; Tiercelin et aI., 1987; Owen and 

Crossley, 1989, Johnson and Ng'ang'a, 1990). 
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The goal of this study is to document facies patterns and distribution of organic 

matter across specific shallow-water regions of northern Lake Tanganyika, Africa that 

represent most of the typical structural lake margins in asymmetric lake basins. From 

these data I can quantitatively compare and contrast characteristics of sedimentation 

among different structural margins of the lake in order to document the variables most 

sensitive to the half-graben structure of the basin. The results of this study should 

lead to an improved understanding of the relationship between facies patterns and 

paleogeography of rift basins. 

Lake Tanganyika is an excellent region to undertake such a study. The structural 

asymmetry of the rift has been well documented. Further, Lake Tanganyika contains 

thick sequences of organic-rich sediments and thus serves as a potential analog for 

older rift strata which contain hydrocarbons. 

IW)(GFO.ID 

Regional Tectonic Seujng 

Lake Tanganyika lies within the western arm of the East African Rift system 

(McConnell, 1972; Ebinger, 1989a). The western arm generally avoids the Tanzanian 

shield of Archean age and instead follows mobile belts of Proterozoic age (Fig. 2.1) 

(McConnell, 1972 ; Ebinger, 1989a). The initiation of rifting and attendant basin 

formation was probably diachronous and is not well constrained, but is thought to be 

between 9 and 12 Ma (Cohen et 81., 1993). although other authors suggest a 

significantly older age (16-24 Ma) (Burgess et aI., 1988; Tiercelin and Mondeguer, 

1991). 

Rocks exposed in the hinterland of the Lake Tanganyika drainage basin are 

primarily Proterozoic metasedimentary and metavolcanic rocks of the Ubendian, 

Rusizian, and Kibarian mobile belts overlying and intruded by Precambrian granitic 
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and gneissic rocks (McConnell. 1972; Theunissen. 1986; Claessens and Theunissen. 

1988). Permo-Triassic sedimentary rocks. consisting primarily of mudstone and 

sandstone. occur within fault-bounded troughs adjacent to the south-central portion of 

the lake (Fig. 2.1). Tertiary volcanic rocks associated with rifting along the western 

arm are restricted to three volcanic centers north of Lake Tanganyika (Kivu. Virungu 

and Toro-Ankole) and one south (Rungwe). but the Kivu volcanic field is the only one 

within the Lake Tanganyika drainage basin (Fig. 2.1). Poorly consolidated Pleistocene

Holocene fluvial and lacustrine sedimentary rocks are exposed sporadically in fault 

blocks raised above the present Lake Tanganyika shoreline. 

Lake Tanganyika is composed of a series of half-graben basins. from 80-160 km 

long and 30-80 km wide. in which adjacent border-fault segments typically face 

opposite directions along the rift axis (Fig. 2.2) (Rosendahl et al .• 1986; Morley. 

1988; Ebinger. 1989a; Sander and Rosendahl. 1989). These individual basins are 

decoupled along intervening structural horsts. termed accommodation zones. that trend 

roughly 450 to 600 from the rift axis and provide for differential subsidence between 

two adjacent half-grabens (Rosendahl et al.. 1986; Ebinger. 1989b; Nelson et al.. 

1992). Maximum sedimentary fill within local depocenters is estimated to exceed 6 

km (Burgess et al .• 1988; Tiercelin and Mondeguer. 1991; Cohen et aI., 1993). and 

elevation along border fault segments ranges from 1-3 km (Ebinger. 1989a). 

producing structural relief of at least 7 to 9 km. 

The structural complexity of Lake Tanganyika produces a highly asymmetric and 

variable basin morphology. Capart (1949) first showed that the three deepest points 

of Lake Tanganyika each lies just offshore of the shoreline and not within the center of 

the lake. In the littoral zones of the lake the bathymetry and nature of the shoreline 

changes abruptly as the shoreline passes from one structural margin to another. 

Figure 2.3 depicts the terminology used in this study for the distinct lake-margin types 



Figure 2.2. Generalized tectonic map of 
Lake Tanganika emphasizing the 
alternating, half-graben morphology 
of the basin. Hatchures on faults are on 
side of the downthrown block. The box 
at the northern end of the lake outlines 
the study area that is shown in detail in 
Figure 4. Structure simplified from 
Rosendahl et al. (1986); Morley (1988); 
and Ebinger (1989a). 
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that result from the alternating half-graben morphology. The margin types are defined 

as such: 1) escarpment margins lie adjacent to border fault; 2) hinged margins lie on 

the lake shore opposite a border faults; 3) accommodation-zone margins lie across the 

complex horst blocks/fault zones that separate half-grabens; and 4) axial margins lie 

where the lake margin trends approximately perpendicular to the rift axis. This 

terminology varies slightly from that of Tiercelin et aI., (1992), but follows closely 

that of Cohen (1990) and Rosendahl et al., (1986). 

Climate and Hydrology 

Lake Tanganyika has an area of 33,000 km2, a maximum depth of 1470 m, and lies 

within the tropical subhumid belt. Precipitation within the Lake Tanganyika basin 

ranges from 800-1200 mm/yr and falls primarily during two rainy seasons 

(September to November and February to April). During the remaining months the 

region is drier and experiences southerly winds. Presently, the lake is hydrologically 

open (through the Lukuga River, Zaire), although 90% of the water loss occurs 

through evaporation from the lake surface (Coulter and Spigel, 1991). Influent waters 

generally form strong underflows upon entering the lake as they are typically cold and 

highly charged with suspended sediment. 

The lake is thermally stratified with an anoxic hypolimnion which varies 

seasonally and geographically between 80 m and 250 m water depth (Coulter and 

Spigel, 1991), whereas the thermocline ranges between approximately 50 and 120 m 

depth. Water temperatures within the epilimnion vary between 24° and 27° C, 

becoming constant at 23.2° to 23.5° C within the hypolimnion. During the windy, dry 

season (June-August) upwelling of deep waters occurs in the southern part of lake 

(Coulter, 1963) and possibly along the Zaire coast (Cohen, 1990). 
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The lake waters are fresh (600-700 J1mho/cm) and mildly alkaline (6.6 meqlL 

of HC03- and C03-2) with a high MgtCa ratio ("'4:1). The mean annual daily rate of 

primary productivity within the lake has been estimated at 1 9 C·m-2·d-1 (Hecky and 

Fee, 1981). The most important source of nutrients for primary productivity is 

internal recycling within the lake; riverine input is minor (Hue et aI., 1990). 

Maximum algal bloom occurs during the dry, windy season when wind-driven leakage of 

nutrient-rich water from the hypolimnion into the epilimnion is most pronounced 

(Coulter, 1963). 

previous Work 

LeLoup (1949) led a large Belgian hydrologic and biologic expedition to Lake 

Tanganyika that produced the first detailed study of the lake's limnology, biology, and 

geology. Subsequent sedimentologic studies of the lake concentrated primarily on coring 

within the deeper parts of the lake (Livingstone, 1965; Degens et aI., 1971; Hecky and 

Degens. 1973). More recently, two large multi-disciplinary projects, project 

PROBE, led by Duke University, and GEORIFT, led by EH-Aquitaine, have gathered 

several comprehensive seismic and sedimentologic datasets, primarily from the deeper 

parts of the lake. Several tectonic and sedimentologic studies have emerged from these 

expeditions (Rosendahl et aI., 1986; Burgess et aI., 1988; Sander and Rosendahl, 

1989; Tiercelin et aI., 1989a,1992; Scholz et aI., 1990; Baltzer, 1991). Additional 

sedimentologic studies by Cohen and Thouin (1987), Casanova and Thouin (1990), and 

Casanova and Hillaire-Marcel (1992) documented the nature of carbonate sediments 

and stromatolites forming within the lake. The organic content of modern sediments in 

Lake Tanganyika has been reported by Huc et aI., (1990) and previously by Demaison 

and Moore (1980) and Talbot (1988), among others, in formulating models for 

petroleum source-rock distribution within tectonic lake basins. 
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Finally, Cohen (1990) has provided a tectono-stratigraphic model for rift-lake 

deposits based on general observations from Lake Tanganyika. Tiercelin et aI., (1992) 

followed with a study that incorporated high-resolution seismic data and core data to 

develop a similar model. Other models have been developed from a combination of 

several East African lakes and other rift systems to predict basin-fill patterns 

(Lambiase, 1990; Scholz and Rosendahl, 1990). 

This study differs from those listed above by providing quantitative sedimentologic 

and organic-composition data for littoral regions of distinct structural margins of the 

lake in order to test the models outlined above. The data from this study generally 

support the models outlined above with a few specific differences. In addition, this 

dataset provides tighter constraints for sedimentologic variables that could only be 

estimated in previous models. 

M:THODS 

I conducted primary field work at Lake Tanganyika between May and August, 1989. 

Access to the Tanzanian coast was denied in 1989 but subsequently granted in June, 

1990, and A.S. Cohen and E. Michel collected data from the Tanzanian site at that time. 

Previous field work by A.S. Cohen in 1985 and 1986 provided supplemental data and I 

conducted final field checks from October to December, 1992. 

I investigated six study sites (Fig. 2.4) that represent each of the four structural 

margin-types outlined in Figure 2.3: 1) Ruzizi River delta, Burundi (axial margin); 

2) Nyanza Lac, Burundi (hinged margin) 3) Magara, Burundi (accommodation-zone 

margin); 4) Cape Banza, Zaire (accommodation-zone margin); 5) Bemba, Zaire 

(escarpment margin); and (6) Kigoma, Tanzania (escarpment margin). Most of these 

sites lie at the terminations of preexisting multifold seismic lines from various PROBE 

studies. Each site incorporates the entire zone from the shoreline to an offshore 
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distance well into the anoxic zone and ranges in area from 5 km2 to 80 km2 dependent 

upon the bathymetric gradients and the heterogeneity of depositional sub

environments. 

30 

We conducted a bathymetric survey at each site using a single-channel Lowrance 

X-16 sonar system with an 8° transducer, typically mounted on a small, inflatable 

boat. Sonar transects provided the data for the bathymetric maps utilized in this study 

and allowed identification of features relevant to the sedimentology of the site (e.g. 

channels, submerged rocky outcrops). We used compass bearings on readily 

identifiable shoreline features to produce the transects. 

We collected a total of approximately 300 samples through one of three methods: 

1) by use of a modified Eckman corer; 2) by use of a "scooper" sampler; and 3) by hand 

using SCUBA. The sampling scheme at each site was a non-uniform grid that was biased 

toward regions of transitions between subenvironments. We employed SCUBA for direct 

observation at each site in depths of less than 40 m for documentation of facies 

relationships, in order to supplement the laboratory analyses of boat-collected 

samples. 

Following collection, we visually described and then split the samples into several 

fractions for four types of analyses: (1) granulometry; (2) carbon/sulfur analysis; 

(3) Rock-Eval pyrolysis; (4) and compositional analyses. I performed granulometric 

analyses using standard methods outlined in Lewis (1984). For those samples with 

>10% mud fraction I analyzed the mud fraction with a CILAS 715 Granulometer located 

at the University of California-Davis for all but -10% of the samples. The remaining 

samples I analyzed utilizing the pipette analysis outlined in Lewis (1984). Replicates 

done by both methods indicate that analytical errors were generally less than 5%. 

Facies were defined using the relative percentage of sand, silt and clay following 

the textural classification of Folk et aI., (1970) (Fig. 2.5). A sixth facies was defined 



SAND 

Figure 2.5. Ternary plot of relative percentage of sand, silt and clay with 
classification of textural facies from Folk et al., (1970). Stippled regions 
represent facies utilized in this study. Carbonate sand/shell gravel is texturally 
a sand but contains at least 50% carbonate grains. 
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by an abundance of bioclasts and carbonate grains (>50%) within the coarse-grained 

fraction termed the carbonate sandi shell gravel facies. The sand facies was further 

subdivided from textural analysis into subfacies that were defined by environment of 

deposition (beach sand facies, delta sand facies and offshore sand facies). Since these 

are modern sediments, defining sand-prone facies based on environment of deposition is 

straightforward and not fraught with the problems that commonly arise when equating 

facies and environments of deposition within ancient sedimentary sequences. 

I analyzed 130 representative samples for total carbon (TC), total organic carbon 

(TOC) , total sulfur (TS), and acid insoluble sulfur (insS) data using a LECO CS244, 

modified for high sulfur, at the organic geochemistry laboratory of Indiana University. 

Rock-Eval pyrolysis was performed by Dr. Harry Dembicki of Marathon Oil Company. 

RESULTS 

Table 1 summarizes the granulometric data for the Lake Tanganyika sediment 

samples, averaged for each facies, for each of the study sites. Data for each sample is 

tabulated in Appendix A to C. Intersite comparisons are held to the next section; 

however, Figure 2.6 depicts the relationship between mean grain-size and water depth 

for each site. 

Tables 2A and 28 list the organiC geochemical data for the Lake Tanganyika 

sediment samples. In both tables the data is averaged for each study site; in addition, 

the samples above and below 80 m water depth were averaged to test for differences in 

organic content between "shallow-water" and "deep-water" samples, respectively. A 

depth of 80 m was chosen as it corresponds to the uppermost limit of anoxic water 

within the northern part of Lake Tanganyika (Coulter, 1991). Again, intersite 

comparisons will be reserved for the next section, but Figure 2.7A and 78 plot TOC and 
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TABLE 2.1: GRANULOMETRIC DATA FOR LAKE 
TANGANYIKA SEDIMENT SAMPLES 

Facles* nt Meang.s. Sorting Skew- Sandt snit ClaY' 
(8) (8) ness (%) (%) (OA.) 

Ruzizl River site 
sand 11 1.59 1.26 0.21 97.4 2.5 0.1 

bsand 2 2.65 0.89 '().12 95.9 4.1 0.0 
dsand 5 1.42 1.19 1.14 97.1 2.8 0.1 
csand 4 1.26 1.23 .().38 98.6 1.4 0.0 

ssand 6 3.00 1.85 0.34 78.4 20.2 1.4 
ssilt 9 5.11 1.64 0.91 24.4 68.7 6.9 
silt 23 6.38 1.57 0.50 3.6 80.4 15.9 
mud 5 7.36 1.85 '().22 2.9 54.8 42.3 
Nyanza Lac site 
sand 19 1.80 1.43 .().36 96.7 3.2 0.2 

bsand 5 1.51 0.95 .().17 99.4 0.6 0.0 
dsand 2 2.33 1.30 ..().52 93.4 6.5 0.1 
csand 12 1.83 1.58 .().46 96.1 3.7 0.2 

ssand 12 3.04 2.01 0.58 n.o 20.6 2.4 
ssilt 2 5.21 1.71 0.82 24.9 67.1 8.0 
silt 5 6.36 1.62 0.38 3.7 80.5 15.8 
Magara site 
sand 19 1.70 1.56 -0.48 97.3 2.5 0.2 
bsand 3 2.19 1.05 ..().52 98.5 1.4 0.1 

osand 7 1.57 1.76 -0.42 96.5 3.3 0.2 
dsand 4 1.61 1.81 '().11 96.8 2.8 0.4 
csand 5 1.67 1.20 .().72 98.2 1.7 0.1 

ssand 7 3.36 1.85 0.86 n.1 20.0 2.9 
ssilt 8 5.11 2.01 0.04 27.7 63.4 8.9 
Banza site 
sand 12 1.35 1.69 -1.04 98.3 1.7 0.0 

bsand 5 1.19 1.65 -1.32 99.2 0.8 0.0 
osand 6 1.51 1.76 .().92 97.4 2.5 0.0 
csand 1 1.18 1.26 ..().81 98.7 1.3 0.0 

ssand 4 3.30 1.09 0.16 79.4 20.2 0.4 
ssilt 2 5.37 1.87 0.62 26.1 63.3 10.6 
silt 11 6.55 1.61 0.37 2.9 78.4 18.8 
Bemba site 
sand 3 1.44 1.74 0.29 93.9 5.9 0.2 

osand 3 1.44 1.74 0.29 93.9 5.9 0.2 
ssand 4 3.29 1.72 0.40 72.8 25.9 1.3 
ssilt 11 5.14 2.00 -0.36 24.5 68.5 7.0 
silt 6 6.06 1.48 0.54 4.2 85.3 10.5 
Kigoma site 
sand 7 1.46 2.46 0.31 91.3 7.0 1.6 

osand 7 1.46 2.46 0.31 91.3 7.0 1.6 
ssand 1 2.86 1.93 0.24 72.5 26.1 1.5 
ssilt 7 5.06 2.04 0.76 27.3 62.2 10.6 
silt 8 6.09 1.84 0.64 4.4 78.6 17.0 
-Abbreviations used for facies: bsand=beach sand; dsand=delta sand; 
osand",offshore sand; csand", carbonate sand/shell gravel; ssand=silty sand; 
ssilt .. sandy silt. 
tn-number of samples. 
§Sand .. >40; Silt .. 4 to 80; Clay=<8" 
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TABLE 2.2A: MEANS AND STANDARD DEVIATIONS OF ORGANIC 
CARBON AND SULFUR CONTENTS OF LAKE TANGANYIKA SAMPLES 

Total Orglnic Acid Insoluble 
Study site n* Totll Carbon Total SUlfur Carbon SUlfur 

(wt%) sot (wt%) SOt (wt%) SOt (wt%) SOt 
All samples by location 

Ruzizi 41 1.97 0.99 0.10 0.23 1.68 0.72 0.06 0.13 
Nyanza Lac 15 4.72 2.80 0.06 0.09 1.13 0.91 0.04 0.05 

Magara 17 2.10 1.21 0.10 0.12 1.87 1.29 0.04 0.04 
Banza 13 7.78 1.95 0.49 0.25 4.42 1.28 0.47 0.24 

Bemba 23 3.10 1.99 0.21 0.20 2.n 1.99 0.14 0.16 
Kigoma 21 6.13 2.91 0.27 0.26 2.48 1.47 0.15 0.14 

Magara + Banza 30 4.56 3.25 0.27 0.27 3.01 1.81 0.23 0.27 
Bemba+Kigoma 44 4.55 2.88 0.24 0.23 2.63 1.75 0.14 0.15 

TOTALS 130 3.76 2.79 0.18 0.24 2.23 1.56 0.12 0.18 

Samples <80 m by location 
Ruzizi 37 1.72 0.51 0.03 0.05 1.50 0.48 0.02 0.02 

Nyanza Lac 14 4.45 2.69 0.04 0.03 0.95 0.57 0.03 0.03 
Magara 13 2.02 1.36 0.05 0.08 1.n 1.46 0.02 0.01 

Banza 2 4.34 2.20 0.05 0.03 1.84 1.18 0.04 0.03 
Bemba 8 1.91 1.07 0.08 0.11 1.60 0.84 0.05 0.06 
Kigoma 11 4.02 2.19 0.15 0.21 1.47 1.05 0.10 0.12 

Magara + Banza 13 2.33 1.61 0.05 0.07 1.78 1.38 0.02 0.01 
Bemba+Kigoma 19 3.13 2.06 0.12 0.17 1.52 0.94 0.08 0.10 

TOTALS 85 2.59 1.89 0.06 0.10 1.45 0.84 0.04 0.05 

Samples >80 m by location 
Ruzizi 4 4.34 1.25 0.75 0.21 3.29 0.49 0.39 0.21 

NyanzaLac 1 8.54 na 0.36 na 3.85 na 0.18 na 
Magara 4 2.36 0.55 0.25 0.10 2.15 0.58 0.09 0.06 

Banza 11 8.40 1.14 0.57 0.18 4.88 0.52 0.55 0.17 
Bemba 15 3.73 2.09 0.28 0.21 3.40 2.15 0.18 0.17 
Kigoma 10 8.47 1.41 0.39 0.26 3.59 0.99 0.21 0.13 

Magara + Banza 15 6.79 2.94 0.48 0.21 4.16 1.35 0.42 0.26 
Bemba+Kigoma 25 5.62 2.98 0.32 0.23 3.23 1.76 0.19 0.16 

TOTALS 45 5.96 2.90 0.41 0.25 3.69 1.55 0.29 0.22 
en_number of samples; Sot-standard deviation. 
Note: 80 meters approximates boundary between oxic and anoxic bottom waters. Acid 
insoluble sulfur values are utilized in the subsequent analyses as there are problems 

in using total sulfur from modern sediments because several sources 

of non-pyritic sulfur exist (Davison, 1988). 



TABLE 2.2B: MEANS ANO STANOARO DEVIATIONS OF ROCK-EVAL PYROLYSIS DATA OF LAKE TANGANYIKA SAMPLES 

Free Kerogen 
Bitumen Potential C02 Yield Production Hydrogen Oxygen Quality 

Study site n* Tmax JS1) JS2) JS3) Index Index Index Index 
(OC) (m 9 rOck) (m 9 rOck) (m 9 rock) 51/(51+82) (521TOC)*100 (S3fTOC)*100 S2IS3 

a::ll SO! a::lJ SQ! avg Sot avg SO! avg SO! avg SQ! a::ll SO! a::ll SOt 
Means and Std Deviations for all ssmples by location 

Ruzizi 40 412 8 0.26 0.21 1.19 1.15 2.32 0.78 0.19 0.03 75 77 184 219 0.46 0.31 
Nyanza Lac 13 412 20 0.32 0.25 1.02 0.93 1.74 0.70 0.27 0.11 99 53 212 97 0.50 0.29 

Magara 16 410 37 0.49 0.41 1.88 1.48 2.62 1.76 0.20 0.05 92 36 148 35 0.63 0.28 
Banza 13 426 2 2.25 0.98 9.91 4.02 4.14 1.01 0.18 0.01 223 52 98 18 2.35 0.72 

Bemba 21 416 15 0.66 0.87 3.21 3.22 3.15 2.02 0.17 0.04 110 85 131 37 0.89 0.65 
Kigoma 21 420 26 1.22 1.09 5.85 4.93 2.60 1.38 0.17 0.03 191 103 112 21 1.78 1.06 

Magara + Banza 29 417 29 1.28 1.14 5.48 4.96 3.30 1.64 0.19 0.04 153 79 125 38 1.40 1.01 
Bemba+Kigoma 42 418 21 0.94 1.01 4.53 4.32 2.87 1.73 0.17 0.04 150 102 122 31 1.34 0.98 

TOTAL5 124 415 20 0.73 0.91 3.31 4.00 2.68 1.45 0.19 0.06 121 91 152 134 0.98 0.89 
Means and Std Deviations for samples <80 m by location 

Ruzizi 36 411 8 0.20 0.12 0.88 0.59 2.21 0.72 0.19 0.03 71 80 193 229 0.38 0.20 
Nyanza Lac 12 410 21 0.30 0.25 0.85 0.73 1.65 0.65 0.28 0.11 90 44 214 101 0.45 0.24 

Magara 12 407 43 0.45 0.43 1.77 1.60 2.52 2.00 0.19 0.06 89 39 152 40 0.60 0.28 
Banza 2 423 1 0.96 0.70 4.14 2.98 2.13 0.85 0.19 0.00 219 22 128 36 1.81 0.68 

Bemba 7 413 9 0.16 0.13 0.79 0.60 1.64 0.90 0.17 0.03 50 25 124 15 0.43 0.17 
Kigoma 11 414 36 0.44 0.54 2.21 2.62 1.66 1.09 0.17 0.04 114 83 119 25 0.98 0.78 

Magara + Banza 14 410 40 0.52 0.48 2.11 1.90 2.47 1.86 0.19 0.05 109 60 148 39 0.77 0.54 
Bemba+Kigoma 18 413 28 0.33 0.44 1.66 2.16 1.65 0.99 0.17 0.04 89 73 121 21 0.77 0.67 

TOTALS SO 411 23 0.30 0.33 1.27 1.44 2.05 1.08 0.20 0.06 84 71 172 163 0.55 0.45 
Means and Std Deviations for sample. >80 m by location 

Ruzizi 4 425 2 0.72 0.24 3.96 1.35 3.35 0.64 0.15 0.01 118 27 101 5 1.16 0.24 
Nyanza Lac 1 429 na 0.64 na 3.03 na 2.S3 na 0.17 na 202 na 189 na 1.07 na 

Magara 4 417 3 0.63 0.34 2.22 1.16 2.91 0.82 0.22 0.02 98 33 135 14 0.74 0.28 
Banza 11 426 2 2.49 0.83 10.96 3.26 4.51 0.46 0.18 0.01 224 56 93 6 2.45 0.71 

Bemba 14 418 18 0.91 0.98 4.41 3.34 3.90 2.02 0.17 0.05 139 89 135 44 1.12 0.68 
Kigoma 10 426 3 2.08 0.85 9.85 3.51 3.62 0.82 0.17 0.01 276 21 105 13 2.67 0.42 

Magara + Banza 15 424 5 1.99 1.12 8.63 4.89 4.08 0.91 0.19 0.02 190 76 104 21 1.99 0.99 
Bemba+Kigoma 24 421 14 1.40 1.08 6.68 4.31 3.78 1.61 0.17 0.04 196 97 123 37 1.76 0.97 

TOTALS 44 423 11 1.52 1.09 7.01 4.48 3.82 1.33 0.18 0.03 187 86 116 33 1.77 0.94 
on_number of samples; Sot-standard deviation. 
Note: 80 meters apprOXimates boundary between oxic and anoxic bottom waters 
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Figure 2.7. A. Plot of total organic carbon (TOC) versus water depth for Lake 
Tanganyika sediment samples. Data is coded by site. Regression equations 
calculated in same manner as in Fig. 6. (TOC)=total organic carbon; (wd)=water 
depth. B. Plot of acid insoluble sulfur versus water depth for Lake Tanganyika 
sediment samples. Symbols same as those used in A. 
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acid insoluble sulfur, respectively, against water depth, and Figure 2.8 plots oxygen 

index (01) against hydrogen index (HI) to facilitate intrasite discussions. 
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Below, I briefly describe the geomorphology, and clastic and organic sedimentology 

for each study site; these data are presented in a series of maps that show detailed 

bathymetry, sample locations, transect locations, generalized onshore geomorphology 

and interpreted facies patterns. 

Axial Margin (Ryzizi River delta. Burundi) 

Geomorphology 

The Ruzizi River delta site lies on an axial margin that cuts across the structural 

axis of the rift and occupies an area of approximately 50 km2 at the northern end of 

Lake Tanganyika (Fig. 2.4). The site is dominated by the Ruzizi River delta and 

associated subenvironments (Fig. 2.9A). The Ruzizi River, the second largest river to 

enter Lake Tanganyika (drainage area=5709 km2), originates from Lake Kivu (Fig. 

2.1) and enters the lake as a strong hyperpycnal flow. The delta morphology is that of a 

wave-dominated delta, with a cuspate to linear shoreline, shore-parallel delta-mouth 

bars, and relatively steep delta front (Fig. 2.10A) (Coleman and Wright, 1975; Elliot, 

1986) . 

The shoreline consists of wide, steep-faced, sandy beaches and a marsh adjacent to 

the Ruzizi River mouth. A lagoon, cut off from the lake by a prograding berm lies on 

the west side of the delta. The onshore topography is subdued as the delta plain of the 

Ruzizi River occupies an area of at least 100 km2 adjacent to the shoreline. 

Offshore gradients are low «1°) and the bathymetry is asymmetric in shallow 

water depths «40 m) attributable to a flat bench on the west side of the river mouth 

(Fig. 2.9A). This bench extends for 1 km offshore, beyond which gradients become 

slightly steeper and more uniform across the study site, sloping to more than 300 m 
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Figure 2.8. Plot of oxygen index versus hydrogen index on a modified van Krevlen 
diagram (Tissot and Welte, 1984). The type '" field represents predominantly 
terrestrial organic matter, type I field represents predominantly algal organic 
matter, and type " field represents mixed algal and terrestrial organic matter. 
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Figure 2.9. A: Location map of Ruzizi River site (axial 
margin) showing generalized geomorphology, bathymetry, 
sample locations, and transect locations. Black dots with 
numbers indicate samples in which a complete grain-size 
analysis was done; black dots without numbers Indicate 
samples that were visually and qualitatively inspected; and 
open dots represent samples with poor recovery. B: 
Facies map of Ruzizi River site (axial margin). 
Boundaries or regions are queried where very poorly 
constrained. In general, facies boundaries represent 
gradational contacts. 
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Figure 2.10. Various echo-sounding traces of transects offshore of Ruzizi River delta 
site. See Figure 2.9A for exact location of transacts. A. Transact parallel to shore 
immediately east of river-mouth. Steep delta front apparent at right side of transact. 
Thick, vertical lines represent splices in the record where samples were collected. B. 
L-shaped transect oriented perpendicular to shore to the right of thick, vertical line 
and oriented parallel to shore to the left of the line. A shallow, broad channel-like 
feature is apparent at left edge of transact. C. Shore-parallel transect imaging same 
channel feature as that in B. 
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water depth south of the study site. A large sublacustrine canyon, documented by Capart 

(1949) and discussed by (Baltzer, 1991) and Tiercelin et al., (1992) lies just west 

of the study site and incises into the lake floor to at least 300 m water depth (Fig. 2.4). 

Facies Patterns 

Facies patterns across the Ruzizi River delta form bands that are oriented oblique 

to shore, deflected lakeward around the bench west of the river mouth, and that are 

disrupted by sand channels oriented perpendicular to shore (Fig. 2.9B). Figure 2.6 

indicates the mean grain-size for the Ruzizi River delta samples exhibit a weak, but 

statistically signifICant, relationship with water depth. A y-intercept of 3.670 (Fig. 

2.6) attests to the fine-grained sediment that dominates the site, even close to shore. 

The sand facies is limited to beaches, delta-mouth bars, and minor, offshore delta 

channels. Moderately sorted, fine to medium quartzo-feldspathic sand (Table 1) forms 

continuous, steep-faced beaches. Sinuous, symmetrical ripples occur on the lower 

shoreface; otherwise the beach sand facies is generally structureless. Moderately 

sorted, coarse to medium clastic sand (Table 1) forms both bars and channel fills at the 

Ruzizi delta mouth. A coarse sand sample, collected in 68 m water depth (sample 69: 

Appendix A), occurs within a shallow (less than 2 m), diffuse channel, approximately 

200 m wide, inferred from a sonar transect (Fig. 2.10B and 10C). Sedimentary 

structures observed on exposed river-mouth bars include washed-out ripples, low

angle planar laminations and scoured surfaces (observed in trenches) and common bird 

tracks. 

The carbonate sand/shell gravel facies blankets the low-gradient bench to within 

500 m of the river mouth (Fig. 2.9B). This facies consists of mixed carbonate and 

clastic sediment that exhibits a mean grain size of coarse to medium sand with a 

significant bioclastic component. The bioclasts consist of the endemic gastropods 

Neothauma tanganyicense, several species of the genus Paramalania sp., and one 
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bivalve genus, Cae/atura. Most of the bioclasts are whole, but highly abraded and bored. 

Ooids, nucleated on quartz, feldspar, and bioclasts and rimmed by both radial and 

tangential carbonate fabric, make-up a significant component of the sediment. The 

facies is generally well-washed, with no clay and less than 1% silt across most of the 

bench, indicating that most of the fine-grained deltaic sedimentation bypasses the 

bench. 

Silty sand and sandy silt facies form as two diffuse bands oriented subparallel to 

shore and represent the lower delta-front and upper pro-delta environments (Fig. 

2.9B). Both facies are poorly sorted (Table 1), massive, brownish in color, and 

typically flocculent; I observed no sedimentary structures within these facies. The 

silty sand facies occurs in water depths of approximately 20 to 40 m, although it 

exists in 1 to 2 m of water west of the river-mouth. The sandy silt facies occurs 

outboard of the silty sand facies in water depths of approximately 40 m to 65 m, 

although this facies is also present in shallow water adjacent to the river mouth. The 

dominance of fine-grained facies adjacent to shore east of the river mouth suggests that 

transport of the coarse-grained sediment is restricted to a narrow zone west of the 

river mouth in a westward, shore-parallel direction. 

Fine-grained, homogenous, clay-rich silt and mud facies form the prodelta 

environment (Fig. 2.9B). These facies occur at depths of 60 m or greater south of the 

delta, although the silt facies is present at much shallower depths « 30 m) east of the 

delta. In addition, the silt facies, containing abundant macroscopic plant fragments and 

less than 5% sand exists adjacent to the offshore delta channels as subaqueous levees. 

Organic Composition 

Total organiC carbon (TOC) and acid insoluble sulfur (insS) values from the Ruzizi 

River delta site are uniformly low within the shallow water environments but increase 

significantly below 80 m water depth (Table 2A). The increase in TOC with decreasing 
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water depth is weakly significant (Fig. 2.7A). In addition, TOe values are generally 

higher on the east side of the delta relative to the west side of the delta corresponding to 

the large area of fine-grained facies present along the former. Acid insoluble sulfur is 

also uniformly low across the site above 80 m water depth, but increases by an order of 

magnitude below 80 m (Table 2A and Fig. 2.78). Pyrolysis data (Table 2B) indicate 

that the organic matter is generally lean (total hydrocarbon potential=81 +82 is low) 

and highly oxidized (lOW HI/OI ratio) (Fig. 2.8), although total hydrocarbon potential 

increases slightly with depth (Table 2B). 

Nyanza Lac. Burundi (Hinged Margin) 

Geomorphology 

The Nyanza Lac, Burundi, study site lies across the lake from a large, basin

bounding normal fault (Fig. 2.4) and therefore represents a hinged margin. The Nyanza 

Lac site contains only one significant, perennial stream, the Rwaba River (drainage 

basin=285 km2). The subaerial portion of the Rwaba River delta is less than 3 km2 

and the subaqueous portion is less than 1 km2. The delta exhibits a wave-dominated 

morphology (Coleman and Wright, 1975). 

Onshore topography over most of the study site is subdued (30-80 m above lake 

level), although the terrain becomes more mountainous adjacent to the shore along the 

northern part of the study site (Fig. 2.11A). The topography reflects the stair-step 

morphology created by en echelon, small-scale faults (Fig. 2.4). The shoreline 

reflects these topographic differences, consisting of wide beaches in the south and rocky 

headlands and talus alternating with minor sandy beaches along the northern part of the 

study site. 

Offshore, the study site is dominated by a wide, low-gradient «1°) bench that 

extends 2 km offshore and terminates at a narrow, steep (15-20°) slope (Fig. 2.11 A). 



Figure 2.11. A: Location map of Nyanza Lac site (hinged 
margin) showing generalized geomorphology, bathymetry, 
sample locations, and transect locations. Black dots with 
numbers indicate samples in which a complete grain-size 
analysis was done; black dots without numbers indicate 
samples that were visually and qualitatively inspected; and 
open dots represent samples with poor recovery. B: 
Facies map of Nyanza Lac site (hinged margin). 
Boundaries or regions are queried where very poorly 
constrained. In general, facies boundaries represent 
gradational contacts. 
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The steep slope adjacent to the shoreline in the northern part of the study site flattens 

into another wide, low-gradient bench 80 m below lake-level. The en echelon fault 

pattern offshore produces this stair-step bathymetry. One large subaqueous canyon 

occurs offshore of the Rwaba River and smaller, narrow canyons occur offshore of the 

smaller streams in the north of the study site. Tiercelin, et al. (1992), shows that 

these sublacustrine canyons coalesce, forming an axial channel system in deep water 

(Fig. 2.4). 

Facies Patterns 
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Facies boundaries along the Nyanza Lac site COincide closely with the changes in 

bathymetry juxtaposing coarse-grained and fine-grained facies across the bench/slope 

transitions (Fig. 2.11 B). This produces only a weak relationship between mean grain

size and water depth (1'2=0.345) (Fig. 2.6), although most of the samples were 

collected in water depths less than 90 m. Carbonate facies dominate whereas clastic 

facies are limited to shoreface sand and small deltaic deposits. 

Moderately sorted, coarse- to medium-grained mixed clastic and carbonate sand 

(Table 1) forms continuous beaches along the length of the study site. The clastic 

component is quartzo-feldspathicin composition and commonly coated by carbonate. 

Carbonate-cemented beachrock, consisting of mixed carbonate-clastic grains, 

commonly forms tabular beds sloping lakeward at up to 5° along the beaches (Cohen and 

Thouin, 1987). Otherwise sedimentary structures are limited to rippled sand within 

the lower shoreface. Elsewhere, clastic-dominated sand facies are limited to small 

(less than 100 m long and 10's m wide) submerged bars directly in front of the Rwaba 

River and associated lobes of poorly sorted, sandy-silt facies (Table 1) occurring 

within the delta-front environment of the Rwaba and Gifuruzi River deltas (Fig. 

2.11B). 
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The most areally significant coarse-grained facies is the coarse- to medium

grained carbonate sand/shell gravel facies or -gastropod shell blanket; described by 

Cohen and Thouin (1987), that occupies the northern half of the shallow bench 

dominating the study site (Fig. 2.11 B). This facies is composed of a mixture of clastic 

gravel and sand, whole gastropod and bivalve shells, shell fragments, ooids, and a silt 

component that varies spatially across the bench. At the northern end of the bench, 

away from influence of riverine sediment sources, the facies is coarser grained, and 

moderately sorted, whereas near the clastic sediment source (Rwaba and Gifuruzi 

Rivers) the sediment is finer grained and more poorly sorted (Fig. 2.12). The patches 

of Chara meadows, which are very common along the bench in water depths of 2-10 m, 

also trap silt (Cohen and Thouin, 1987). Ooids, with both tangential and radial fabric, 

are pervasive in samples from the shoreface down to 38 m across the entire facies, 

although ooids are most common in water depths from 2-5 m (Cohen and Thouin, 1987; 

Tiercelin et aJ., 1992). However, ooids were also recovered from silt dominated 

samples collected directly in front of the Rwaba River (samples 49 and 101). 

A patchy and uneven region of silty sand facies extends across the bench from 

approximately the Gifuruzi River to the southern end of the study site (Fig. 2.11 B). 

Based on observation from SCUBA and interpretation of sonar traces, the sandy silt 

facies is only 2-10 cm thick in most places and overlies coarser grained sediment 

identical to that described above (Fig. 2.13). This suggests that the finer-grained silts 

and fine sands derived from the Rwaba and Gifuruzi River are actively reworked both 

north and south along the bench and that the carbonate sand/shell gravel facies 

underlies the sand and silt facies offshore of the rivers. Sedimentary structures within 

this facies include abundant gastropod grazing tracks and -fish nests," which are 

craters up to a meter or more across and 1 O's cm deep formed by fish of the family 

Cichlidae (Cohen and Thouin, 1987). 
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Figure 2.13. Short, shore-perpendicular transect offshore of Nyanza Lac site. Boat 
was allowed to drift very slowly, therefore, horizontal scale is approximate. See 
Figure 2.11 A for exact location. The dark, uneven gray zone below lake-bottom on 
trace is interpreted as an uneven blanket of fine-silt overlying the coarser-grained 
carbonate sand and gravel facies (lighter, more transparent horizon). Note uneven 
nature is better displayed on multiple (at base of trace). 
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Biogenic and clastic silt accumulates as a uniform blanket along the steeper slopes 

rimming the shallow bench. Massive silts accumulate in water depths below 

approximately GOm. Two samples collected below 90 m contained thin, millimeter 

scale, white-gray laminated couplets consisting of carbonate and clastic silt. 

The slope break at the offshore edge of the bench is a rocky, sediment starved 

region locally colonized by stromatolites (Cohen and Thouin,1987). These 

stromatolites are up to 3 m high and typically are formed by non-laminated, high-Mg 

carbonates. Cohen and Thouin (1987) infer that these stromatolites are relict as they 

are presently blanketed by a variable thickness of carbonate silt; the stromatolites 

were subsequently dated by Casanova and Hillaire-Marcel (1992), yielding ages as old 

as 2950±150 yr B.P. 

Organic Composition 

TOC and acid insoluble sulfur values from the Nyanza Lac site are uniformly low 

across the shallow-water reaches of the site (Table 2A) (Fig. 2.7A and 7B). Spatial 

variability in organic content along the site is generally minimal, except for the 

relationship between increasing TOC and increasing water depth (Fig. 2.7A). In 

addition, there is a 1 % increase in TOC within the fine-grained deltaic environment of 

the Rwaba River compared with the coarser-grained carbonate sand/shell gravel 

elsewhere on the bench. Pyrolysis data (Table 2B) indicate that the organic matter is 

consistently lean (low total hydrocarbon potential=S1 +S2) which is highly oxidized 

(low HIIOI ratio) (Fig. 2.8). 

Magara Burundi (Accommodation-Zone Margin) 

Geomorphology 

The Magara, Burundi, site represents an accommodation-zone margin as the 

shoreline lies along a S-SW trending fault zone that crosses the lake, separating two 
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adjacent half-grabens (Fig. 2.4). The Magara accommodation-zone margin is formed 

by a series of en echelon fault segments that all trend northeast-southwest with throws 

down to the northwest (Fig. 2.4). Numerous small, ephemeral and perennial streams 

have developed small fan deltas (e.g. Nyaruhongoka River) and cut across the structural 

grain of the region. The Ruzibazi River (drainage area =165 km2), the largest river to 

enter the lake along the study site, is unique because it follows the structural grain for 

most of its upper reaches and enters the lake on the footwall block of the Rumonge Fault 

(Fig. 2.14A). 

The shoreline is generally rocky with small, sandy beaches occurring in small 

embayments and adjacent to fan deltas (Fig. 2.14A). Onshore the region is mountainous 

with sheer rocky slopes rising 1 km above lake level less than 4 km from shore and 

reaching an ultimate height of approximately 2 km above the shoreline farther inland. 

The subaerial portions of the fan deltas are dominated by debris-flow and talus deposits 

(Cohen, 1990; Tiercelin et aI., 1992). 

Offshore gradients are extremely steep and uneven in the northern two-thirds of 

the study site, reflecting the presence of numerous fault scarps that obliquely transect 

the study site (Fig. 2.14A). Narrow, sublacustrine channels are prominent features in 

the northern part of the study site (Fig. 2.15). In the southern portion of the study 

site, the footwall block of the Rumonge fault produces a large, low-gradient bench that 

extends at least 1.5 km offshore. 

Facies Patterns 

Facies along the Magara site consist of poorly-sorted, fine-grained sediment 

arranged in shore-parallel facies belts (Fig. 2.148). The shore-parallel facies belts 

are also reflected by a statistically significant correlation between mean grain size and 

water depth (Fig. 2.6). North of the Rumonge fault, narrow, discontinuous beaches 

alternate with rocky, talus-dominated shorelines. The sand facies ranges from gravely 



Figure 2.14. A: Location map of Magara site 
(accommodation-zone margin) showing generalized 
geomorphology, bathymetry, sample locations, and 
transect locations. Black dots with numbers indicate 
samples in which a complete grain-size analysis was done; 
black dots without numbers indicate samples that were 
visually and qualitatively inspected; and open dots 
represent samples with poor recovery. Note change in 
scale of contour intelVal from previous figures. B: Facies 
map of Magara site (accommodation-zone margin). 
Boundaries or regions are queried where very poorly 
constrained. In general, facies boundaries represent 
gradational contacts. 

54 



CD 
c: 
~ • c: 
o 
~ 
"0 o 
E 
E 

I 

.. ... '.1. ,.,. 
1.1. 
··:':':':':':':!i!i . 

CD 
.t: 
en 
e 
~ 
~ 

III 
CD 
'u 
~ 
"C a 
III 

D 

~ 
111-
1Il~ 
CD III 
1ij'" 
eel 

.8~ 
li!~ u 

m 

"C a 
III 

~ 
"iii 

[ill .. .. 

.. ,., 
'. 

-"iii 
>-

"C 
e 
III 
III 

rn 

:; 
B 
e 
o 
() 

55 

"C 
~ ~ 

"iii E 

m I 
o 

o 



-E -
i 
i 
~ 
11 
j 
E 

-----lll.O-----
1 km 

~ •. _"t.·· . ___ ._ ... _ ....... _ ............. _ ... , ........... "., ...... : ...... _ ......... - ......... _ ........... "M .. I'··-f' .. · .. _'··hl .. ~.": .. :..",.-f .... ;.,""'."'_ .. _," • ., •• ~ •• - ..... " ... - ....... ~ 

I-----lfiln f~ ... 

Figure 2.15. Echo sounding trace of transect parallel to shore along northern Magara site. See Figure 2.14A for exact 
location. Trace exhibits numerous sub-lacustrine canyons and uneven bathymetry typical along this margin. 

0'1 
Q) 



57 

sand to fine sand (Table 1) and is structureless, except for ripples within the shoreface 

environment. Owing to the steep gradient, the sand facies extends to at least 80 to 100 

m water depth. The delta-sand facies associated with the Ruzibazi River is confined to 

river-mouth bars in 1-5 m of water; the sand is moderately to poorly sorted and 

ranges from coarse to fine sand (Table 1). Farther offshore of the Ruzibazi River, 

within the steep delta-front environment, poorly sorted, sandy silt dominates, but the 

presence of cobbles and pebbles, not recovered in grab samples, but observed from 

SCUBA, indicate the facies is more heterogeneous than the data in Table 1 indicate. 

South of the Ruzibazi River delta, the carbonate sand/shell gravel facies blankets 

the large, low-gradient bench (Fig. 2.14B). This facies appears similar to that found 

along the Nyanza Lac site with bivalve and gastropod shells and ooids intermixed with 

clastic sands. The sediment is coarse to medium grained and moderately sorted (Table 

1 ) . 

Semi-continuous, shore-parallel tracts of silty sand and sandy silt form the 

primary offshore facies north of the Rumonge Fault (Figure 2.14B). The silty sand 

facies dominates in water depths from 30 m to 74 m whereas the sandy silt facies 

exists farther offshore, although it overlaps the silty sand facies in depth range. Both 

facies are very poorly sorted and both contain up to 30% mica within the sand-sized 

fraction. Interrupting these facies tracts is basement outcrop or very coarse talus, 

inferred from sonar traces and poor sample recovery, situated within the region of 

complex, steep bathymetry (Figs. 148) 

Organic Composition 

Shallow-water TOC and pyritic sulfur values are relatively high (Table 2A), but 

individual values vary significantly across the site. In fact, although TOC varies with 

water depth, there is not a statistically significant relationship between water depth 

and TOC (Fig. 2.7B). For example, TOC values occur in relatively shallow water 
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adjacent to and within the Ruzibazi River delta environments. Pyrolysis data (Table 

2B) indicate that the organic matter is generally lean (moderate total hydrocarbon 

potential=S1+S2), but variable, and exhibits a highly variable degree of oxidation (01) 

(Fig. 2.8). 

Cape Banza Zaire (Accommodation-Zone Margin) 

Geomorphology 

The Cape Banza, Zaire site represents an accommodation-zone margin site that 

straddles a N-NW plunging horst block (Ubwari Peninsula). The shoreline wraps 

around this horst, with steep gradients along the sides and lower gradients over the 

horst (Fig. 2.16A). Only the east side of Cape was studied in detail because of logistical 

constraints. Two transects on the west side of Cape Banza concentrated on water depths 

from 100-200 m. Perennial streams do not exist along the Cape Banza site; instead, 

small ephemeral streams exist that typically form chutes as they enter the lake. These 

streams are less than 3-5 km long with gradients of up to 30°, which has prevented the 

development of fan deltas. However, farther south, where the peninsula widens and the 

streams are larger, small fan deltas occur. The shoreline is a combination of rocky 

headlands and small sand and gravel beaches present within the embayments. Onshore 

relief is uniformly steep. 

Bathymetric gradients are also steep, especially along the western side of the 

peninsula, where water depths of 200 m occur less than 500 m offshore (Fig. 2.16A). 

On the east side of the peninsula the bathymetry levels off at between 100 and 120 m 

into a depression that is flanked on the offshore (east side) by a submerged ridge (Fig. 

2.16A). This submerged ridge and intervening depression are fault controlled. 

Sublacustrine canyons were not observed across the site. 

Facies Patterns 



Figure 2.16. A: Location map of Cape Banza site 
(accommodation-zone margin) showing generalized 
geomorphology, bathymetry, sample locations, and 
transect locations. Black dots with numbers indicate 
samples in which a complete grain-size analysis was done; 
black dots without numbers indicate samples that were 
visually and qualitatively inspected; and open dots 
represent samples with poor recovery. B: Facies map of 
Cape Banza site (accommodation-zone margin). 
Boundaries or regions are queried where very poorly 
constrained. In general, facies boundaries represent 
gradational contacts. 
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Facies along the Cape Banza site are dominated by fine-grained biogenic and clastic 

silt with a minor, heterogeneous clastic component. Mean grain size of the Cape Banza 

samples show a highly statistically significant relationship with water depth (Fig. 

2.6). Talus and rocky outcrops dominate both on top of the structural horst as well as 

on the lakeward edge of the submerged ridge (Fig. 2.16B). Discontinuous, gravely sand 

beaches alternate with talus along the shoreline. The beach sand facies is composed of 

moderately to poorly sorted, coarse-grained sand to gravel, which is lithic-rich (Table 

1). Because of the steep bathymetric gradients, the sand facies is present to depths of 

at least 40 m without any appreciable fining in grain size. The only other coarse 

grained facies present within the study site is the carbonate sand/shell gravel facies 

present atop the submerged ridge to the east of the Cape Banza (Fig. 2.16B). This facies 

differs slightly from the similar facies present within the Nyanza Lac, Magara and 

Ruzizi River sites because very little clastic sediment is present; rather, the facies 

consists of approximately 100% highly corroded bivalve and gastropod shells and 

micritized carbonate grains. Poor sample recovery from the ridge prohibited accurate 

mapping of this facies. Poorly sorted sandy silt and silty sand facies occupy narrow 

bands offshore of the sand facies on the east side of the peninsula. 

The silt facies dominates the offshore region of the site in water depths below 80 m 

(Fig.2.16B). On the east side of the peninsula the silt facies has a mean grain size of 

5.7". Along the west side of the peninsula samples collected from 100-180 m depth 

were slightly finer grained (mean grain size=6.6,,). The sample collected farthest 

offshore along the west side (sample 118) is coarser (mean grain size=5.7,,) than the 

other samples along the transect and probably represents sediment within or on the 

edge of the "Capart Channel" described by Mondeguer et aI., (1986). which funnels 

sediment into deep water from the Nemba River and Kasandjala Rivers (Fig. 2.4). 
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Sublacustrine hydrothermal vents occur along the east side of Cape Banza (detailed 

in Tiercelin et al. 1989, 1993). Carbonate-cemented talus is common offshore of the 

tip of Cape Banza. In addition, digitate stromatolites, up to several centimeters high, 

are rooted directly on talus boulders and basement outcrop in water depths up to 40 m. 

We infer that these stromatolites are relict because of the presence of thick silt 

coatings and the fact that they occur at the same water depth as the stromatolites found 

along the Nyanza Lac site. 

Organic Composition 

Both TOC and acid insoluble sulfur values from the Cape Banza site are generally 

high (Table 2A) (Fig. 2.7A and 7B) although sampling was weighted toward deeper 

water localities. Because of the limited number of samples, no clear spatial trends can 

be discerned other than the weak, but statistically significant, relationship between 

TOC and increasing water depth (Fig. 2.7A). Pyrolysis data (Table 2B) suggest that the 

organic matter is moderately rich (total hydrocarbon potential=S1 +S2 is high) and 

relatively hydrogen rich (high HIIOI ratios) (Fig. 2.8). 

Bamba. Zaire (Escarpment Margin) 

Geomorphology 

The Bemba, Zaire site lies on an escarpment margin where the shoreline coincides 

with the trace of a large normal fault. The site is characterized by steep but generally 

uniform gradients down to 200 m depth at the edge of the study site (Fig. 2.17A). 

Several ephemeral rivers enter the lake along the study site, but the study site is 

centered on a small fan delta built in front of the Malongwe River (drainage area <3 

km2). The fan delta is dominated in its subaerial portion by debris flow depoSits. 

The shoreline along the site consists of rocky headlands and talus deposits with 

small, discontinuous beaches present within embayments (Fig. 2.17A). The rugged 



Figure 2.17. A: Location map of Bemba site (escarpment 
margin) showing generalized geomorphology, bathymetry, 
sample locations, and transect locations. Black dots with 
numbers indicate samples in which a complete grain-size 
analysis was done; black dots without numbers indicate 
samples that were visually and qualitatively inspected; and 
open dots represent samples with poor recovery. B: 
Facies map of Bemba site (escarpment margin). 
Boundaries or regions are queried where very poorly 
constrained. In general, facies boundaries represent 
gradational contacts. 
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topography rises to 700 m above lake level less than 2 km onshore and to a maximum 

elevation of 2.S km above lake level less than 10 km from shore. 
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Offshore the bathymetry is also steep. The lake floor plunges to a depth of 200 m 

less than SOO m offshore in the southern part of the study site, and the gradient is only 

slightly less steep in front of the fan delta. A single sublacustrine channel associated 

with the fan delta is present. 

Facies Patterns 

Fine-grained facies dominate the Bemba site. Coarse-grained sediment is 

restricted to the subaqueous portion of the fan delta and to sparse and discontinuous 

gravely beaches. Offshore of the beaches medium grained, lithic-rich, and poorly 

sorted sand facies extends down the steep slopes to at least 36 m depth (Fig. 2.178) 

(Table 1). This facies also contains coarse gravel and cobbles (as observed by SCUBA) 

not sampled by the grab sampler. There is no significant relationship between mean 

grain size and water depth. 

Offshore of the fan delta both silty sand and sandy silt facies are present. The silty 

sand facies dominates in depths ranging from 30 to S2 m (Fig. 2.17B). Based on 

observations from SCUBA this facies also contains larger cobbles and boulders embedded 

within the finer-grained material and exhibits prominent tool-marks (boulder skip

marks) oriented perpendicular to shore. The sandy silt facies dominates on the prodelta 

lobe, as well as close to shore south of the fan delta. This facies commonly contains 

degraded, macroscopic, terrestrial plant matter and abundant mica (up to SO% within 

the sand sized fraction). Although the sampling equipment typically deformed the 

sediment during collection, several samples contained distinct sand-rich horizons 

within mud. Tiercelin et aI., (1992) documents a large, coarse-grained, 

heterogeneous body 20 km long and 2 km wide, oriented parallel to shore west of the 



study site and encased within finer grained facies. This "downslope bar" is inferred to 

have formed through mass gravity-flow processes. 
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Mixed biogenic and clastic silt facies dominate farthest offshore and in regions 

removed from the fan delta front (Fig. 2.178). This facies is only slightly finer 

grained than the sandy silt facies and is present in overlapping depths, but the silt 

facies is better sorted (Table 1). The silt facies contains very little sand-sized 

material and probably accumulates in areas devoid of recent gravity induced deposition 

off the fan-delta front. This facies also shows well-developed laminations (white-gray 

couplets). 

Hydrothermal vents and associated discharge of fluids and mineralization are 

present at the southern point of the study site (Bemba Pt.) (Fig. 2.17A) (detailed in 

Tiercelin et. aI., 1989, 1993). 

Organic Composition 

TOe values across the 8emba site are high, although pyritic sulfur values are 

relatively low (Table 2A) (Fig. 2.7A and 78). Areal distribution of organic matter is 

generally controlled by proximity to the fan delta; there is no relationship between TOe 

and water depth (Fig. 2.7A). Pyrolysis data (Table 28) indicate that the organic 

matter is generally rich (total hydrocarbon potential=51 +52 is high) but is relatively 

oxidized (low HIIOI ratio) (Fig. 2.8). 

Kjgoma. Tanzania (Escarpment Margjn) 

Geomorph ology 

The Kigoma, Tanzania, site also lies on an escarpment margin, but differs in 

morphology compared to the Bemba study site because the major basin bounding fault 

occurs approximately 2 km lakeward of the shoreline rather than coincident with the 



shoreline (Fig. 2.4). The ephemeral streams along the study site are small (drainage 

area < 3 km2), exhibit steep gradients, and have not built significant fan deltas. 
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The shoreline along the study site consists of rocky headlands and talus deposits with 

intervening sandy beaches occurring only within embayments (Fig. 2.18A). The 

bathymetry is steep and irregular, dropping to 200 m depth less than 2 km offshore 

and becoming even steeper lakeward of the submerged fault. Sublacustrine canyons 

with steep walls are common as are submerged basement outcrops with only patchy 

sediment veneer. 

Facies patterns 

Fine-grained facies form uneven, shore-parallel bands across the site. This 

translates into a highly significant relationship between mean grain size and water 

depth (Fig. 2.6). Coarse-grained facies are confined to a narrow, discontinuous belt 

adjacent to shore. (Fig. 2.188) 

Beach sand is uncommon and where present is typically poorly sorted gravel and 

pebbles (Table 1). Offshore, sands dominate to at least 40 m depth and are coarse 

grained and very poorly sorted. A significant proportion of the sand is oolitic, 

especially within the southern part of the study site. Other coarse-grained facies are 

restricted to talus and boulder deposits adjacent to the shoreline along rocky headlands 

(Fig. 2.18A). 

The silty sand and sandy silt facies form uneven bands ranging in water depths from 

20 to 80 m depth (Fig. 2.188). The sandy silt facies is poorly sorted with a mean 

grain-size of 5.1", although the sediment ranges in size from cobbles to clay. The 

sandy silt facies is more extensive, ranging in water depth from 61 to 180 m, and is 

also very poorly sorted (Table 1). These two facies probably consist of a mixed 

population of sediment derived from suspension settling of fines and gravity driven 

sedimentation of coarse, shore-derived sediment. 



Figure 2.18. A: Location map of Kigoma site (escarpment 
margin) showing generalized geomorphology, bathymetry, 
sample locations, and transect locations. Black dots with 
numbers indicate samples in which a complete grain-size 
analysis was done; black dots without numbers indicate 
samples that were visually and qualitatively inspected; and 
open dots represent samples with poor recovery. B: 
Facies map of Kigoma site (escarpment margin). 
Boundaries or regions are queried where very poorly 
constrained. In general, facies boundaries represent 
gradational contacts. 
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The silt facies lies farthest offshore and contains laminated (white-gray couplets), 

clastic and biogenic sediment. The silt facies exhibits a mean grain size of 6.1" and is 

poorly sorted. Several samples contained a significant component of coarse sand which 

probably existed as a distinct layer before the sampling apparatus disturbed the 

sample. 

Organic Composition 

The TOe values across the Kigoma site are high, but pyritic sulfur is moderate 

(Table 2A) (Fig. 2.7A and 7B). The TOC values exhibit a highly statistically 

significantly increase with increasing water depth (Fig. 2.7A). Pyrolysis data (Table 

2A) suggest that the organic matter is consistently rich (total hydrocarbon 

potential=S1+S2 is high), and relatively unoxidized (high HIIOI ratio) (Table 2B) 

(Fig. 2.8). 

DlSCUSSICX'.J 

The Effects of Basin Structyre on Facies Distribytion 

Geomorphology and Sedimentology 

Table 3 summarizes the primary geomorphic, sedimentologic, and organic 

compositional characteristics among the study sites. The observed differences in the 

resultant facies patterns are governed by a complex equation of variables that includes 

local geomorphology (onshore topography, drainage basin characteristics, and offshore 

bathymetry) as well as lithology of weathered parent rock, climate, and limnologic 

processes. The asymmetric structure of the basin, represented by variability in 

spacing, orientation, and magnitude of faults, directly controls local geomorphology 

(elevation, relief, and gradients) among the sites. The geomorphology of the sites, in 

turn, controls the sedimentology and composition of the sediment. Therefore, 



TABLE 2.3: OUTLINE OF FACIES DIFFERENCES BETWEEN STRUCTURAL MARGIN TYPES OF LAKE TANGANYIKA 

Facies 
Characteristic 

Onshore 
Topography 

Drainages 

Offshore 
Bathymetry 

Dominant 
Facies 

F.cl •• 
Patterns 

Grain Size 
Distribution 

TOC and Sulfur 
Values 

Presence and 
Nature of 

Carbonates 

Accommodation-
Axial Margin Hinged Margin Zone Margin Escsrpment Margin 

(Ruzlzl River) {Nyanzl!_ Lac} __ (MaGMa/Ca~ Banza) _ ~~emb~~_nd K~mal 
Low relie(larg9, well - [Ow to moderate relief, well Steep, mountainous relief. Steep, mountainous relief. 
developed de~a plain. Wide, developed delta plain. Wide, Rockyltalus shorelines, with Rockyltalus shorelines 
sandy shorelines sandy shorelines abrupt changes. 

Large, low gradient, single 
river typical 

Large to moderate, low Variable, generally small and 
gradient, widely spaced rivers steep, but moderate size 

possible 

Small to moderate, steep, 
closely spaced ephemeral 
rivers 

Low to moderate with generally Stair-step bathymetry with Steep, uneven bathymetry. Steep, generally even 
even gradient wide, flat benches and steep 

slopes 
Presence of low gradient horst gradients. 
blocks 

Massive, deltaic sin. 
Carbonate shell gravel 

Carbonate shell gravel and 
biogenic/clastic silt 

Clastic sandy silt. Carbonate Mixed sandy silt and biogenic 
shell gravel silt 

Steep, flat delta front. Large 
pro-delta lobe. Carbonate 
shell gravel occurs atop old 
delta lobe 

Abrupt offshore changes. Abrupt offshore fining. Abrupt offshore fining. Lateral 
Carbonate gravel atop Carbonate shell gravel occurs facies change in deep water 
benches, and biogenic silt on atop structural horsts. controlled by location of fan 
slopes. delta 

Sediment bimodal (medium Sediment bimodal (medium Sediment unimodal (fine to 
sand and silt) Grain size does sand and silt). Grain size does medium sand) with coarse 
not correlate with depth. not correlate with depth. grained tail. Grain size 

correlates with depth. 

Sediment unimodal to bimodal 
(fine sand to si~). Grain size 
correlates with depth, except 
in front of fan de~a. 

Uniformly low values. Values Uniformly low values. Values High to moderate values. High to moderate values. 
increase with depth increase with depth. 
Type 11/ organic matter Type III organic matter 

Values increase with depth. Values increase with depth 
Abundant pyritic sulfur. Type II Low values around fan de~as. 
organic matter. Type II and Type III organic 

matter 

Disarticulated and comminuted Disarticulated and comminuted Cemented talus and Coated grains, micritized 
grains, cemented talus and 
stromatolites. 

shells, ooids, coated grains, shells, ooids, coated grains, stromatolites. Disarticulated 
carbonate intraclasts, carbonate intraclasts, and comminuted shells on 
beachrock. stromatolites, beachrock. horsts 

" 



geomorphology represents both an inherent characteristic that can be observed and an 

underlying variable that controls extant facies patterns. 

The sizes of drainage basins entering the lake inversely correspond to onshore 
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relief (Table 3). For example, the axial and hinged margins, both of which exhibit 

subdued topography, contain the largest rivers. The Ruzizi River (axial margin) 

follows the structural grain of the rift, producing a large, low-gradient river. The 

Rwaba River (hinged margin), flows down the sloping, low-gradient footwall block of 

the half-graben. By contrast, the escarpment and accommodation-zone margins include 

steep, short rivers that run down the faces of basin-bounding fault scarps. The 

Ruzibazi River (Magara site), which is an order of magnitude larger than adjacent 

drainages along the accommodation-zone margin, is an exception. The river flows down 

a fault ramp (Baker, 1986) between two en echelon faults typical of this margin type 

(Morley et aI., 1988). The relationship between topography, drainage characteristics, 

and half-graben structure has been noted previously, not only for Lake Tanganyika 

(Frostick and Reid, 1989; Cohen, 1990; Tiercelin et aI., 1992), but also for other 

East African Rift lakes (Baker, 1986; Frostick and Reid, 1989; Johnson and Ng'ang'a, 

1990; Scholz and Rosendahl, 1990; Scholz et aI., 1993). The size and gradients of the 

rivers debouching along the margins controls the volume and nature of the 

allochthonous sediment deposited at each site, thereby controlling local sediment 

accumulation rates and potential progradation of environments (Frostick and Reid, 

1989; Cohen, 1990; Johnson and Ng'ang'a, 1990; Scholz and Rosendahl, 1990). 

The bathymetry forms a second geomorphic characteristic to compare between sites 

(Table 3). Bathymetry. which is a function of fault structure. subsidence rates, and 

sediment accumulation rates, controls facies patterns as well as sediment texture. For 

example, along the escarpment margins, one or more large fault scarps create steep 

bathymetry that limits progradation of environments and reworking within the narrow 
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littoral zone. Axial and hinged margins. however. exhibit lower bathymetric gradients 

that allow for potential progradation of environments and significant reworking within 

the wide littoral zones. 

The most significant difference in facies patterns among the sites is the degree to 

which facies follow a shore-parallel. lakeward-fining pattern. This shore-parallel 

pattern is most apparent along the Kigoma site (escarpment margins) (Fig. 2.18B) and 

least well developed along the hinged margin at Nyanza Lac (Fig. 2.11 B). The degree of 

uniform offshore fining can be depicted by plotting mean grain size versus water depth 

(Fig. 2.6). The regressions calculated for each of the sample suites given in Figure 2.6 

indicate that the Kigoma, Banza and Magara samples contain a strong relationship 

between mean grain size and water depth. The relationship may be controlled by steep 

gradients and small to intermediate drainages typical along escarpment and 

accommodation-zone margins that allow for gravity-induced sorting of originally 

poorly sorted sediment delivered to the sites. The Bemba site (second escarpment 

margin) also contains steep gradients and small drainages, but shows a low correlation 

between mean grain size and water depth. As noted above, the site is centered along an 

active fan delta that provides a conduit for coarse sediment into deep water. Therefore, 

even along steep margins, fan deltas disrupt the development of shore-parallel facies 

belts. 

The other two sites that exhibit a poor correlation between mean grain size and 

water depth consist of low-gradient margins with large to intermediate drainages 

(axial and hinged margins). Low gradients, especially within regions of low sediment 

accumulation, allow for winnowing of fine sediment and resultant accumulation of 

coarse-grained lags far offshore. Large drainages coupled with low gradients produce 

progradational deltas that also disrupt shore-parallel facies patterns because both 



coarse-grained sediment and fine-grained sediment can accumulate within equivalent 

depths. 

74 

Because facies were defined based on grain size, the texture of the sediment alone 

provides little discriminatory power among the study sites (Table 1). Cross-plots of 

moment measures are not generally useful for differentiating environments of 

deposition (SEMINAR, 1981). Examination of complete grain-size distributions, 

however, is more informative (Glaister and Nelson, 1974; Forrest and Clark, 1989). 

Figure 2.19 depicts normalized grain-size histograms for each facies, which, when 

summed, depict the distribution of grain-size classes for all facies within a study site. 

The plots are normalized by the number of samples collected from each facies; 

therefore, each facies is equally weighted and the plots do not consider facies that are 

more extensive in area. 

Figure 2.19 suggests two primary classes of grain-size distribution curves: 

unimodal (e.g., Cape Banza, Bemba, Kigoma, and Magara) and bimodal (Nyanza Lac and 

Ruzizi River). The sites with unimodal grain-size distributions (representing the 

escarpment and accommodation-zone margins) consist of steep bathymetric gradients. 

The steep gradients produce a rough, gravity-induced sorting. The Ruzizi River and 

Nyanza Lac sites (axial and hinged margins, respectively) both exhibit bimodal grain

size distributions (Fig. 2.19), and both represent low-gradient sites. The low

gradient bathymetry fosters deposition of coarse-grained, silt-free sediment as 

distributary channel and bar deposits (e.g., Ruzizi River site), or as lag deposits 

formed along wave and current reworked benches (e.g., Nyanza Lac site). 

A coarse-grained (negatively skewed) tail marks all grain-size distributions 

except the axial margin (Ruzizi River site). The coarse-grained sediment consists of 

either shell gravel, present along the structural horsts and low-gradient benches 

typical of the hinged and accommodation-zone margins (e.g., Banza and Nyanza Lac 
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sites), or as gravel beach deposits, formed though reworking of mass-flow deposits at 

the shoreline of the escarpment or accommodation-zone margins (Kigoma, Bemba and 

Magara sites). The low-gradient and large drainage basin of the Ruzizi River site 

(axial margin) prohibits the production and transportation of significant gravel to the 

site. 

Organic Facies 

Water depth is the dominant control on the distribution of both organic matter and 

sulfur within the study sites (Fig. 2.7A and 7B). Table 2A indicates significant 

enrichment of TOC (2- to 3-fold), as well as pyritic sulfur (insS)(S10 fold), in deep 

water samples (below 80 m) compared to shallow-water samples (above 80 m). This 

depth represents the shallow limit for the oxicline in the northern part of the lake. The 

anoxic water covering most of the lake bottom protects organic matter settling though 

the water column from oxidation and degradation, allowing the organic matter to 

accumulate on the lake bottom (Oemaison and Moore, 1980; Kelts, 1988; Talbot, 

1988; Huc et aI., 1990). Anoxic conditions are also required for the formation of 

pyritic sulfur; anaerobic bacteria utilize both accumulated organic matter and pore

water sulfate to produce hydrogen sulfide, which reacts with iron minerals in the 

sediment to form pyrite (Berner, 1984). In marine systems there is a strong positive 

correlation between TOC and pyritic sulfur; however, fresh-water lakes, dissolved 

sulfate occurs in low concentrations, limiting pyrite formation and thereby producing a 

poor correlation between TOC and pyritic sulfur (Berner, 1984; Berner and Raiswell, 

1984). 

Figures 20A and 20B illustrates the relationship between TOC, pyritic sulfur and 

water depth for the Lake Tanganyika data. Figure 2.20A suggests a rough positive trend 

between TOC and pyritic sulfur for samples with elevated TOC, however, the ratio 

(slope) is much lower than the empirically derived ratio between TOC and pyritic 
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sulfur determined by Berner and Raiswell (1984) for normal marine environments. 

This same relationship can be shown by plotting the ratio of TOe and pyritic sulfur 

against water depth (Fig. 2.20B). Note that in shallow water «80 m) the ratio of TOe 

to pyritic sulfur is highly variable, implying a poor correlation between TOe and 

pyritic sulfur, whereas the ratio becomes much more uniform (-8.0) at water depths 

below 80-120 m, implying a positive correlation between TOe and pyritic sulfur. 

Pyrolysis data presented in Table 2B suggests that water depth controls variability 

in the nature, reactivity and hydrocarbon potential of the organic matter. A plot of the 

ratios HI and 01 on a modified van Krevelen diagram (Fig. 2.8) indicates that the bulk of 

the organic matter is of terrestrial (Type III) origin. The Kigoma and Banza sites 

(escarpment and accommodation-zone margins, respectively), however, contain 

significant Type " (mixed terrestrial and algal) organic matter, especially within the 

deep-water samples. These data are similar to data presented for deep-water sites of 

Lake Tanganyika, by Talbot (1988), Katz (1988), and Huc et al. (1990), all of whom 

documented the predominance of Type" and Type'" organic matter within the lake. 

A few significant differences in the organic content among the sites, however, can be 

related to structurally controlled differences in sedimentary processes. For example, 

Figure 2.20B illustrates that samples from the Bemba site (escarpment margin) plot 

to the right (higher TOC/pyritic sulfur ratio) compared to samples from equivalent 

depths along either the other escarpment or accommodation-zone margins. The 

relatively large TOe to pyritic sulfur ratio for the deep-water samples from Bemba 

suggests that less pyritic sulfur is present along the Bemba site relative to the other 

sites. Inspection of Table 2B and Figure 2.8 suggest that the hydrogen index (HI) for 

the deep-water samples is generally much lower within samples for the Bemba site 

compared to the other deep water samples, indicating a terrestrial origin for the 

organic matter. The predominance of terrestrial (Type III) organic matter inhibits the 
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production of pyrite because such organic matter is not easily degradable by anaerobic 

bacteria (Berner, 1984). The Bemba site is centered on a fan delta (Fig 17A), and 

therefore subject to gravity driven sedimentation, producing a mechanism to deliver 

terrestrial organic matter to the deep water environments (cf. Huc, et ai, 1990). In 

summary, fan delta and sub-lacustrine canyons, which are prevalent along the steep 

margins of the lake introduce oxidized organic matter to deep water environments that 

otherwise accumulate primarily autochthonous organic matter. 

The Cape Banza site (accommodation-zone margin) contains significantly higher 

amounts of pyritic sulfur than any of the other sites. Pyrite formation is enhanced by 

the introduction of one or a combination of three components: 1) additional sulfate; 2) 

hydrogen sulfide; and/or, 3) metallic pyrite of non-bacterial origin. The source of any 

of the three components could be fluids, gases, and associated mineralization from 

active hydrothermal vents. Tiercelin et al. (1989b, 1993), in describing the 

hydrothermal field along Cape Banza, have documented the presence of pyrite and 

marcasite as coatings and veins within chimneys and vents and have suggested that 

exhaled gases may contain hydrogen sulfide. Although the hydrothermal site is located 

on the opposite edge of the Ubwari Peninsula «3 km away) from where the Banza 

samples were collected, a similar field may be present on the west side. Whatever the 

exact source of the additional sulfur, hydrothermal activity, most common along the 

escarpment and accommodation-zone margins (Tiercelin, et al. 1992), may locally 

increase the sulfur content within the organic matter. 

Comparisons to previous Tectono-Stratigraphic Models 

Table 4 outlines predictions of facies distributions and sedimentary controls from 

previous tectono-stratigraphic models of rift lakes based on Lake Tanganyika. The data 

from this study, summarized in Table 3, generally support the predictions of facies 



TABLE 2.4: PREDICTIONS OF FACIES ASSEMBLAGES FROM TECTONO
STRATIGRAPHIC MODELS BASED ON LAKE TANGANYIKA 

Characteristic Cohen (1990) Tiercelin et al. (1992) 
Drainage Characteristics 
Axial Single, large, well-integrated rivers. Single, large, well-integrated rivers. 

Low avulsion potential. Low avulsion potential. 

Hinged Large, low gradient rivers. Small to large, low gradient rivers. 
Widely spaced; high avulsion potential. Widely spaced. 

Accommodation Small, steep gradient rivers. Small, steep gradient rivers. 
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Zone Closely spaced; low avulsion potential. Closely spaced; low avulsion potential. 

Escarpment Small, steep gradient rivers. 
Closely spaced; low avulsion potential. 

Shoreline Deposits 
Axial Beach sand 

Deltaic sand 

Hinged Beach sand 
Limited deltaic sand 
Carbonate beachrock 

Accommodation Talus, rock and basement outcrop 
Zone Beach gravel and sand . 

Escarpment Talus, rock and basement outcrop 
Beach gravel and sand 
Debris-flow deposits 

Offshore Deposits 
Axial Prodelta mud 

Extensive offshore sand 
Prodelta turbidites 

Hinged Carbonate silt 
Limited prodelta mud 
Sublacustrine channel sand 
Slope turbidites 
Winnowed surfaces 

Accommodation Small, isolated fan-delta deposits 
Zone Biogenic ooze 

Winnowed surfaces on horst blocks 
Gravity-flow deposits (turbidites and 

grain-flows) 

Escarpment Small, isolated fan-delta deposits 
Biogenic ooze 
Gravity-flow (turbidite and rockfall) 

deposits 

Small, steep gradient rivers. 
Closely spaced 

Beach sand 
Deltaic sand 
Lagoonal mud 

Beach sand 
Lagoonal mud 
Limited deltaic sand 
Carbonate beachrock 

Talus, rock and basement outcrop 
Beach gravel and sand 

Talus, rock and basement outcrop 
Beach gravel and sand 
Debris-flow deposits 

Prodelta mud 
Sublacustrine channel sand 
Prodelta turbidites 

Carbonate silt 
fan-delta deposits 
Limited prodelta mud 
Sublacustrine channel sand 
Slope turbidites 
Winnowed surfaces 

Small, isolated fan-delta deposits 
Biogenic ooze 
Winnowed surfaces on horst blocks 
Gravity-flow deposits (turbidites) 

Small, isolated fan-delta deposits 
Biogenic ooze 
Gravity-flow (turbidite and mass-failure) 

deposits 
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patterns from these tectono-stratigraphic models. Poorly sorted muds dominate along 

both escarpment and accommodation-zone margins, except across horst blocks covered 

by coarse-grained lag deposits formed by winnowing. Progradational delta deposits 

characterize axial margins, whereas hinged margin deposits alternate laterally 

between progradational delta deposits and coarse-grained lag deposits along the shallow 

benches. 

Additional constraints to these models provided by this study suggest the following: 

1) The modern axial delta of Lake Tanganyika (Ruzizi River) is silt dominated, 

rather than sand dominated, as predicted in previous models. Most of the coarse

grained sediment is stored within the delta-mouth environment and may experience 

considerable longshore transport; offshore sand deposition is limited to sub-lacustrine 

channel systems. 

2) Drainages entering along hinged margins are not generally free to avulse across 

wide regions as previously predicted (Table 4). At least for intermediate-sized rivers, 

the en echelon pattern of small-scale faults along the hinged margin acts to confine the 

course of rivers and limits the extent of avulsion across the delta plain. In addition, the 

presence of deeply incised canyons off the edge of hinged-margin benches (this study 

and Tiercelin, et aI., 1992) funnel sediment into deep water environments and may 

limit the progradation of deltas. Through time, this would tend to produce stacked 

deltaic deposits and sub-lacustrine fan deposits in certain locations along the hinged 

margins, leaving other regions devoid of significant deltaic sedimentation and loci of 

extensive winnowed deposits. 

3) The size of drainages and attendant sedimentation along the accommodation zones 

is much more variable than predicted (Table 4). Cohen (1990) suggests that 

accommodation zones are typically sediment starved. This is true for accommodation

zones dominated by single horst block (e.g. Banza site), but along accommodation-zone 
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shorelines composed of a series of en echelon faults, drainages can be channeled between 

faults, producing much larger drainage basins and introducing large amounts of coarse

grained sediment to the accommodation-zone margin. 

~ 

The data presented in this study document significant differences in littoral 

sedimentation among the structural margin-types defined for northern Lake 

Tanganyika. The sedimentary differences among the structural margin-types indicate 

that the asymmetry of the Lake Tanganyika rift imparts a strong control on facies 

patterns and organic composition within the littoral reaches of the lake. The structural 

asymmetry controls the local geomorphology, varying such characteristics as 

elevation, relief and gradients. In turn, these geomorphic elements control facies 

patterns. Figure 2.21 depicts a hypothetical rift that exhibits an alternating half

graben morphology loosely based on the data presented above, as well as observations 

from other East African rift-lakes (Yuretich, 1986; Cohen, 1989a; Owen and 

Crossley, 1989; Johnson and Ng'ang'a, 1990). 

Figure 2.21 emphasizes key geomorphic and sedimentologic characteristics present 

within a rift lake that are controlled by the alternating half graben morphology. For 

example, note the presence of backshed drainages that enhance the contrast between 

small, steep drainages along the escarpment margins and large, low-gradient drainages 

along the hinged margins. The figure also emphasizes the effects of small-scale normal 

faults in controlling drainages; for example, a relatively large drainage has formed 

within a fault ramp along the accommodation zone margin on the right side and the 

rivers along the northernmost hinged margin are confined by the en echelon fault 

pattern. The escarpment margins are dominated by fine-grained, mixed biogenic and 

clastic sediment that exhibits abrupt offshore fining. Coarse-grained deposits 
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associated with fan deltas interrupt this pattern at widely spaced intervals. In addition, 

the shoreline is typically dominated by debris flows, rock falls, or basement outcrops. 

The two axial drainages depict end member systems. The northern drainage is 

underflow-dominated, producing a steep-faced delta with fine sediment close to shore 

but extensive coarse-grained sediment within defined channels (e.g., Ruzizi River). 

The southern drainage represents an overflow-dominated river, producing a limited 

but diffuse sand dominated delta front and an extensive and uniform mud blanket within 

the pro-delta environment (e.g., Omo River of Lake Turban; Yuretich 1986). Deltas 

forming along the hinged margins introduce significant coarse-grained sediment to the 

shoreline and an even larger fine-grained blanket offshore. In addition, these deltas 

typically feed sub-lacustrine canyons, producing large fan deposits in deep water 

(Scholz and Rosendahl, 1990; Johnson and Ng'ang'a, 1990; Tiercelin et al., 1992; and 

Scholz et aI., 1993). The extent and location of coarse-grained lag deposits is 

controlled by local sedimentation rates, presence of low-gradient benches, and 

existence of sufficient wave and current activity. The northern half-graben is depicted 

with more extensive winnowed, littoral regions because the drainages entering the lake 

are small compared to those in the southern half-graben and the arbitrarily chosen 

direction of prevailing winds that would enhance wave and current reworking within 

the northern half-graben. 

Although the data presented here provide details of modern facies distributions 

within lake Tanganyika, a limitation of any modern study is the lack of time control. 

This is especially problematic within lake basins such as lake Tanganyika because large 

magnitude lake-level changes, which drive shifts in facies belts, have occurred 

frequently (e.g. 600 m. Scholz and Rosendahl. 1988). However, it is possible to 

speculate on hypothetical vertical columns for each of the margin types. Figure 2.22 

illustrates hypothetical facies stacking patterns during a fall and subsequent rise in 



85 

lake-level within a large rift lake. In Figure 2.22, the hinged margin is represented 

by two columns (A and B). The leftmost column, located away from deltaic influence, 

consists of laminated micrite at the base grading up to massive, silty micrite, 

corresponding to falling lake level and attendant mixing and oxygenation of the water 

column. The TOC content decreases upward as the lake-level drops. The micrite is 

capped by a bioclastic grainstone that may be several meters thick; in Lake Tanganyika, 

a core collected from just north of the Nyanza Lac site, consisted of 1.6 m of coarse, 

bioclastic grainstone (Tiercelin and Mondeguer, 1991). The second column (B) in 

Figure 2.22, located within deltaic influence, consists of a thin laminated micrite at its 

base that abruptly grades into clastic silt with a corresponding decrease in TOC. The 

fine-grained sediment is capped by coarse-grained, deltaic sand that may exhibit 

significant channelization. As the delta builds to lake level, sediment bypassing may 

occur, leading either to exposure and development of paludal environments, or to the 

development of a (bioclastic) lag deposit across the abandoned delta lobe. The axial 

margin column (C) shows the progradation of a large delta system, producing a thick, 

coarsening upward sequence. This sequence may be extremely thick, depending on the 

size of the axial drainage, and consist of several stacked sequences. TOC content will be 

uniformly low because of the predominance of clastic sedimentation. The column 

representing the accommodation-zone margin (D) represents a site along the margin of 

a structural horst. During highstand laminated micrite forms as the site is primarily 

sediment-starved. During lake-level fall the horst becomes progressively exposed and 

a bioclastic grainstone may form during lowstand. Depending upon the magnitude of the 

lake-level change, exposure features may be pervasive. During subsequent lake-level 

rise the availability of coarse-grained lag deposits on the horst may produce common 

gravity flow deposits within the deeper water environments. Finally, the escarpment 

margin (E) would have a thick, aggradational sequence that shows only a subtle 
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coarsening-up sequence that is capped by a coarse-grained, bouldery shoreface deposit 

representing talus and fan delta deposits formed during lowstand. Note that the 

escarpment-margin column consists of a large number of gravity-flow deposits. This 

is supported by core data from Lake Malawi (Johnson and Ng'ang'a, 1990). 

This study presents a dataset for only one asymmetric rift-lake. However, as 

comparable data are collected and compiled from other rift-Jakes, the resultant 

actualistic basin-fill models should provide geologists working within ancient rift-lake 

sequences a useful set of predictions from which to infer processes responsible for 

observed facies. In addition, further work is needed to precisely define three

dimensional geometry for facies on the scale of an outcrop (10's to 100's m), not only 

within Lake Tanganyika, but also in other rift-lakes. 



CHAPTER 3: THE EFFECTS OF BASIN ASYMMETRY ON SAND 

COMPOSITION: EXAMPLES FROM LAKE TANGANYIKA, AFRICA 

ABSTRACT 

Distinctive compositional trends occur in sand suites collected from structurally 

diverse segments of Lake Tanganyika (East African Rift System). Climate (subhumid, 

tropical) and source lithology (mixed granitic and metasedimentary rocks) are 

generally invariant between the source areas studied. Therefore, differences in sand 

composition relate directly to differences in compositional modification during 

transport and deposition of the sands. Sand composition along contrasting segments of 

the lake basin can be related to the strong structural asymmetry of the basin. 
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I point-counted medium-grained sands from river mouth, deltaic, beach, and 

shallow-water environments of seven structurally distinct, lake-margin settings: (1) 

escarpment margin (Bemba, Zaire and Kigoma, Tanzania sites); (2) hinged margin 

(Nyanza Lac, Burundi and Rumonge, Burundi sites); (3) accommodation-zone margin 

(Magara, Burundi site); and (4) axial margin (Ruzizi River site, Burundi). These 

four margin-types are typical of the structural morphology in strongly asymmetric 

half-graben rift basins. Using the Gazzi-Dickinson point counting methodology, four of 

the margins cluster tightly in QFL space, suggesting similar source lithology. Samples 

from the Bemba and Kigoma sites (escarpment margin) and the Banza site 

(accommodation zone margin), however, are significantly depleted in feldspar and 

enriched in lithic fragments. Because of the uncertainties in interpreting these 

differences in composition, the latter sites were not included in subsequent analyses. 

Variations in sand composition occur among the remaining sites when using the 

traditional point-counting methodology. The suite of fluvial sands entering the lake 

basin along the accommodation-zone margin (Magara Site) averages 38% rock 
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fragments compared to an average of 15 to 20% and 18% rock fragments for the suite 

of fluvial sands entering the basin along the hinged or axial margins, respectively. This 

is a fundamental contrast that correlates directly to differences in drainage basin size. 

Reworking at the depositional site produces additional compositional differences 

across the structural margins. In comparing the sample suites for each site, it is the 

scatter within the data that is more important than average composition in highlighting 

these differences. Minimal compositional modification occurs at the depositional site 

along both the accommodation-zone margin and the axial margin. In contrast, 

significant environmental overprinting occurs along the hinged margin sites. Umited 

compositional modification along the accommodation-zone margin results from the 

steep depositional gradient and very narrow high-energy zone. The minimal 

compositional modification along the depositional site of the axial margin is primarily a 

function of the high sedimentation rate. The compositional modification (enrichment in 

quartz) along the hinged margin is a function of low sediment accumulation rates 

coupled with low subsidence rates, leaving large regions of shallow-water substrate 

exposed to long periods of reworking. Chemical alteration of labile phases also occurs 

along the hinged margin through carbonate replacement of feldspar. 

Our results suggest that, with careful statistical analysis, it is possible to use 

sandstone composition to distinguish between tectonic margins typical of half-graben 

basins. Using this approach in ancient studies, it is necessary to collect from several 

coeval facies among different study sites and to constrain source lithology and climate. 

In addition, these results are most appropriate for humid-climate basins, where 

weathering processes are most extreme. 
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INTRODUCTION 

The structure of a basin imparts a strong control on sedimentation patterns 

(Miall, 1981). Sedimentary controls such as the duration of weathering at the 

sediment source, basin and hinterland morphology, sediment residence time during 

transit to the depositional site and even the nature of the depositional and transport 

systems all are influenced by basin tectonics. These same sedimentary processes are 

commonly included within the "environmental" variable of Suttner (1974). Other 

variables that make up the complex equation that governs sand composition include 

source lithology, climate, and diagenesis. An important goal in sedimentary petrology 

is to isolate the effects of these variables in order to understand their relative 

importance in controlling sandstone composition. Ultimately, this will allow geologists 

to interpret many facets of the paleogeology of the basinlhinterland (Basu, 1985). 

Isolating the effects of variables that influence sand composition is made difficult 

however, because the variables are not independent; in fact, recent studies have moved 

toward exploring the interrelationship between variables. For example, it is now well 

established that climate can alter the imprint on sand composition imparted by source 

lithology (Basu, 1976; Suttner et aI., 1981; Potter, 1986; Suttner and Dutta, 1986; 

Johnsson et aI., 1988, 1991). In addition, the magnitude of the climatic effect is, to a 

certain extent, dependent on the environment of deposition and residence time of 

sediment in the transport and depositional systems (Basu, 1985; Grantham and Velbel, 

1988; Johnsson et aI., 1988, 1991). One link that has not received much attention, 

however, is the relationship between the structure of a basin and its influence on the 

sedimentary or "environmental" variables that control sand composition. 

The goal of this study is to document the variability in sand composition within a 

modern basin that reflects changes in the sedimentary variables induced by basin 

structure. Lake Tanganyika, Africa, is an excellent region to undertake such a study for 



91 

a number of reasons. First, by studying sands within a modem basin we can document 

directly the variability in both source lithology and climate. Second, we can eliminate 

the effects of burial diagenesis. Finally, lake Tanganyika, which is part of the East 

African Rift, exhibits a highly asymmetric structural morphology (half-graben) 

attributable to nonuniform extension. This allows us to contrast the sedimentary 

variables and consequent changes in sand composition between structurally distinct 

margins of the lake-basin. 

previous Work 

Both transport and depositional processes may play important roles in altering the 

composition of weathered parent material (Bradley, 1970; Pittman, 1970; Cameron 

and Blatt, 1971; Davies and Ethridge, 1975; Self, 1975; Ethridge, 1977; Breyer and 

Bart, 1978; Mack, 1978; Potter, 1978; Grantham and Velbel, 1988). Most previous 

studies have attempted to isolate an aspect of the total "environmental" variable in 

order to identify the signature of that particular aspect as recorded by the composition 

of the detritus. For example, the influence of transport processes on sand composition 

has been defined by the length or gradient of the drainage system. It appears that high 

gradients alter the composition of sands within the fluvial environment by decreasing 

the abundance of rock fragments (Cameron and Blatt, 1971; Mack, 1978), although the 

nature of the parent material is also an important variable (Mann and Cavaroc, 1973; 

Mack, 1981). In low-gradient fluvial systems, distance of transport plays an 

important role only in humid to subhumid climates; in fact, residence time or sediment 

"parking" outside the transportation "system" appears to be a more important factor in 

modifying sand composition (Potter, 1978; Suttner et aI., 1981; Basu, 1985; 

Johnsson et aI., 1988, 1991; Grantham and Velbal, 1988; Savage and Potter, 1991). 
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Within high-energy zones of certain depositional systems, hydraulic sorting and 

physical breakdown of grains can be an important modifier of sand composition (Davies 

and Ethridge, 1975; Mack, 1978). In these studies the authors try to link variation in 

sand composition directly to the internal processes of the depositional system. 

This study differs from those listed above because I attempt to relate the variation 

observed in the composition of sands directly to basin tectonics. In attempting to 

document the link between sand composition and basin structure, I integrate, rather 

than differentiate, the individual components of the "environmental" variable in order 

to relate variations in sand compoSition to the total set of depoSitional and transport 

processes that are controlled by structure. In this approach I utilize basin structure 

as a "master variable" that underlies the first-order variables (e.g. slope, relief, 

residence time) that control sand composition. If we can better quantify this link we 

can ultimately utilize sand composition not only for inferring provenance of the 

hinterland, but also for interpreting the paleostructure of the basin. 

Setting of Lake Tanganyika 

The structural morphology, climate and hydrology of Lake Tanganyika was described 

in detail in the previous chapter and is only highlighted below. 

Tectonics and Geology 

Ten half-graben structural subbasins with alternating polarity lie along the rift 

axis and together constitute the Lake Tanganyika basin (Rosendahl et aI., 1986; Morley, 

1988; Ebinger, 1989a; Sander and Rosendahl, 1989). These basins, which are 80 

t0160 km long and 30 to 60 km wide, are decoupled by complex structural horsts, 

termed accommodation-zones which typically trend at a high angle to the rift axis 

(Rosendahl et aI., 1986; Morley et aI., 1990). This structural geometry produces 

four lake-margin types (discussed in previous chapter): (1) hinged margins, which 
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occur along the hanging wall of individual half-grabens; (2) escarpment margins, 

which occur along the footwall of individual half-grabens; (3) accommodation-zone 

margins, which lie across the structural horsts between half-grabens; and (4) axial 

margins, which occur at the end of the lake basin and are oriented perpendicular to the 

rift axis. 

Climate and Hydrology 

Lake Tanganyika lies between 3° to 9°S latitude, within the present subtropical 

humid zone. Average air temperature ranges from 17° to 29° C; precipitation averages 

approximately 90 cm/yr and falls primarily in a single rainy season from October 

through March (Coulter and Spigel, 1991). 

Lake Tanganyika is permanently anoxic below water depths of 80-250 m, depending 

on the season and location within the lake (Kufferath, 1952; Hecky and Oegens, 1973). 

Because of the long fetch of the lake, normal wavebase can be as deep as 3 to 4 m. Storm 

wave-base is less well known, but current structures are observed in 10m water 

depth. Wind-driven longshore currents form an important component of the 

circulation system; permanent currents formed by upwelling have been documented 

(Coulter, 1963). 

INFLUENCE OF BASIN STRUCTURE ON SEDIMENTARY PROCESSES 

In the previous chapter I documented that the structural asymmetry of Lake 

Tanganyika imparts a strong control on the resultant facies patterns. The structural 

asymmetry directly controls the local geomorphology, which, in turn, controls the 

sedimentary processes affecting deposition. Leeder and Gawthrope (1987) concluded 

that differences in sedimentary controls across half-grabens relate directly to the 

spatial variability of two fundamental structural controls: subsidence and slope. 



Sedimentation patterns in both the hinterland and depositional site vary as a 

consequence of these two tectonic controls (Fig. 3.1). 
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Drainages originating in the uplifted flanks of border faults typically drain away 

from the rift basin (Baker, 1986; Fl'ostick and Reid, 1989; Cohen, 1990). Drainages 

that do debouch into the rift trough are dominantly axial streams or streams that begin 

by draining away from the rift and are channeled back toward the rift by synthetic or 

antithetic faults (Baker, 1986, Frostick and Reid, 1989). Drainage basin 

characteristics within the Lake Tanganyika basin relate directly to the asymmetric 

structure (Fig. 3.2). For example, small, steep drainages occur adjacent to 

escarpment margins, whereas larger streams occur along axial or hinged margins. 

Accommodation-zone margin streams are highly variable in both size and gradient, but 

are generally smaller and steeper than axial or hinged margin streams (Fig. 3.2). 

Differences in the drainage characteristics also influences the littoral environments 

(Table 3.1); for example, most of the large deltas within Lake Tanganyika occur on 

shoaling or axial margins. 

At the depositional site, differences in nearshore energy, widths of coarse-grained 

facies, size and spaCing of deltas, and depositional gradients along different segments of 

rift lakes are all controlled by basin asymmetry (Table 3.1). 

I predict that these same variables controlled by basin structure also influence sand 

composition. Variations in sand composition can be affected by two processes: (1) 

weathering and transport mechanisms that affect composition before the sands enter the 

lake; and, (2) subsequent reworking that occurs within the depositional site. 

CONTROL OF CUMATE AND SOURCE LITHOLOGY VARIATION 

In order to investigate the relationship between environmental factors that 

influence sand composition and the underlying control of basin structure, it is 
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Figure 3.1. Schematic representation of some of the important sedimentary processes 
that vary across a haH-graben basin. Tectonic slope and nonuniform tectonic subsidence 
create the asymmetry in sedimentary processes. 
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Figure 3.2. Plot of stream gradient (in percent) versus the log of drainage basin area 
(square kilometers) for all streams greater than 1 km2 entering Lake Tanganyika 
along the three northernmost half-grabens (Fig. 3). Streams are coded according to the 
structural margin type on which they occur. Note that there is an inverse relationship 
between stream gradient and drainage basin area. 
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TABLE 3.1: FACIES CHARACTERISTICS ALONG STRUCTURAL MARGINS OF LAKE TANGANYIKA 
Margin Type 
Hinged Margin 

Axial Margin 

Accommodation-Zone 
Margin 

Escarpment 
Margin 

Facies Characteristics 
Shore-parallel facies. Well
developed, widely spaced deltas. 
Well sorted sands occur far offshore. 
Carbonate sand dominant lithology 

Asymmetric facies pattern. Typically 
large, well-developed progradational 
delta Sands common along 
shoreface, delta-mouth and 
abandoned delta-lobe. Clastic 
sand/silt dominant lithology 

Discontinuous, shore-parallel facies. 
Widely spaced, non-prograding fan
deltas. Poorly sorted sands confined 
to beach, fan-delta mouths. Clastic 
and biogenic silt dominant lithology 

Discontinuous, shore-parallel facies. 
Widely spaced, non-prograding fan
deltas. Poorly sorted sands confined 
to beach, fan-delta mouths. Biogenic 
sediment dominant lithology; clastic 
sand/silt also common 

Sedimentary Controls 
Large, Iow-gradient drainages. Low 
gradient, bench-like bathymetric 
profile. Wide, high-energy zone. Low 
subsidence rates; low net 
sedimentation rates 

Large, Iow-gradient drainages. Low
gradient, asymmetric bathymetric 
profile. Wide, high-energy zone. 
Moderate subsidence rates; high net 
sedimentation rates 

Small to intermediate, high-gradient 
drainages. Steep, complex 
bathymetric profile. Narrow high
energy zone. Low subsidence rates; 
moderate to very low net 
sedimentation rates 

Small to intermediate, high-gradient 
drainages. Steep, cliff-like 
bathymetric profile. Very narrow high
energy zone. High subsidence rates; 
high net sedimentation rates 
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necessary to hold constant other variables that influence sand composition. Two of these 

variables are climate and source lithology. Within a natural laboratory the scale of 

Lake Tanganyika, it is impossible to truly hold these factors invariant. Nevertheless, I 

have attempted to minimize their effects as follows. 

Climate 

Situations in which microclimate can be assumed to be constant around a 

depoSitional basin are rare. As a whole, the Lake Tanganyika basin lies within a 

subhumid region. Detailed climate records for the region are generally poor but 

suggest that rainfall varies between 838 mm/yr, at Bujumbura, Burundi, the 

northern edge of the lake, and 1053 mm/yr, at Nyanza Lac, Burundi, the southernmost 

of the study sites (a distance of 120 km). Temperatures are warm (20-30°C) with 

little seasonal variation at any of the sites. Proxies for climate, such as vegetation, do 

not vary significantly over the range of the study sites. Native vegetation was 

dominated by Brachystegia woodland flora with montane forests along range crests and 

wet savannas on the larger floodplains; much of this has been replaced by tropical 

cultivation and pasture rangeland in the past 100 years. Variations in vegetation are 

controlled primarily by elevation, which as noted above, is controlled by basin 

structure. 

Source Lithology 

Table 3.2 outlines the relative percentage of different rock types within the 

Burundian drainages from which river-mouth sand samples were collected. 

Comparable detailed geologic data for the Kigoma, Bemba, and Banza sites are not 

available. However, the Kigoma site consists of weakly metamorphosed sedimentary 

rocks of late Proterozoic to early Paleozoic age whereas the two Zaire sites consist of 
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TABLE 3.2: CHARACTERISTICS AND SOURCE LITHOlOGY OF DRAINAGE BASINS SAMPLED IN STUDY 

River 
Dama 
Gonya 
Karonga 
Kavagambwe 
Kirasa 
Ruzibazi 
Ruzizi 
Rwaba 
Shange 
Unnamed 

Location 

(Number 
on FIQ. 3) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Size 

295 
35 
52 
1.6 
111 
165 

5709 
285 
25 
6 

Gradient Source Lithology Occurring Within Drainage Basins 
Holo-Pleist Miocene- PC Meta- PC 

Sedimentary Pliocene sedimentary Granite-
Rocks· Volcanics rocks gneiss 

(%) (0/0) (0/0) (0/0) (0/0) 
2.96 4 0 40 56 
7.92 3 0 60 37 
6.81 2 0 38 60 
37.2 0 0 0 100 
8.15 0.5 0 12.5 87 
4.13 1 0 48 51 
0.42 23 22 21 34 
2.79 33 0 0 67 
8.56 2 0 0 98 
33.5 0 0 10 90 

Note: Relative percent of each source lithology calculated using a polar planimeter by tracting 
the drainage area of each basin over geologic maps of Theunissen (1986), Claessens and 
Theunissen (1988), and Ebinger (1989). Source lithology categories represent the dominant 
(but not exclusive) lithology within each measured mappable unit. 
·Primarily unconsolidated floodplain deposits, but also represents fault blocks of Pleistocene 
lacustrine strata . 
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predominantly metamorphosed metasedimentary and metavolcanic rocks of Proterozoic 

age. The areal distribution of rock types provides one means of comparing the 

variability in source-lithology among the sampled source regions. From Table 3.2, it 

is apparent that lithology is dominated by a mixture of two Proterozoic-age (PC) rock 

suites: gneissic/granitic rocks; and, metasediments, primarily phyllites, schists and 

quartzites. Although the relative proportion of granitic to metasedimentary rocks 

varies among the individual drainage basins, the only significant variation in source 

rock types occurs within the Ruzizi drainage baSin, which contains significant 

Pliocene-Miocene volcanic rocks (Ebinger, 1989). 

M3HODS 

There were 78 samples collected either by hand (using SCUBA) or with a modified 

Eckman grab sampler from northern Lake Tanganyika during field seasons in 1985, 

1986 and 1989. I concentrated the sampling in six settings that represent each of the 

four tectonic lake margins described above (Fig. 3.3: Ruzizi River, Burundi; Magara, 

Burundi; Nyanza Lac, Burundi; Cape Banza, Zaire; Bemba, Zaire; and Kigoma, 

Tanzania). Samples collected south of the Rumonge Fault (Fig. 3.3) lie along the 

boundary between the accommodation-zone and the adjacent hinged margin to the south. 

Because the morphological characteristics of this region differed significantly from the 

region north of the Rumonge Fault, I separated the two Magara populations. The 

samples from south of the fault are included with the hinged margin samples, 

representing a second population for this margin-type. These samples are referred to 

as the Rumonge site samples. 

At each locality I collected samples and categorized them into one of four 

environments: (1) river-mouth samples, collected within the stream channel directly 

at the mouth of the river, or in some cases a few kilometers upstream; (2) beach 
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samples, collected along the shoreface and spaced at least 1 km apart across the study 

sites; (3) delta samples, collected offshore of streams that exhibited we "-developed 

delta deposits; and (4) shallow-water samples, collected offshore and away from direct 

influence of the sediment plume emanating from nearby river-mouths. I attempted to 

analyze an equal number of samples from each site and each environment, although in a 

few cases this was not possible because of the sma" area occupied by certain 

environments at some sites. 

Thin-sections were prepared from the 1.25 to 1.5 9 size fraction (medium sand) of 

the sieved samples. A representative thin-section for each sample was prepared by 

carefully pouring warmed epoxy over a homogenized split of the sample contained in 

sma" trays. The warmed epoxy was of sufficiently low density to eliminate any 

separation and biasing due to density contrasts. Once the epoxy hardened, the 

"artificial rock" was ground and mounted using standard methods. All thin-sections 

were stained with sodium cobaltinitrate to assist in identification of alkali-feldspars. 

I counted 400 points for each sample, with a spacing sufficient to cover the whole 

slide. Both the Gazzi-Oickinson (GO) and traditional (T) methods were employed 

simultaneously in counting (Dickinson, 1970; Suttner et aI., 1981; Ingersoll et aI., 

1984). In the traditional methodology a rock-fragment was defined in the sense of 

Suttner et al. (1981: see also Ingerso" et al., 1984): a multicrystal grain with either 

two sand-sized phases, or a grain in which no phase comprises more than 90% of the 

clast area. The number of points varies on recasting the data for either OFL (GO

method) or OFR (T-method) diagrams, since multigrain fragments that are counted as 

mica or accessory minerals in the GO-method are counted as rock fragments in the T

method. Data for each sample is listed in Appendix 0 and categories utilized in 

classifying grains are presented in Table 3.3. 



TABLE 3.3: GRAIN CATEGORIES AND PARAMETERS 

Abbreviation Definition of Grain Types 
an Monocrystalline quartz 
Op2-3 Polycrystalline quartz with two or three grains 
Qp>4 Polycrystalline quartz with more than four grains 
Or Quartz grain within a rock fragment-
P Plagioclase feldspar grain 
Pr Plagioclase feldspar grain within a rock fragment-
K Potassium feldspar grain 
Kr Potassium feldspar grain within a rock fragment-
M Mica grain 
Mr Mica grain w~hin a rock fragment-
D Accessory mineral grain 
Dr Accessory mineral grain w~hin a rock fragment-
L Lithic grain defined by Gazzi Dickinson methodolgyt 
Int Intraclasts; both clastic and carbonate mud 
Note: Recalculated parameters for analyses: 

Ratios using trad~ional methodology: 
Qr'Ot+Ft+R 
Ft'Ot+Ft+R 

RIOt+Ft+R 
Ratios using Gazzi-Dickinson methodology 

QmyOGo+FGo+l 
FG[yOGo+FGo+l 

where: 
L.iOGD+FGD+L 

Ot • Qm+0J>2-a+OP>4 
QGD • Qm+0!:>2-a+0f>:.4+Qr 
F .. P+K 
FGo-P+Pr+K+Kr 
R.Qr+Pr+Kr+Mr+Dr+L 
L.L 

-Rock fragments as defined by Suttner et al. (1981), see text for details. 
tL catagory includes metasedimentary, metavolcanic, volcanic, and other 
lithics. 
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All statistical measures of compositional data (means, variances, analysis of 

variance) were calculated using arcsine transformed data (Sokal and Rohlf, 1981). 

This angular transformation makes variance independent of the mean, although it does 

not necessarily eliminate the forced inverse relationships created by constant sum of 

the percentage data. The calculated statistical measures are recast into percentages to 

facilitate comparisons. In order to test for differences in composition of the different 

populations (sand suites), a series of one-way analysis of variance (ANOVA) were 

performed on each of the variables: quartz, feldspar, and rock fragmentsllithics. For 

these tests, my null hypothesis was that the means of the populations (sand suites) 

were not different above a confidence level chosen of a=0.01. 

RESUlTS 

As a first step, I test the assumption of minimal source rock variation discussed 

above through an empirical analysis of the data. All point-count data are plotted on a 

single QFL diagram, with the data cast to conform to the (GO) methodology (Fig. 3.4A). 

Note that four of the sand suites, samples from the axial, hinged, and accommodation

zone margins, are virtually indistinguishable (Table 3.4) on a QFR plot (Fig. 48); 

these four sand suites are all from the east (Burundi) side of the lake. An AN OVA, 

performed on these four sand suites (populations), indicates that the compositional 

differences are not statistically significant (p>a) for both quartz (QGD) and feldspar 

(FGD), but the differences are statistically significant (p<a) for the lithic category 

(L). The axial site sand suite is slightly enriched in volcanic lithic fragments derived 

from the volcanic source rocks present within the Ruzizi River drainage (Table 3.2); 

this may explain much of the observed variation in the lithic category. As the Gazzi

Dickinson methodology maximizes source lithology information and minimizes the 

effects of transport and depositional processes (Dickinson, 1970; Ingersoll, et aI., 
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Figure 3.4. QFL ternary diagram (GO method) of modal sand composition for the 
Lake Tanganyika sand samples (grain definitions found in Table 3.3). A: Each point 
represents one sample and samples are coded according to margin type. Note the 
tight clustering of four of the five sand suites. This suggests that variation in 
source lithology among the sites is minimal. The Bemba, Zaire samples are 
outliers and are not considered in later analyses. See text for discussion. B: 
Enlargement of A plotting means (symbols) and standard deviations (polygons) for 
four of the sand suites (Magara, Nyanza Lac, Rurnonge, and Auzizi R.). Note change 
in scale from A. 
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TABLE 3.4: MEAN MODAL COMPOSITIONS (IN PERCENT) OF SAND SUITES CAST 
IN GAZZI-DICKINSON POINT COUNTING METHODOLOOY 

Quartz Feldspar Lithics 
Sample Sites n* Mean +Sot -Sot Mean +Sot -sot Mean +Sot -sot 

~%l ~%1 1%1 i%l ~%l 1%1 1%1 1%1 !%} 
Nyanza Lac 17 74.6 5.9 -6.3 20.4 5.6 -5.1 4.6 32 -2.4 
Rumonge 17 78.2 6.8 -7.6 18.8 9.1 -7.6 2.3 2.1 -1.5 
Ruzizi R. 14 71.1 4.0 -4.2 21.8 3.3 -3.1 6.7 3.9 -3.0 
Magara 16 73.3 5.3 -5.6 21.3 4.3 -4.0 5.1 3.0 -2.3 
Cape Banza 3 78.1 13.1 -16.9 7.4 6.1 -4.4 13.7 14.4 -9.8 
K"lgoma 5 88.7 7.9 -11.6 0.8 1.2 -0.7 9.9 12.3 -7.7 
Bemba 5 78.4 4.5 -4.9 4.4 3.7 -2.6 16.8 3.5 -3.2 
*n-number of samples; tSD-standard deviation. 
Note: Means and standard deviations calculated on arcsine transformed data (see text for discussion) 
and transformed back into percentage data for display. Consequently, rounding errors produce sums of 
less than 100%. In addition, standard deviation are asymmetric around the means when presented in 
eercentase form. 
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variation is minimal, but not invariant. 
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The significant differences between the Burundi sites and the Bemba, Banza and 

Kigoma sites apparent on Fig. 3.4A is more enigmatic. The sand from the two Zaire 

sites (Bemba and Banza) are enriched in aphanitic lithic fragments, primarily quartz

mica aggregates, and depleted in feldspar, relative to the Burundi samples (Table 3.4). 

Although geological maps (Leppersonne, 1977) indicate that the rock suites are 

generally the same across the northern part of the basin, the contrast in sand 

composition may be related to small-scale source rock differences within the small 

drainage basin adjacent to the Zaire site. The sand from the Kigoma site is rich in 

sedimentary rock fragments and depleted in feldspar, betraying the dominance of less 

metamorphosed sedimentary units within the hinterland of the Kigoma site. 

It is also interesting to note that both Zaire sites encompass zones of hydrothermal 

activity (Tiercelin, et aI., 1989b; Tiercelin and Mondeguer, 1991). The influent 

hydrothermal waters are more acidic (pH=7.8) than the lake waters (pH=8.9 ) and 

reach 65°C; in addition, a kaolinite horizon, up to 8m thick, blankets the hill slope 

immediately adjacent to the site. This horizon is interpreted as an alteration zone 

formed by reaction of the bedrock and the hydrothermal waters (J.J. Tiercelin, 

personal communication). Thus syndepositional hydrothermal alteration at this site 

may have affected sand composition by altering and destroying primarily feldspar 

Nevertheless, because of the uncertainties in the cause of the compositional variation 

between sands of the Zaire and remaining Burundi sites, the two Zaire sites and the 

Kigoma sites are not included in the subsequent analyses of environmental effects. 

In conclusion, there are not significant differences in the amounts of quartz and 

feldspar and statistically Significant, but minor, differences in aphanitic lithic 

fragments between the accommodation zone (Magara), axial (Ruzizi R.) and hinged 
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margins (Nyanza Lac and Rumonge) when the data are cast in the Gazzi-Dickinson 

methodology. I conclude that the compositional similarity observed in the data for the 

Burundi sites implies that source lithology between sites is generally similar. 

However, when the data from these same sites are cast using the traditional methodology 

(Table 5), there are significant compositional differences between the sites. An 

ANOVA, performed on the same populations (Magara, Ruzizi R., Nyanza Lac and 

Rumonge), but employing the data cast in the traditional methodology, indicates that 

between group differences are statistically significant (p«a) for both quartz (at) and 

rock-fragments (R), but are also no statistically significant (p>a) in the case of 

feldspar (Ft). Most of the variability resides in the ratio of monomineralic grains to 

rock fragments. In this case, which form the basis for the discussion below, the 

differences are related to environmental differences between the structurally diverse 

segments of the lake-margin. 

Effects of Transport processes 

The sands entering Lake Tanganyika from rivers along the study sites exhibit large 

differences in the relative percentage of rock fragments (% R in individual samples 

ranges from 53 t013%). The rock fragments are primarily quartz-feldspar(-mica) 

aggregates and metasedimentary clasts, mainly quartz-mica(-feldspar) aggregates. 

The river-mouth samples are plotted on a OFR diagram in Figure 3.5; note that the 

samples roughly lie on a line extending away from the rock fragment pole. The samples 

also show distinct clustering by location. Accommodation-zone river-mouth samples 

consistently contain the highest percentage of rock fragments (average % OFR = 

49:13:38) and exhibit a large amount of variance (Table 3.5), whereas shoaling and 

axial margin river-mouth samples contain significantly fewer rock-fragments 

(average % OFR = 63:14:23 Nyanza Lac site; 65:18:17 Rumonge site; and 66:19:15 
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Figure 3.5. QFR ternary diagram (T-method) of modal sand composition for the 
river-mouth sand samples. Samples coded according to the tectonic margin from 
which they were collected. Dashed line qualitatively outlines the range in 
composition of the accommodation zone margin samples (Magara site). 
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TABLE 3.5: MEAN MODAL COMPOSITIONS (IN PERCENT) OF SAND SUITES 
CAST IN TRADITIONAL POINT COUNTING METHODOLOGY 

Quartz Feldspar Rock Fragments 
StUd)! SIte8 n· Mean SO:!: Mean SOt Mean SOt 
Nyanza Lac site 17 63.7 +7.2, -7.5 16.0 +5.2, -4.6 19.8 +7.1, -6.3 

Beach 5 60.0 +4.2, -4.3 12.8 +3.8, -3.4 26.8 +7.4, -6.8 
Delta 4 60.6 +9.3, -9.7 20.8 +6.8, -6.1 18.3 +5.4, -4.9 
Shallow-Water 7 69.3 +5.1, -5.4 15.2 +2.1, -2.0 15.4 +3.8, -3.4 
River-Mouth 1 63.4 14.1 22.5 

Magarasite 16 55.0 +10.3,-10.6 13.8 +3.2, -2.9 30.7 +11.4, -10.3 
Beach 5 62.8 +5.8, -6.0 13.7 +4.3, -3.8 23.1 +6.8, -6.2 
Delta 1 70.5 14.7 14.7 
Shallow-Water 6 51.8 +10.8,-10.9 14.3 +2.1, -2.0 33.6 +10.4, -9.7 
River-Mouth 4 49.1 +11.6,-11.5 12.4 +3.5, -3.1 37.9 +14.1, -13.2 

Rumongesite 17 68.8 +7.8, -8.3 16.1 +7.6, -6.3 14.7 +3.7, -3.4 
Beach 6 68.0 +9.3, -10.0 16.1 +8.7, -7.1 15.5 +2.8, -2.6 
Delta 4 69.8 +7.5, -8.1 16.5 +10.0, -8.0 13.1 +2.2, -2.1 
Shallow-Water 2 78.7 +1.0, -1.0 11.3 +4.8, -4.0 9.6 +3.7, -3.2 
River-Mouth 5 64.6 +4.5, -4.6 17.9 +6.2, -5.5 17.2 +3.0, -2.8 

Ruzizi R. site 14 63.7 +4.1, -4.2 18.4 +3.5, -3.3 17.6 +4.6, -4.2 
Beach 3 64.0 +2.0, -2.1 21.7 +5.2, -4.8 15.9 +5.8, -5.1 
Delta 6 64.9 +4.5, -4.7 16.7 +1.6, -1.5 18.3 +4.9, -4.4 
Shallow-Water 3 59.6 +4.6, -4.7 19.4 +2.0, -2.0 21.0 +2.7, -2.6 
River-Mouth 2 65.9 +1.3z -1.4 18.9 +5.2z -4.7 15.0 +4.8, -4.2 
on-number of samples. tSD-standard deviation. 
Note: Means and standard deviations calculated on arcsine transformed data (see text for 
discussion) and transformed back into percentage data for display. Consequently, rounding 
errors produce sums of less than 100%. In addition, standard deviation are asymmetric 
around the means when eresented in eercentaae form. 
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Ruzizi R. site) and are most variant (Table 3.5). An ANOVA was performed on two 

populations: (1) the suite of river-mouth samples from the accommodation-zone; and 

(2) the suite of river mouth samples from the other margins combined. The results 

suggest that the between-group differences are significant (p<a) for both quartz (at) 

and rock-fragments (R), but not for feldspar (Ft). 

In summary, the suite of river-mouth sands along the accommodation-zone margin 

are compositionally less mature relative to the suite of river-mouth sands from either 

the axial or hinged margins. Sands along these laHer two margins, however, do not 

differ in composition relative to one another; both are proportionately enriched in 

quartz and depleted in rock fragments. 

If source lithology and climate are considered approximately constant between the 

sites, then compositional differences among sites outlined above likely relate to 

weathering duration and transport processes. In Figure 3.6, four different 

compositional variables for the river-mouth samples are plotted against the 

corresponding area of the individual drainage basins. The ratio of total number of 

single grains to grains plus aggregates, the ratio of single quartz grains (at in Table 

3.3) to total quartz (aGO in Table 3.3) and the ratio of feldspar grains (Ft in Table 

3.3) to total feldspar (FGO in Table 3.3) are highly correlated to drainage area (Fig. 

6A-C). The correlation between monocrystalline quartz grains (am in Table 3.3) to 

total quartz is not significant (Fig. 3.60). These relationships suggest that drainage

basin size is one important control on sand composition as it enters Lake Tanganyika. In 

Figure 3.6A, the four points that plot above the regression line, that is, the "grain

rich" samples, are all from hinged margin streams. The "grain-rich" nature of these 

river-mouth samples may be related to the lower-gradients of hinged margin streams 

in comparison to accommodation-zone margin streams of equivalent size. For example, 

the Ruzibazi River (from hinged margin) is similar in size to the Kirasa and Karonga 
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Rivers (from accommodation-zone margin) yet the latter two are nearly twice as steep 

(Table 3.2). This implies that stream gradient is also an important variable in 

controlling sand composition. In fact, the Ft/FGD ratio correlates significantly better 

with stream gradient (r=O.91; p<O.001) than with drainage-basin size; samples with 

a higher ratio of feldspar grains to multi-grain fragments occur in rivers of lower 

gradients. 

The importance of both size and gradient of the transportation system in modifying 

sand composition is not a new conclusion (Cameron and Blatt, 1971; Self, 1975; 

Breyer and Bart, 1978; Potter, 1978; Grantham and Velbel, 1988, Johnsson et aI., 

1991; Savage and Potter, 1991) although a number of workers have downplayed its 

importance (Breyer and Bart, 1978; Mack, 1978). My data support the conclusion 

that, within a subhumid to humid climate, both the length and gradient of the river are 

key variables affecting sand composition. More importantly, since size and gradient of 

the drainage basin are directly related to basin structure (Fig. 2), the asymmetry of 

the basin underlies the extent of compositional modifICation incurred by the sediment 

during transport to the depositional site. 

I have utilized drainage basin size as a proxy for the total mineralogic maturation 

potential experienced by the sediment from its formation in the hinterland to deposition 

at the lake margin. The maturation of sediment through this process can be divided into 

four parts: (1) nature and intensity of weathering at the source site; (2) removal rate 

from the weathering site; (3) transport rate to the depoSitional site, including periods 

of sediment storage; and, (4) magnitude of physical and chemical energy imparted on 

the sediment during transport (Johnsson et aI., 1991). Rates of weathering and 

erosion are generally poorly constrained variables; in the case of the Lake Tanganyika 

basin. modern erosion rates are unquestionably accelerating due to anthropogenic 

effects (Bizimana and Duchafour. 1991). Nevertheless. all drainages are sourced in 
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steep, generally uniform mountainous terrain, and most of the mountain slopes in the 

northern part of the lake basin are disturbed, though not equally so (A.C. Cohen, 

unpublished data). Therefore I assume that the rates of weathering and erosion are not 

significantly different between the sites. This leaves the transport system itself, 

factors 3 and 4 above, as the most important variable in affecting sand composition. As 

documented in Figure 3.5, the size of the basin is inversely proportional to the gradient 

of the drainage; so sediment within the larger drainage basins experiences a longer 

period of transport, not only because of the length of transport, but also because of 

periods of presumed sediment storage. 

Effects of Depositional processes. 

Figure 3.7 depicts sand composition data from all three structural margins on OFR 

diagrams: the mean and standard deviations for each sand suite are presented in Table 

3.5. Included on each plot is a dashed line outlining the range of composition of river

mouth sands from that site; this range can be thought of as the initial composition of the 

sand before any subsequent compositional modification at the depositional site. There is 

considerable overlap in composition among the sites, but, as stated above, an ANOVA 

performed on each compositional variable (at, Ft, and R) indicates that the between-

group differences are significant for both quartz and rock fragments, but not for 

feldspar. In addition, on close inspection of Figures 7A-O and Table 3.5, one can 

discern that compositional variability (scaHer on ternary diagrams) exhibit subtle 

differences among each site. I propose that it is the structurally controlled differences 

in depoSitional site processes that control these subtle differences in the nature of the 

compoSitional variability for each site. 
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Accommodation-Zone Margin (Magara site) 

The accommodation-zone margin sands are relatively quartz poor (average % QFR = 

55:14:31). Of all four sites, this sand suite exhibits the largest variance in quartz and 

rock-fragment abundances (Table 3.5). In addition, from Figure 3.7A it is apparent 

that the compositional scatter in the population as a whole is nearly encompassed by the 

compositional scatter in the river-mouth samples alone (dashed line). 

The large amount of variance in the composition of river-mouth sands indicates that 

the effect of transport processes on sand composition is highly variable along this type 

of margin. The clustering of sand composition from the other environments of the sand 

suite within the range of composition of river-mouth sands (Fig. 7 A) suggests that the 

magnitude of reworking at the depositional site is minimal along this margin. This is 

evidenced by the fact that, with one exception, the shallow-water samples, all collected 

within a kilometer of the shore, cluster within the scatter of the river-mouth samples. 

Because of the structural morphology of this type of margin, gradients are very steep; 

consequently, the zone above wave base (zone of reworking) is very narrow, limiting 

the extent of sediment reworking. Grain-size data support this interpretation; the 

shallow-water samples are consistently poorly sorted. 

The composition of beach samples along the accommodation-zone margin are slightly 

enriched in quartz and depleted in rock fragments compared to the composition of the 

shallow-water and river-mouth samples (Table 3.5). Furthermore, beach sands 

cluster more tightly than river-mouth sands, suggesting that sands are compositionally 

homogenized by nearshore/swash-zone reworking. A relative increase in quartz can 

occur through consequent breakdown of unstable grains during constant agitation and 

abrasion within the shoreface environment (Davies and Ethridge, 1975; Mack, 1978). 
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Hinged Margin (Nyanza Lac and Rumonge sites) 

The hinged margin sand suites from both sites are plotted together in Figure 3.7B. 

The composition of sands from these two sites are both quartz-rich and depleted in rock 

fragments relative to the accommodation-zone margin (average % QFR = 64:16:20 

Nyanza Lac; and 69:16:15 Rumonge). Inspection of the standard deviations of the two 

sand suites (Table 3.5) suggests that variance in the composition of the hinged margin 

sand suites are compositionally less variable (except for feldspar) than the 

accommodation-zone margin sand suite. In addition, for both the hinged margin sand 

suites, quartz displays the largest variance of the three variables. The high degree of 

scatter in quartz content among environments appears in Figure 3.7B as a rough 

vertical trend in the data toward the quartz pole. This trend implies an enrichment in 

quartz at the expense of both rock-fragments and feldspar and is most distinctive in the 

shallow-water samples. The average quartz content of the shallow-water sands range 

from 69 (Nyanza Lac site) to 79% (Rumonge site), whereas the average quartz content 

of the corresponding river-mouth sands is 63 and 65%, respectively. The quartz 

enrichment may have resulted from two possible environmental factors: physical 

reworking and associated mechanical destruction of unstable grains, and chemical 

destruction of feldspar and rock fragments. 

The shallow-water samples were collected along large low-gradient benches typical 

of hinged margins (Cohen, 1990). These benches experience low net sedimentation 

rates that result from the wide spacing of the larger drainage systems, the pervasive 

reworking of sediments by fairweather and storm currents, and low subsidence rates 

(Cohen, 1990). These factors conspire to produce long residence times for the 

sediment at the water/sediment interface. For example, Cohen (1989b) obtained 

radiocarbon ages as old as 3 Ka for surficial bioclasts on these benches. Previously, 

Mack (1978) demonstrated that the relative abundance of feldspar grains are reduced 
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by as much as 50% in the shallow-water environment of an ancient marine basin when 

compared to the sands from the derivative fluvial system; he attributed this to 

mechanical breakdown of the feldspar during long periods of abrasion in the zone above 

wave base. I similarly conclude that, at least for the rock fragment population, 

mechanical breakdown during extended periods of physical reworking on these 

morphologic benches decreases the relative amounts of rock fragments. This reworking 

may have been accentuated when water depths were shallower during the lake-level 

changes that occurred throughout the Pleistocene and Recent. 

In addition, petrographic evidence suggests that feldspar grains in this environment 

are also undergoing chemical destruction. Much of the sediment along these margins 

develops a carbonate (algal) coating; extensive regions of these morphological benches 

are covered by ooid shoals and a diverse suite of carbonate sediments (Cohen and 

Thouin, 1987). Carbonate sedimentation is much more prevalent along hinged margins 

in Lake Tanganyika because of the wide, shallow benches that most clastic sediment 

bypasses (Cohen, 1990; previous chapter). In the samples rich in coated grains, 

feldspar, especially if coated, exhibits a high degree of alteration. In some cases the 

grains were virtually destroyed. Therefore, I conclude that the feldspar grains along 

these low-gradient benches are destroyed primarily by replacement through carbonate 

formation, rather than as mechanical destruction. 

The average composition of the beach and delta samples from these two sites is very 

similar to the average composition of the corresponding river-mouth samples (Table 

3.5), suggesting that significant compositional modification is limited to the shallow

water benches described above. 

Axial Margin (Ruzizi River site) 

The suite of sands from the axial margin (average % QFR = 64:18:18) is very 

similar in composition to both hinged margin sand suites. However, the variance, as 
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exhibited through the standard deviations (Table 3.5) is lower than in any of the other 

sand suites. This is apparent by the tight clustering of the data on Figure 3.7C; this 

clustering is significantly different than the scaHer observed in Figures 3.7A or 7B. 

The relatively tight clustering of the axial margin samples probably represents 

minimal reworking and compositional modification at the depositional site. A 

mechanism for limiting the amount of reworking along the axial margin may be the 

much higher sedimentation rate, which limits the residence time of the sediment at the 

sediment/water interface. Short-term sedimentation rates of 5 mm/yr have been 

obtained from 14C dating of short cores collected just south of the Ruzizi R. site 

(Tiercelin and Mondeguer, 1991). 

The lack of additional modification at the depositional site of the axial margin is 

similar to the lack of compositional modification interpreted for the accommodation

zone margin and unlike the significant modification interpreted for the hinged margin. 

This can be aHributed to three variables: (1) extent of modification during transport; 

(2) depositional gradient; and, (3) sedimentation rate. The interaction of the last two 

variables is depicted in Figure 3.8. Note that although the axial and accommodation

zone margins experience similarly minor reworking, the extent of modification during 

transport creates compositionally distinct sands. 

Summary of Environmental processes on Sand Composition 

Figure 3.9 summarizes the primary and secondary trends observed in the 

composition of the Lake Tanganyika sands that can be aHributed to transport and 

depositional processes. Transport processes are controlled by two variables: drainage 

size (Le. length of drainage), and gradient of the drainage system. Mechanical 

destruction primarily of rock fragments is the dominant process in the sampled 

drainages; the degree of disaggregation of rock fragments is proportional to the length of 
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transport, and the resultant compositional trend is directed away from the rock

fragment pole in a QFR diagram (Fig. 9A). In the larger drainages (>200 km2), or 

drainages with relatively low gradients «10%), preferential destruction of both 

feldspar and rock-fragments, and consequent enrichment in quartz may be a second 

process, although it is not well constrained by the present data. 
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At the depositional site (Fig. 3.9B), mechanical destruction of labile phases appears 

to occur within the high-energy beach environment only when the starting material is 

generally labile-rich, that is, has not undergone Significant modification during 

transport. Preferential destruction of labile phases is dominant on shallow-water 

benches, where sediment residence time is long and carbonate precipitation is common. 

Preferential destruction of feldspar appears to be a locally important process where 

carbonate formation preferentially replaces feldspar. 

INTERPRETING BASIN STRUCTURE FROM SAND COMPOSITION 

The trends in the Lake Tanganyika data suggest that differentiation of structural 

morphology of an asymmetric basin is feasible based on careful statistical analysis of 

sand composition. It is important to stress that the compositional changes are subtle, 

and primarily limited to the ratio of monomineralic grains and rock fragments; I did 

not observe significant changes in mineralogic abundances in the sands. In attempting 

to decipher basin structure for ancient basins from sandstone composition, it is 

necessary to define a specific sampling strategy. Sands from different study sites 

(cores/outcrops) must be collected from coeval units; the largest stratigraphic 

interval that can be compared between sites will be determined by the variability in 

source lithology as it is unroofed. Sandstones from laterally and vertically distinct 

units within the targeted interval should be sampled to obtain sands from a range of 

environments (e.g., beach, deltaic, fluvial, shallow water). This will provide the 
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requisite sand suite from which to analyze compositional trends within each study site. 

Finally, the data must be cast in the traditional method (Suttner et aI., 1981), but I 

suggest the data be recorded so it can also be recast using the Gazzi-Dickinson 

methodology because the method more faithfully records source-rock information 

(Ingersoll et. ai, 1984). 

Figure 3.10 illustrates predictions of sandstone composition along different regions 

of an asymmetric basin similar to lake Tanganyika where bedrock lithology and climate 

are uniform across the basin. Sands from the axial margin will be uniformly 

quartzose, with very limited scatter in the data. Hinged margin sands will also be 

quartz-rich; there may be no significant difference between the average composition of 

the axial and the hinged margins sands. However, the hinged margins samples show a 

more significant dispersion in the composition (primarily toward the quartz pole), 

since the sands along this margin experience the most drastic environmental 

overprinting at the depositional site. Sands from the accommodation-zone margin will 

exhibit an even higher degree of variation in sand composition: two distinct populations 

may be discernible. This scatter results from the dramatic structural transition and 

the consequent variability in sedimentary processes typical of this type of margin. 

Because of the variability in drainage morphology typical of these margins, initial 

composition of sands will be heterogeneous; additional depositional site reworking will 

vary from minimal (along the steeper parts, e.g., Magara site) to extensive (along the 

transition to the adjacent hinged margin, e.g Rumonge site) Finally, although our 

present data are equivocal for this margin type, I predict that escarpment margin sands 

should be consistently rich in rock-fragments. with low to moderate scatter in the 

composition of sands from different facies. 

In this type of analYSis many other factors can complicate the relationships outlined 

above. Climate and source lithology must be well constrained and invariant to 
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illuminate these patterns. In addition, the subhumid climate of Lake Tanganyika 

accentuates the environmental effects induced by the basin structure. Whether the 

above results apply to basins in more arid climates must await further data collection. 

Finally, mixing due to longshore currents can produce overlap between the distinct 

fields. An example of the effect of this last process can be seen in Figure 3.7A. Note 

that within the sand suite for the accommodation-zone margin there is a single, 

anomalously quartz-rich shallow-water sample. This sample was collected 

immediately north of the Rumonge Fault (on the downthrown block) in 63m water 

depth. Sand derived from the adjacent hinged margin to the south may be carried by 

longshore currents over the Rumonge Fault and into the deeper water. The composition 

of this single sample is approximately equivalent in composition to the average 

composition of the sand suite from the Rumonge site. This type of mixing may create 

complications in analyting differences between populations, but may also provide 

important information about sediment transport processes. 

ca.cwsICNS 

1. Within the asymmetric Lake Tanganyika basin, transport and depositional 

processes differ as a consequence of basin asymmetry. The asymmetry in transport and 

reworking variables produces distinct compositional suites of sands along the four 

structural margins of the basin when the data are cast using the traditional point

counting method. 

2. Sands entering Lake Tanganyika along the steeper, faulted margins of the lake 

(accommodation-zone) contain, on average, twice as many rock fragments as sands 

entering along the hinged (unfaulted) or axial margins of the lake. The smalVsteep 

drainages produce only limited compositional modification dominated by mechanical 



destruction of rock fragments. The largellow-gradient streams produce more 

significant compositional modification. 
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3. Once sands reach the depositional site along the accommodation-zone margins. 

little additional modification occurs. Sands vary in composition primarily because they 

are derived from a number of streams of varying size. 

4. Hinged margin sands exhibit the greatest degree of compositional modification. 

Long-residence time on high-energy. shallow-water benches produces an increase in 

quartz content relative to river-mouth sands. Destruction of unstable grains is aided 

by carbonate replacement common along the shallow benches. 

5. Axial margin sands derived from a single river (Ruzizi River) are uniformly 

quartzose. and exhibit very little compositional scatter. High deltaic sedimentation 

rates may limit the extent of depositional site overprinting. 

6. The structurally induced changes in sand composition may be used to infer 

paleo·structure in ancient. asymmetric basins. Distinction between margins along 

steep. faulted sides and the relatively low-gradient. unfaulted margin can be made by 

comparison of composition alone. Distinguishing between hinged and axial margins will 

be more difficult. requiring analyses of a suite of samples collected from a number of 

different facies. Hinged margin sands will exhibit a higher degree of scatter. primarily 

toward the quartz pole. whereas the axial margin sands. will be more compositionally 

homogeneous. even when comparing different facies. 

7.) Changes in source lithology among different parts of the basin. highly fluctuating 

climatic conditions. and significant longshore currents within the lake can confound the 

interpretation of paleostructure in ancient basins. In addition. no attempt has been 

made to predict the effects of burial diagenesis in preferentially masking the trends 

outlined. 



CHAPTER 4: FACIES DISTRIBUTIONS WITHIN AN ANCIENT 

ASYMMETRIC LAKE BASIN: THE APACHE CANYON FORMATION, 

BISBEE BASIN, ARIZONA 

ABSTRACT 
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The Apache Canyon Formation, a mixed carbonate-clastic lacustrine sequence 

deposited within the extensional Bisbee basin, provides a test of the predictive 

capacities of the actualistic basin-fill models for rift lakes based on the modern data 

from Lake Tanganyika. The Bisbee basin, of latest Jurassic and early Cretaceous age, 

consists of a series of en-echelon half-grabens that are genetically related to the 

Chihuahua Trough of northern Mexico. The Apache Canyon Formation lies between two 

fluvial units; together these three units comprise the syntectonic fill of the 

northernmost Bisbee basin. A wide array of facies representing deep water suspension 

deposits ("varve"-like), gravity-flow deposits (including turbidites and subaqeous 

debris flows), shallow water lacustrine deposits and shoreline to subaerial deposits 

(e.g., shoreface, paludal and mudflat) reflect both temporal and spatial fluctuations in 

water-level and sediment supply. 

Previous structural and tectonic studies delineated a series of E-W normal faults 

with vertical displacements of at least 3.5 km. Three detailed stratigraphic sections 

record lacustrine conditions at sites located approximately 6, 13, and 25 km from one 

of these paleofaults. The section closest to the paleofault is 580 m thick and dominated 

by finely laminated carbonate, interbedded siltstone and sandstone, and silty micrite 

representing relatively deep-water, clastic-dominated environments. The section 

farthest from the paleofault is 210m thick and dominated by massive micrite with 

subordinate laminated carbonate and coarse-grained, bioclastic packstones, suggestive 
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of shallow water, clastic starved environments. The thickness trends and facies 

interpretations are consistent with the predicted facies stacking derived from the 

basin-fill models for half-graben lakes. The third section represents a transitional 

section, dominated by deep-water environments but containing numerous slump and 

slide features, consistent with a location at the base of a slope, probably a slope break 

adjacent to the hinged margin. The observed first-order facies contrasts support the 

inference that the Apache Canyon Formation was deposited within an ancient half-graben 

lake basin. 

Facies staCking-patterns generally differ both vertically and spatially. Shoaling-up 

successions predominate along the section farthest from the paleofault whereas 

truncated successions, wherein deep-water deposits are capped abruptly by subaerial 

deposits, predominate along the section closest to the paleofault. Thick aggradational 

successions characterize the intermediate section. The cycles represent the influence of 

structurally induced differences in accommodation space controlled both by tectonics 

and climatic controlled changes in water volume. Although the actualistic model based 

on Lake Tanganyika adequately predicts the facies suites present within each section, 

predicted facies stacking-patterns differ significantly from those observed in the 

Bisbee sections. These differences reflect the tectonic and climatic changes recorded 

over the duration of Apache Canyon deposition; in contrast, the actualistic models based 

on Lake Tanganyika does not incorporate the temporal dimension. 
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INTRODUCTION 

Recently formulated basin·fill models for half·grabens incorporates the 

structural asymmetry documented in many modern and ancient rifts (Anderson et aI., 

1983; Chenet and Letouzey, 1983; Reynolds, 1984; Ebinger et aI., 1984; Turner

Peterson and Smoot, 1985; Hutchinson et al., 1986; Rosendahl et aI., 1986; Scott and 

Rosendahl, 1989; Ebinger, 1989a; Sander and Rosendahl, 1989; Specht and Rosendahl, 

1989). Within lake-dominated half-grabens, the first-order sedimentary controls, 

such as depositional slope, drainage gradient and catchment area, sediment residence 

time, and wave and current energy, all vary as a function of location along contrasting 

basin margins (Turner-Peterson and Smoot, 1985; Baker, 1986; Burgess et aI., 

1988; Gore, 1988a, 1988b; Cohen, 1988,1989a, 1990; Scholz et aI., 1990). 

Several recent sedimentological studies of modern African rift-lakes (Tiercelin et aI., 

1987; Cohen, 1989a, 1990; Owen and Crossley, 1989; Johnson and Ng'ang'a, 1990; 

Soreghan and Cohen, 1991; Tiercelin and Mondeguer, 1991; Tiercelin et aI., 1992) 

have culminated in an actualistic facies model for littoral sedimentation of lacustrine

dominated rifts that highlights the contrasting facies patterns across the discrete lake

margin types. Similar models have been published derived primarily from seismic 

data from several African Rift Lakes (Rosendahl et aI., 1986; Burgess et aI., 1988; 

Scholz et al., 1990). 

However, modern sedimentologic studies of lakes are not able to delineate the 

stratigraphic response to large lake-level fluctuations prevalent in most long-lived 

lakes (Street and Grove, 1979; Street-Perrot and Harrison, 1984). For example, 

present core data from the East African lakes consist of short (1-10 m) gravity and 

piston cores within the basin depocenters only (Livingstone, 1965; Degens, et aI., 

1971; Tiercelin et aI., 1987; Halfman and Johnson, 1988; Tiercelin and Mondeguer, 

1991); these cores represent time spans too brief (usually less than 20 Ka) to exhibit 
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the responses of lake strata to repeated large lake-level changes. Seismic data allows 

documentation of surfaces inferred to be erosional truncations induced by changes in 

lake-levels (Rosendahl and Scholz, 1988; Scholz et at, 1990; Scholz et at, 1993), 

but cannot resolve details of lithofacies types and facies geometry. Therefore the 

actualistic basin-fill models derived from modern African rift-lakes provide a limited 

framework for predicting detailed patterns of facies stacking through time. Based only 

on modern studies, it is impossible to constrain which facies associations are preserved 

and which are destroyed during large-amplitude lake-level fluctuations. Detailed 

examination of facies transitions within ancient analogs, however, may reveal patterns 

of differential facies preservation resulting from lake-level fluctuations. 

In this study I present detailed stratigraphic and facies data from the Lower 

Cretaceous Apache Canyon Formation. This formation consists of a mixed carbonate

clastic lacustrine sequence deposited within the Bisbee Basin, an extensional basin of 

Jurassic-Early Cretaceous age. The goals of this study are: (1) compare the process

response predictions from the actualistic basin-fill models with the observed 

stratigraphy of the Apache Canyon Formation and (2) document differences in lateral 

and vertical facies transitions within the Apache Canyon Formation in order to assess 

how external controls, such as changes in the rate of subsidence, sediment supply, or 

climate-driven changes in water volume, may affect facies stacking differently across 

this lake basin. No single study can definitively test a model designed to encompass a 

spectrum of tectonic and climatic conditions. However, the approach and results of this 

study will allow future workers to continue to refine the current models as they are 

applied to other ancient basins. 

I have chosen the Bisbee Basin because the tectonic history and basin structure 

has been extensively studied, but the detailed sedimentology of the lake strata has not. 

Therefore I can determine the paleogeograhic setting of the stratigraphic sections 
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within the basin based on the structural data alone, and thus compare and contrast the 

predicted facies assemblages from the models with the observed stratigraphy at each 

site. The paleo-lake within the Bisbee Basin was smaller than the lakes the models 

have been based on, allowing an assessment of the effects of scale (Oreskes et aI., 

1994). 

GE()l()3ICB6CKGFU.ND 

The Bisbee Basin consists of a series of E-W- to NE-SW-trending extensional 

sub-basins of Jurassic to Early Cretaceous age located in southern Arizona, 

southeastern New Mexico and northern Sonora, Mexico. (McKee, 1951; Sabins, 1957; 

Cooper and Silver, 1964; Drewes, 1972; Titley, 1976; Bilodeau, 1979, 1982; Mack 

et aI., 1986; Dickinson et aI., 1986; Klute, 1991). The basin lies at the northern 

terminus of the Chihuahua Trough, a NE-trending complex of rift basins that has been 

related to the opening of the Gulf of Mexico (Fig. 4.1). Based on constraints on timing on 

the structural and stratigraphic similarity to the Chihuahua Trough, most workers 

conclude that the Bisbee Basin also formed in response to the opening of the Gulf of 

Mexico (Bilodeau, 1979, 1982; Dickinson et aI., 1986; Klute, 1991). Klute (1991) 

recently utilized data on stratigraphy and sandstone provenance to detail the geologic 

and tectonic history of the Bisbee Basin. 

The Bisbee Group is a sequence of nonmarine, lacustrine, marginal marine, and 

shallow marine deposits that is greater than 3 km thick. The sequence is the 

syntectonic and post-tectonic basin fill of the Bisbee Basin (Klute, 1991). The 

stratigraphic nomenclature of the Bisbee Group is complex as a result of abrupt facies 

changes, extreme thickness variations, and relatively poor age constraints for the non

marine sequences (Dickinson et aI., 1986; Klute, 1991) (Fig. 4.2). The Bisbee Group 

within the northwest part of the basin can be divided into: 1) basal alluvial fan/fluvial 
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Dickinson et al., (1986); Wilson (1991) 
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deposits; 2) overlying lacustrine deposits; and 3) capping fluvial deposits with 

numerous interbedded marine beds (Fig. 4.2). This tripartite division is a common 

stratigraphic feature observed in many rift basins (Lambiase 1990; Schlische and 

Olsen, 1990). 
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The targeted interval for this study, the Apache Canyon Formation, is a 200-600 

m thick sequence of dominantly lacustrine shale, sandstone and limestone that crops out 

in several of the mountain ranges of Arizona (Fig. 4.3). Charophytes and abundant algal 

and bioclastic limestones with fresh-water mollusk and ostracod faunas indicate a 

lacustrine origin (Schafroth, 1965; Archibald, 1982; Finnell, 1970; Scott, 1987). 

The Apache Canyon Formation interfingers with both the Willow Canyon Formation and 

the Glance Conglomerate which are Interpreted as alluvial fan deposits (distal and 

proximal, respectively) (Drewes, 1970; Hayes, 1970; Bilodeau, 1979; Archibald, 

1982; Sumpter, 1986). Additionally, Tyrrell (1957), reported laminated limestone 

blocks identical to the Apache Canyon Formation within the Glance Conglomerate. This 

indicates that the Apache Canyon Formation formed syntectonically, when sufficient 

basin-margin relief existed to allow reworking of partially lithified lake-deposits onto 

coeval alluvial fans. 

Half-Graben Morphology wjthin the Bisbee Basin 

Most workers agree that deposition of the Bisbee Group was accompanied by 

significant extension based upon abrupt changes in thickness and facies patterns 

(Bilodeau, 1979; Bilodeau and Lindberg, 1983; LeMone, et aI., 1983; Dickinson et aI., 

1986; Klute, 1991). The Bisbee Basin was apparently characterized by a series of 

en-echelon half-grabens (Bilodeau, 1979). 

In Figure 4.4, I have summarized data collected from various theses and published 

reports that documents the variable lithology of the basement underlying the Glance 
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Figure4. 3. Location map of southeastern Arizona showing distribution of Bisbee Group (shaded 
areas) and Apache Canyon Formation (black areas) in Arizona. Southeastern and northwestern 
facies defined by Klute (1987) and depicted in Figure 4.2. Map taken from Klute (1991). 
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Conglomerate. In several areas an abrupt change in basement from Precambrian to late 

Paleozoic rocks coincides with a mapped structure. Within the study area (Fig. 4.4) a 

roughly east·west trending structure, the Murphy Creek fault zone, mapped by 

Bilodeau (1979) and Drewes (1980) within the northern Empire Mountains, 

juxtaposes a section of Bisbee Group underlain by Precambrian gneiss and schist with a 

section of Bisbee Group underlain by upper Paleozoic sedimentary rocks (Fig. 4.5). 

The Paleozoic rocks underlying the Bisbee Group south of the Murphy Creek fault 

exhibit a beveled character, as progressively older Paleozoic formations underlie the 

unconformity to the southeast (Fig. 4.5). This corresponds with a dramatic decrease in 

thickness of the Glance Conglomerate and Willow Canyon Formation to the southeast 

(Bilodeau, 1979; Sumpter, 1987; Klute, 1991) (Fig. 4.5). The modern Murphy 

Creek fault is mapped as a thrust fault (Drewes, 1980), but the combined geologic and 

stratigraphic data suggest that it experienced normal motion during deposition of the 

Bisbee Group, producing a local half-graben basin. 

The pattern of the inferred en echelon sub-basins within the Bisbee Basin fits 

well with the scale and variable orientation of sub-basins observed in modern rift 

systems. I estimate that a minimum displacement of 4.5 km must have occurred along 

the basin-bounding faults within the Bisbee Basin. I derived this estimate by adding the 

thickness of the Glance Conglomerate to the amount of stripped Paleozoic strata 

(thickness of stripped Paleozoic section from Chiricahua Mountains, Arizona; Sabins, 

1957). Displacements of such magnitude occur along border fault segments within the 

East African rift system (Rosendahl et aI., 1986; Ebinger, 1989). 

Early Cretaceoys Climate 

Detailed paleoclimate reconstructions for the Bisbee Basin are non-existent. 

Evidence for a warm semi-arid climate consists of thick carbonate (coral/rudistid 
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Figure 4.4. Map of study area depicting the location of measured sections and detailing relevant 
stratigraphic and structural data. Abrupt changes in basement types underyling the Bisbee Group 
across mapped faults, as well as paleocurrent vectors and thickness changes within the basal 
Bisbee Group (Glance Conglomerate), define a series of half-graben basins. 
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reef) sequences within the southern, marine portions of the Bisbee Basin and primary 

gypsum occurrences within the targeted study sites (Dickinson et aI., 1986; Warzeski, 

1983; Archibald, 1982; Schafroth, 1965). Although these data suggest an arid 

climate, the sparse pollen record for the southwest indicate that seasonal precipitation 

may have been important (Doyle and Parrish, 1984; quoted in Parrish, 1987). 

Based on provenance studies, Bilodeau and Undberg (1983) speculated that 

sediment draining into the Bisbee Basin originated in the Mogollon Highlands of 

northern Arizona, which acted as a divide between the Bisbee Basin and the embryonic 

Sevier Foreland. Drainages sourced within uplands like the Mogollon Highlands can 

maintain perennial lakes even in semi-arid climates. A similar drainage configuration 

occurs today in the lake Turkana basin, within the eastern arm of the East African Rift. 

The lake lies within an arid portion of the rift, but is fed predominantly by water from 

the Orno River, which drains the humid Ethiopian highlands. 

M:THODS 

The data for this study consist of three measured sections located within the 

southern Empire Mountains and Whetstone Mountains of southeastern Arizona (Fig. 4.4: 

Appendix A). These sections are called the Empire Mountains section, Montosa Canyon 

section, and Mine Canyon section (Fig. 4.4). They form an approximate NW-SE transect 

away from the inferred, syndepositional basin-bounding fault. The detailed location of 

the measured sections are presented as Appendix E. I traced several intervals laterally 

to determine continuity of facies. However, individual beds cannot be physically traced 

from one section to the next because of cover and structural complexity. I collected 

more than 250 samples at intervals dependent upon the lithologic heterogeneity, so that 

enough samples were collected for each component facies type. Polished slabs and thin 

sections of 200 samples provided detailed information on sedimentary structures and 
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textures. I treated thin sections with dual stains (Dickson, 1966) to allow qualitative 

determination of carbonate phases. Some mudstones were digested in concentrated HCI 

acid to determine the relative weight percent of carbonate and insoluble residue. 

Because the Apache Canyon Formation is gradational at both the upper and lower 

contacts, an operational contact was defined to determine the starting and stopping point 

for detailed investigation. Using criteria similar to that of Tyrrell (1957), Finell 

(1970), and Archibald (1982), I placed the lower contact of the Apache Canyon 

Formation at the base of the first limestone bed greater than 1 m thick. The upper 

contact is placed where the first sandstone bed thicker than 1 m underlies an interval 

devoid of limestones. Using this methodology, the upper and lower contacts represent 

transitional intervals from underlying fluvial deposition and the overlying fluvio

deltaic deposition, but do not necessarily represent time lines. Also note that the 

overlying Shellenberger Canyon Formation contains thin limestone beds scattered 

throughout the formation (Schafroth, 1965; Klute, 1991), suggesting that lacustrine 

conditions periodically returned during deposition of that unit. However, the presence 

of a marine/estuarine oyster bed (Klute, 1991) within the Shellenberger Canyon 

Formation suggests that the nearby paleogeography was different, and therefore I 

excluded the Shellenberger Canyon Formation from this study. 

I conducted modified Markov chain analyses (using the statistical package 

SYSTAT) on each of the measured sections to test for statistical significance of vertical 

facies transitions. In a Markov chain analysis, a two-way contingency table of observed 

facies transitions is compared against a hypothetical (random) two-way contingency 

table. Hypothesis testing of a two-way contingency table of vertical facies transitions 

is complicated because the matrix contains structural zeros along the diagonal since a 

facies can not be observed juxtaposed above or below itself (Schwarzacher, 1975). A 

number of authors have addressed the problem of structural zeros within two-way 
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contingency tables (e.g. Brown, 1974; Carr, 1982; Powers and Easterling, 1982). 

followed the method of Carr (1982) by testing the randomness of the observed 

frequency matrix of facies transitions with a log-linear model (see also Oriese and 

Dott, 1982 for discussion). Using a null hypothesis of a completely random facies 

succession, the log-linear model produces an expected frequency table from which a 

chi-square statistic can be calculated. As long as the probability of the chi-square 

statistic does not exceed 0.1 (chosen level of significance), a stepwise procedure 

determines and eliminates the most significant transitions within the matrix until the 

probability exceeds the chosen level of significance. 

Another complication encountered while conducting the Markov chain analyses 

occurred because certain facies are restricted to narrow intervals within each section. 

This creates a large number of observational zeros within the observed frequency 

matrix; too many observational zeros complicates statistical calculations. Therefore, 

to alleviate this problem I conducted separate analyses on the upper and lower parts of 

each section. 

FACIES DESCRIPTIONS OF THE APACHE CANYON FORMATION 

I have divided the Apache Canyon Formation into eleven lithofacies, based on 

differences in grain-size, sedimentary structures, and composition. All three sections 

can be broken down into these eleven component facies, although certain facies are rare 

or absent within individual sections. In addition several facies exhibit highly 

gradational characteristics, such that certain operational, or even arbitrary, 

distinctions were employed to classify certain units into one of the facies categories. 

Nevertheless, the eleven lithofacies, outlined below, represent virtually the full 

spectrum of depoSitional environments recorded by the Apache Canyon Formation. 
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Figure 6. a) Outcrop of variegated mudstone facies (VMF). Note nodular carbonate horizon in middle of photo just above hammer 
(EMS=Empire Mountains Section). b) Bedding plane exhibiting mudcracks and small hOrizontal traces capping relatively continuous 
micrite bed within VMF (EMS). c) Bedding plane of fine-grained sandstone exhibiting mottled top and root traces. Note prominent 
orange-red color of cap (EMS). d) PhotOmicrograph (width of photo=1.75 mm: plane light) illustrating silt-rich micritic matrix of the 
nodular carbonate within the VMF. Note carbonate rims around clastic grains (isopachous cement). and small burrow. oriented oblique to 
photo. (E-1A) 
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Figure 6 (cont'd) e) Photomicrograph (width of photo=1.75 mm: plane light) of palleted dolomitic fabric within carbonate horizon of VMF. 
Note fenestral texture consisting of calcite spar (stained thin section). (E-3A) f) Photomicrograph (width of photo= 1. 75 mm: plane light) 
of fine-grained sandstone within VMF. Note mud drape consisting of clay and mica flakes at base of photo. (E-3B) 
Figure 7. a) Outcrop of bioclastic packstone-grainstone facies (BPGF) exhibiting an isolated coset of planar cross-stratification 25 cm 
thick. (MCS=Mine Canyon Section). b) Photomicrograph (width of photo=3.5 mm: plane light) of bioclasts, subordinate clastic Qrains 
and mlcritized grains that comprise the allochems of the BPGF. Note grains are coated with variable thickness of dolomitic micnte rim 
(stained thin section). (W-21A) 
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variegated Mudstone Facies 

Description 
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The variegated mudstone facies (VMF) is characterized by multi-colored, 

massive mudstones interbedded with nodular to continuous carbonate horizons and 

lenticular to sheetlike sandstones. Typically this facies is poorly exposed, although 

excellent exposure exists locally within arroyo cuts. The facies occurs most commonly 

within the lower and upper parts of the Empire Mountains section; it is rare within the 

Montosa Canyon section. Slightly metamorphosed, massive mudstone exposures at the 

base of the Mine Canyon section are also included within this facies. 

The variegated mudstone facies consists of massive to mottled, red, yellow and 

gray mudstone beds from 3 to 12 m thick that weather Into reddish, chippy slopes (Fig. 

4.6a). Basal contacts are typically obscured, but locally consist of a relatively abrupt 

transition from underlying laminated carbonate facies. Nodular to continuous orange to 

red carbonate horizons commonly occur within the thick mudstone intervals (Fig. 

4.6a). A patchy, sand-rich and massive texture characterizes the nodular horizons. 

The more continuous horizons range up to 20 cm thick and exhibit sharp upper and 

basal contacts. Sub-hOrizontal, branching root traces and mudcracks occur on upper 

surfaces of many of the more continuous horizons (Fig. 4.6b). 

Thin (5 to 25 cm thick), fine-grained sandstones to siltstones occur within the 

variegated mudstone facies. The sandstones exhibit parallel laminations or three

dimenSional, ripple cross-stratification, some of which exhibits a climbing 

morphology. Many of the coset bounding surfaces contain thin mud drapes. Locally, the 

sandstone beds grade up into a muddy, mica-rich bed that is commonly mottled to 

burrowed with sub-horizontal to vertical burrows (Fig. 4.6c). 

The variegated mudstone is composed primarily of clay and silt with only 1 % to 
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3% carbonate. The carbonate horizons consist of calcitic and patchy dolomitic micrite 

to microspar stained orange to red by iron oxides. Locally, the matrix appears clotted 

or peloidal; macerated amorphous organic matter and abundant clastic silt occur 

scattered throughout the matrix. A thin rim of carbonate coats many of the clastic 

grains (Fig. 4.6d). The matrix also contains irregular patches of calcite spar that 

exhibit a wide variety of fenestral and brecciated fabrics (Fig. 4.6e). The fine-grained 

sandstone lenses consist of well-sorted, quartzo-feldspathic sand, abundant outsized 

mica flakes, and minor amounts of clay and microcrystalline quartz (Fig 6f). 

Mudstones within the Mine Canyon section have been metamorphosed into 

massive, siliceous hornfels that range from green to brownish-red in color. The 

metamorphism has made interpretations difficult from textural or compositional 

observations. Nevertheless, based on the massive texture, restricted presence of this 

mudstone to the base of the section, as well as the association of dolomitic micrite and 

evaporites, I have included these mudstones within the variegated mudstone facies. 

Interpretation: 

The variegated mudstone facies represents a suite of marginal lacustrine and 

fringing alluvial environments, conSisting of lacustrine mudflat and paludal to delta

plain environments. The massive and variegated nature of the mudstones, coupled with 

the presence of numerous exposure and pedogenic features, point to predominantly 

subaerial deposition. 

The relatively thick, continuous mudstone horizons probably represent 

overbank or mudflat deposition, marginal to a lake, derived from distal fluvio-deltaic 

channels. The massive nature, mottled coloration, and hackly texture of the mudstones 

indicate bioturbation and pedogenesis (Brewer, 1976; Bown and Kraus, 1981; 

Retallack, 1988). Color mottling commonly reflects recurrent wetting and drying 

within the soil horizon that produces fluctuating pH and Eh conditions, thereby allowing 
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mobilization and subsequent precipitation of alkali and metal ions (McBride, 1974; 

Buurman, 1980). The hackly texture may reflect the presence of cutans around peds 

(Retallack, 1988). The relatively thick successions of mudstone (up to 8 m) without 

distinct soil (carbonate) horizons imply rapid rates of sediment accumulation (Kraus, 

1987) . 

The nodular appearance, lack of emergence features. and several diagnostic 

petrographic features point to a pedogenic origin for the discontinuous carbonate 

horizons that are present (Fig. 4.6a). For example. the isopachous cement occurring 

around silt grains is a common feature of soil horizons (Cohen. 1982; Mount and 

Cohen. 1984). The patches of calcite spar within the pelleted micrite matrix 

represent root casts and microkarst cavities (Fig. 4.6e) (Klappa. 1980; Freytet and 

Plaziat. 1982; Ettensohn et al .• 1988). The presence of distinct. horizontal trace 

fossils and mudcracks on the upper surfaces of the continuous carbonate horizons, 

however. suggest a depositional origin. reflecting a palustrine environment. rather 

than a pedogenic origin. Peloids within the matrix of these carbonates represent 

microglaebules (Brewer. 1976). which are common in marginal lacustrine 

environments (Platt, 1989). and micritized grains. associated with vertical burrows 

(Skolithos?). may represent fecal pellets (Ettensohn et al.. 1988; Platt. 1989). 

The thin. lenticular sandstones are interpreted as small overbank channel or 

sheetflood deposits. a common component of both mudflats and floodplains (Fouch and 

Dean. 1982; Bridge, 1984; Bown and Kraus. 1987). The prevalence of three

dimensional ripples and climbing ripples with bioturbated tops suggests rapid but 

episodic deposition under very shallow water (Allen, 1963; Harms et al., 1982). 

Muddy caps and mud drapes represent fines deposited from suspension during slack

water flow. 



Bioclastic packstone-Grainstone Facjes 

Description: 
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The bioclastic packstone-grainstone facies (BPGF) is characterized by ledge 

forming, light to medium gray, mixed bioclastic and subordinate siliciclastic limestone 

beds. Although prominent in outcrop, this facies comprises only a minor component of 

the upper Mine Canyon section and is absent within the Montosa Canyon and Empire 

Mountains sections. 

The facies forms thick- to very thick-bedded units or single, massive beds that 

range up to 2.5 m thick. Typically the lower contacts of individual beds are sharp, 

whereas the upper contacts are more gradational. Locally, crude parallel stratification 

and isolated, planar cross-stratification (20 to 50 cm) occur within some of the beds 

(Fig. 4.7a). 

Allochems comprise 60% to 90% of the BPGF, and include disarticulated 

bivalve shells, shell fragments, siliciclastic grains, peloids, and micritized grains 

(Fig. 4.7b). Constituent grains are poorly sorted, ranging from medium sand to gravel 

in size. Thin, dolomitic microspar envelopes rim many of the bioclasts and siliciclastic 

grains (Fig. 4.7b). In general, bioclasts make up the largest percentage of allochems 

(60-80%). Bioclasts are predominantly replaced by non-ferroan to ferroan calcite 

spar (Fig. 4.7b), but microcrystalline quartz and megaquartz also replace the 

bioclasts. Angular to subangular, fine-sand to gravel, quartzo-feldspathic, and lithic 

grains form the second most common grain type (20-30%) in the lower part of the 

Mine Canyon section. Peloids and micritized grains form a subordinate component 

within the uppermost part of the Mine Canyon section. These grains consist of massive, 

dolomitic and patchy calcitic micrite. In some cases, however, a dolomitic rim can be 

discerned, separated from the grain by a thin dark sheath. The interparticle matrix 



148 

consists predominantly of non-ferroan calcite spar and local microspar. In rare cases 

chert forms late-stage replacement textures within the matrix. 

Interpretation: 

The bioclastic packstone-grainstone facies represents a high-energy, 

nearshore, lacustrine environment. The coarse grain size and angular nature of the 

clasts, abundant fragmented bioclasts, and crude stratification all indicate high-energy, 

shallow water conditions. Archibald (1982) interpreted these beds as offshore storm 

deposits. Crude parallel to planar cross-stratification of coarse-grained clasts is 

indicative of upper-plane and dune-field flow regimes, respectively, which implies 

flow within either shallow water or at high velocity. The massive beds may also 

represent protracted periods of reworking during which coarse clastic and bioclastic 

grains were concentrated through winnowing of the fines. This is a common process 

along shallow lacustrine benches that experience low net sediment accumulation rates 

within large modern lakes {Cohen and Thouin, 1987; Cohen, 1989b; Tiercelin et aI., 

1992}. The occurrence of micrite envelopes also supports active reworking and 

winnowing within shallow water (Bathhurst, 1975). Micritized grains may represent 

intraclasts reworked from partially lithified marginal lake sediments. The mixed 

composition of these beds reflects derivation from shoreward sources as well as 

reworked autochthonous sources. Abrahao and Warme (1990) describe massive to 

crossbedded "coquinas" that exhibit similar characteristics to the BPGF; they interpret 

the coquinas as lake beach to offshore bar deposits. 

I interpret the local interparticle microspar as neomorphosed micrite based on 

criteria outlined in Bathhurst (1975), such as variable crystal-size, presence of 

micritized ghosts, and a dearth of interfacial angles. The presence of interparticle mud 

within a high-energy environment may reflect the packed arrangement of the clasts, 

which sheltered a portion of the mud from active winnowing. 



peloidal packstone Facies 

Description: 
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The peloidal packstone facies (PPF) forms dark gray to brownish units 

primarily composed of dolomitic micrite. This facies is a minor component in both the 

basal Montosa Canyon section and the upper Mine Canyon section. It is absent in the 

Empire Mountains section. 

The peloidal packstone facies typically forms medium-bedded to massive beds up 

to 1.5 m thick. Upper and basal contacts of individual beds are typically sharp, 

although within the Mine Canyon section the basal contacts are commonly gradational. 

Faint, wispy laminations occur locally, especially in the Mine Canyon section, whereas 

numerous internal scour surfaces occur in the Montosa Canyon section. In the latter 

section, mudcracks (Fig. 4.8a), and horizontal, branching root structures occur along 

bedding planes; smaller, vertical, non-branching burrows (Skolithos?) occur near the 

tops of beds (Fig. 4.8b). 

Within the Mine Canyon section, the matrix consists of dolomitic and minor 

calcitic microspar, whereas within the Montosa Canyon section, the matrix consists of 

very fine-grained (S 5 microns) dolomite. Within the Montosa Canyon section, the 

matrix commonly exhibits a clotted or pelletal fabric with patches of fenestral spar 

calcite (Fig. 4.8c). Micrite without clastiC grains commonly fills the small, vertical 

burrows. Dark brown to black, fine-grained, amorphous organic matter forms lacy 

textures on upper bedding surfaces. Small, circular carbonate tubules up to several 

millimeters in diameter occur scattered throughout the beds (Fig. 4.8d). 

Allochems, consisting primarily of rounded peloids, range in size from 0.1 to 1 

mm; commonly they form aggregates (grapestones). Clastic grains comprise only a 

few percent of the coarse fraction and range in size from silt to medium sand. The 
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Figure 8. a) Bedding plane exhibiting large-scale mudcracks prominent within the peloidal packstone facies (PPF). (MTS=Montosa 
Canyon section). b) Outcrop of PPF exhibiting small vertical burrows (Skolithos?). Ught gray color is reflective of dolomitic mcrite 
matrix (MTS) c) Photomicrograph (width of photo=3.5 mm: plane light) illustrating the pelleted dolomitic fabric of the (PPF). The 
spar-filled cavities are interpreted as mcrokarsts and solution-enlarged rhizolHhs. (A-SA) d) Photomicrograph (width of photo=3.5 mm: 
plain light) of circular carbonate structure within the (PPF) interpreted as a rhizolHh. Micrite, overlain by spar calcite within the rhizolith, 
Implies a two-stage history of infilling. (A-1A) (JI 

o 



carbonate and clastic grains typically float within the matrix except in regions that 

exhibit brecciated fabric. 

Interpretation 
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The peloidal packstone facies represents marginal lacustrine to palustrine 

environments (Freytet and Plaziat, 1982). The prevalence of very fine-grained 

dolomitic micrite matrix, pedogenic indicators, and desiccation features suggests low

energy, periodically emergent conditions. The massive nature of the facies suggests 

thorough bioturbation, whereas the internal scours with carbonate-grain lags record 

episodic currents under shallow water conditions. 

The peloidal texture, which represents both in situ and reworked pedogenic 

glaebules (Brewer, 1976), is a common feature within palustrine environments 

(Platt, 1989). Several other microstructures, such as fenestral fabric, rhizoliths, 

lacy textures, and small, pelle ted burrows also characterize palustrine environments 

and are indicators of pedogenic activity (Freytat and Plaziat, 1982; Platt, 1989). The 

small, bunched tubules may represent root mats. Root mats have been interpreted to 

record high water tables (Mount and Cohen, 1984), which is consistent with a 

marginal lacustrine environment. 

The extremely fine-grained nature of the dolomitic matrix (Fig. 4.8d), 

especially within the Montosa Canyon section, implies an early diagenetic or even 

syndepositional origin although there are several proposed mechanisms that produce 

fine-grained dolomite (Bathurst, 1975; Eugster and Hardie, 1975; Morrow, 1982). 

Bioclastic Wackestone Facies 

Description 

The bioclastic wackestone facies (BWF) is characterized by light- to medium

gray, whole-fossil limestone beds that form recessive units. It occurs only within the 



Mine Canyon section. 

The bioclastic wackestone facies consists of thin- to thick-bedded units that 

range up to 3 m thicl<. Individual beds exhibit gradational upper contacts and sharp 

basal contacts. Articulated and disarticulated, but untransported, bivalve shells 

(concave up) commonly occur within this facies (Fig. 4.9a). In addition, scour 

surfaces delineated by disarticulated bivalve and gastropod shell lags and wispy 

laminations occur locally throughout the facies. 
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The matrix consists of non-ferroan microspar calcite and patchy dolomitic 

micrite (Fig. 4.9b). Allochems, conSisting of bioclasts (bivalves, gastropods and 

ostracods), silt grains, and rare micritized grains compose up to 20% of the rock. The 

bioclasts have been replaced by non-ferroan calcite spar (Fig. 4.9b). The silt 

component consists of angular quartz fragments and opaque iron-oxide grains. The rare 

carbonate grains consist of rounded, sand-size, dolomitic micrite. 

Interpretation: 

The bioclastic wackestone facies represents deposition within a well

oxygenated, low-energy, lacustrine environment, an interpretation similar to that 

made by Archibald (1982). The massive nature of the facies and prevalence of 

articulated bivalves and ostracods attest to oxygenated bottom waters. Local scoured 

surfaces and the presence of micritized grains suggest periodic bottom currents and 

sediment influx from nearshore regions, respectively. Articulated bivalves in non-life 

position and diffuse horizons with disarticulated bivalve shells in hydrodynamically 

unstable (concave up) positions suggest reorientation and concentration of the shells 

within the sediment, probably through bio-advection (Mehldahl, 1987). Relatively 

high rates of sediment accumulation and a relatively low shelly biomass may have 

prevented the formation of thick, concentrated shell horizons. Rare wispy laminae also 

suggest locally incomplete bioturbation of the sediment. 
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Figure 9. a) Outcrop of bioclastic wackestone facies (BWF). Note numerous articulated bivalves oriented in non-life positions at bottom 
of photo (MCS). 9b) Photomicrograph (width of photo=3.5 mm: plane light) of bioclastic wackestone facies illustrating calcitic micrite 
matrix and single recrystallized bivalve in concave-up position. (W-18B) 
Figure 10. a) Outcrop of massive and silty micrite faCIes. Stratigraphic up is to left. Note unit is more thinly bedded at base with 
intercalated shale interbeds grading upward into thicker, more massive beds (MCS). 10b) Outcrop of massive and silty micrite facies 
typical of the Montosa Canyon and E~ire Mountains sections. The pinkish MSMf: is interbedded with other lithologies on a decimeter 
scale (EMS). 
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Irregular crystal size and patches of micrite within the microspar matrix 

suggest neomorphic aggradation of original micrite (Bathhurst, 1971). The micrite 

was probably derived from biogenic, bioinduced, or physiochemcial carbonate 

precipitation. The ultimate control on carbonate precipitation in lake water is the 

abrupt decrease of dissolved carbon dioxide within the upper water column (Davis, 

1900; Wetzel, 1970; Terlechy, 1974; Kelts and HsO,1978), either through direct 

C02 outgassing (Terlechy, 1974) or by uptake by microorganisms (Davis, 1900; 

Wetzel, 1970; Kelts and HsO, 1978). The comminution of charophy1ic algae is also a 

common source of micrite (Murphy and Wilkinson, 1980; Treese and Wilkinson, 

1982). Charophy1e remains occur only locally within the BWF, however, suggesting 

degradation of Chara was only a minor source of carbonate. 

Massiye and Silty Micrite Facjes 

Description 

The massive and silty micrite facies (MSMF) is characterized by reddish

brown to dark-gray carbonate containing a variable proportion of clastic grains. This 

facies dominates the lower part of the Mine Canyon section; it is also common within the 

middle and upper parts of the Empire Mountains and Montosa Canyon sections. 

Thick-bedded units that range from less than 1 m to more than 10m thick 

(averaging 2 to 5 m) compose the MSMF within the Mine Canyon section (Fig. 4.10a). 

Within the Empire Mountains and Montosa Canyon sections, however, the facies occurs 

as thin beds, typically less than 50 cm thick (Fig. 4.10b). The contacts within the 

thicker intervals are generally gradational, passing upward into bioclastic wackestone 

facies and downward into the laminated carbonate facies. The thin beds within the 

Montosa and Empire Mountains section exhibit sharp upper and sharp to gradational 

lower contacts. These latter units are commonly interbedded, on a 5-20 cm scale, with 
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either the laminated carbonate, laminated mudstone, or thin-bedded sandstones facies. 

Massive, reddish-brown shale partings, 0.5 to 3 cm thick, and faint, sub

parallel wispy laminations occur within the MSMF facies, particularly within the Mine 

Canyon section (Fig. 4.1Oc). These thicker units commonly exhibit a gradation from 

micrite containing shale partings and wispy laminations at the base upward into more 

massive micrite (Fig. 4.10a). Locally, burrows cross-cut the wispy laminations, and 

scoured surfaces defined by bioclastic lags occur. Within both the Empire Mountains 

and Montosa Canyon sections, the facies is commonly massive, but locally exhibits 

parallel, streaky laminations (Fig. 4.1Od). 

The matrix consists of calcitic to dolomitic micrite to microspar. Silt varies 

from less than 1% to more than 10% and consists of angular quartzo-feldspathic grains 

and mica flakes (Fig. 4.10e and 10f). Within the Empire Mountains section, the MSMF 

contains enough clastic material to be classified as a carbonate-rich siltstone, but these 

beds are also included within this facies because of the overall similarities to the other 

micrites. Locally, flattened intraclasts 1 to 2 mm thick and up to 1 to 3 cm long occur. 

In addition to silt, articulated ostracods and dark orange to black macerated to 

disseminated organic matter locally occur. 

Interpretation: 

The massive and silty micrite facies represents various subenvironments of an 

oxygenated, well-mixed, low-energy, offshore lacustrine environment. The presence 

of thin shale intervals and wispy laminations indicates that biogenic homogenization 

was locally incomplete. Massive beds represent intervals in which bioturbation 

completely homogenized the sediment. The absence of bivalves suggests that other 

organisms, such as insects, annelids, or other non-shelly biota homogenized the 

sediment. Either rapid sediment accumUlation, turbid waters, low-oxygen levels, or 

some combination of these conditions may have limited the presence of bivalves. From 
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Figure 10 (cont'd.). c) Close-up of wispy laminae within the massive and silty micrite facies (MCS). d) Photomicrograph (width of 
photo=3.5 mm: plane light) exhibiting dolomitic micrite matrix and thin intraclasts or streaky laminae of the MSMF (stained section). 
(A-41 A) e) PhotOmicrograph (width of photo= 1. 75 mm: plane light) illustrating relatively clastic-free calcitic micrite matrix of the massive 
and silty micrite facies (stained section). Compare to Figure 1Of. (A-34B) f) Photomicrograph (width of photo=1.75 mm: cross nichols) 
illustrating relatively clastic-rich calcitic micrite matrix of the massive and silty micrite facies (stained section). Compare to Figure 10e. 
(E-25B) 
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these inferences, I suggest that the MSMF represents slightly deeper water conditions 

than the texturally similar bioclastic wackestone facies. 

The micrite, as described in the previous section, was probably derived through 

some combination of bioinduced or physiochemical carbonate precipitation. Within the 

cleaner micrites, a combination of storms and wind probably introduced the minimal 

clastic component. Storm- and wind-derived silt is a common component of micrites in 

many of the marl lakes of North America (Murphy and Wilkinson, 1980; Treese and 

Wilkinson, 1982). Vertical changes in the proportion of silt may reflect temporal 

changes in wind and storm strength, as well as the efficiency of biogenic mixing. 

Alternatively, the thinner, massive micrites with a high proportion of silt may 

represent muddy turbidite deposits (Stow and Piper, 1984). Such turbidites are 

mixed sand to mud and may contain intraclasts, organiC matter, and clay. Some muddy 

turbidites display a wide range of stratification types similar to Bouma sequences of 

sandy turbidites; however, some turbidites can be completely featureless (Stow and 

Piper, 1984). This latter type, termed disorganized turbidites by Stow and Piper 

(1984), can form within small basins that effectively pond the turbidity currents, 

inhibiting the full development of the flow. The disorganized turbidites may also form 

by rapid flow expansion created by a topographic barrier. Both are plausible 

conditions within a lacustrine basin. The occurrence of the thin micrite beds 

intimately interbedded with other deep-water deposits (e.g laminated carbonate facies) 

supports this interpretation. 

Laminated Carbonate Facies 

Description: 

The laminated carbonate facies (LCF) is the most dominant facies within the 

lower and upper parts of the Montosa Canyon and Empire Mountains sections. It also 
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occurs within the lower to middle part of the Mine Canyon section. The facies ranges 

from dark to light gray to reddish in color and is typically poorly exposed, although 

exposure is excellent within arroyo cuts. Within the Montosa Canyon and Empire 

Mountains sections the facies weathers into poorly indurated, paper-thin sheets (Fig. 

4.11 a). Within the Mine Canyon section, local metamorphism has recrystallized the 

laminated carbonates, making laminae Jess distinct in thin-section. 

The LCF forms beds from less than 10 cm up to 3 m thick, and is commonly 

interbedded with laminated mudstone, sandstone, or massive and silty micrite facies, 

forming successions up to 8 m thick (Fig. 4.11 a). Typically laminae exhibit a wide 

variability in thickness (less than 1 mm to 1 cm) and composition (discussed below). 

Individual laminae can typically be traced along outcrops for the entire extent of the 

exposure. Locally, however, micro-faulting, pinching and folding disrupt individual 

laminae (Fig. 4.11 b). Within several intervals of both the Empire and Montosa Canyon 

sections, lamina brecciation and teepee structures occur. 

The laminated carbonate facies consists of lamina couplets that vary in 

composition both within individual beds and between beds. Delineation of all laminae 

types and the vertical distribution of these beds is beyond the scope of this study, but 

four different laminae types are outlined below: 

I) Micritic laminae alternate with thinner organic and clay laminae (Fig. 

4.11 c). The micrite laminae (0.3 to 1 mm thick) consist of either dolomitic or mixed 

dolomitic and calcitic micrite to microspar. These laminae may contain up to several 

percent silt-sized clastic grains and rare. articulated ostracods. Locally, laminae 

exhibit a distinct grading with coarse crystals at the base that fine upward. The thinner 

laminae (::::0.1 mm) contain variable amounts of fine-grained dolomite, disseminated 

organic matter. clay. opaque grains (iron-oxides), and in some cases, dolomite rhombs. 

These laminations are typically wavy to discontinuous and may exhibit pinch- and-
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Figure 11. a) Outcrop of laminated carbonate facies (LCF). Note the laminated carbonate beds are intercalated with laminated 
mudstone (more recessive horizons) on a decimeter scale (MTS). b) Close-up of extremely contorted and folded laminae within 
laminated carbonate facies. Although individual laminae are disrupted, bundles of laminae can be traced across face of outcrop. (EMS) 
c) Photomicrograph (width of photo=3.5 mm: plane light) illustrating type I laminae within the laminated carbonate facies. Dark, very 
fine-grained laminae alternate with the light, calcitiC laminae. Note the prominent flame structure at top of dark laminae (stained 
section). (A-13a) d) Photomicrograph (width of photo=3.5 mm: plane light) illustrating type II laminae within the laminated carbonate 
facies. Type II laminae are almost equal in thickness and alternate between coarse and flOe grained dolomite (stained section). (E-15B) 
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swell or flame structures (Fig. 4.11c). Locally, the thinner laminae separate and 

rejoin forming lenses filled with spar calcite. 
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II) Couplets of equally thick, relatively pure carbonate laminae. I identified two 

end-member cases. The first consists of very fine-grained dolomitic or more rarely 

calcitic micrite with subordinate clay and organic matter, interlaminated with slightly 

coarser grained, clastic-free calcitic microspar (Fig. 4.11d). Both laminae range up 

to 1 mm in thickness, are wavy but continuous, and typically contain very little clastic 

material. The second end-member case consists of equally thick laminae alternating 

between fine-grained microspar dolomite with subordinate calcite and coarser-grained 

dolomite (Fig. 4.11 e). These laminae commonly exhibit sharp interlaminar contacts. 

Commonly, the coarser-grained dolomitic laminae contain prismatiC calcite crystals, 

oriented with long axes aligned perpendicular to bedding. 

III) Micritic laminae alternating with relatively thinner non-carbonate 

laminae. The thicker laminae consist of calcitic to dolomitic micrite to microspar. An 

diffraction X-ray analysis of the insoluble residue from the thinner laminae indicates 

that they are composed of cryptocrystalline quartz, and subordinate illite. The laminae 

are typically wavy to discontinuous and may be up to 1 cm thick locally. Commonly the 

couplets exhibit sharp interlaminar contacts. 

IV) Thick, very fine-grained dolomitic laminae (Fig. 4.11 f}. Typically these 

laminae do not form couplets, but rather occur as stacked, dolomitic laminae up to 5 

mm thick. The laminae are distinguished by a slight fining-up trends in the size of 

dolomite crystals. The dolomite is very clean, with virtually no clastic material and 

only very rare, articulated ostracods. These laminae commonly exhibit a brecciated 

fabric and vuggy porosity that is commonly infilled with chalcedony or mosaic spar 

calcite. 

Metamorphism within the Mine Canyon section has obscured the nature of the 
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Figure 11 (cont'd.). e) Photomicro~raph (width of photo=3.5 mm: plane light) illustrating type II laminae within laminated carbonate 
facies. The composition of the laminae altemates between calcite and dolomite (stained section). (E-24) f) Photomicroaraph (width of 
photo=3.5 mm: plane light) illustrating type IV laminae within laminated carbonate facies. The laminae are composed pnmarily of very 
fine-grained dolomite and subordinate calcite that exhibit brecciated to gradational contacts. Stratigraphic up is toward left (stained 
section). (A-20A) 
Figure 12. a) Outcrop of thickly bedded sandstone sub-facies within the sandstone facies (SSF). The prominent parallel laminations 
characterize this facies. (EMS) b) Photomicrograph (width of photo=1.75 mm: cross nichols) of thickly bedded sandstone sub-facies. 
Note relatively well-sorted grains, lack of matrix, and quartzo-feldspathic composition. (E-4A) 0) 
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laminae within the LCF there. In thin section, the laminae consist of calcite spar with 

minimal compositional variability. In outcrop view, these laminae resemble the type 1 

or type 3 laminae described above. 

Interpretation 

The laminated carbonate facies records deposition within an offshore, low

energy environment of a permanent lake. Archibald (1982) gave a similar 

interpretation for his finely laminated carbonates. The fine-texture and the 

preservation of laminae point to a low-energy, relatively deep lake environment, in 

which anoxic bottom waters dominated. In addition, the common occurrence of soft

sediment features, such as microfaulting of laminae and small-scale folding and 

slumping, support an interpretation of relatively deep water, along or at the base of a 

slope. 

Finely laminated carbonates form common components of numerous modem and 

ancient lakes and have been interpreted as rhythmites with periodicities ranging from 

seasonal (less than 1 year), through yearly (glacial and non-glacial varves), to 

several years (e.g. Van Houten, 1964; Kelts and HsO, 1978; Ludlam, 1981; Olsen, 

1984; Halfman and Johnson, 1988; see O'Sullivan, 1983, and Anderson and Dean, 

1988, for compiled lists of periodicities). Rhythmic laminae form as a result of 

periodic fluctuations in both volume and composition of sediment flux to the lake bottom 

driven by an interaction of lake hydrodynamics and short-term climatic change (Glenn 

and Kelts, 1991). Lamina preservation typically reflects anoxic bottom waters caused 

by either thermal or chemical stratification of the lake water (Kelts and HsO, 1978). 

Laminae can also be preserved, however, in well-mixed water columns in which 

excessive organic matter exceeds oxygen replacement, thereby creating local anoxia 

(Yuretich, 1979), or where minimal organic accumulation limits bioturbation 

(Cohen, 1982). 
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The type I and III laminae exhibit features typical of rhythmic laminations 

formed by partial seasonal overturn associated with deep. meromictic lakes. The 

crystal size grading observed within the thicker. carbonate laminae has been described 

in modern Lake ZOrich (Kelts and HsO.1978). This grading represents an increase in 

the crystallization rate of carbonate as bicarbonate-rich water wells up from the top of 

the monolimnion after partial overturn in early spring. The rate of crystallization in 

early spring is slow. allowing larger crystals to form. but as summer passes. water 

temperature rises. consequently increasing crystallization rates and producing finer

grained crystals. An autumn die-off of algae and subsequent winter storms produce an 

organic- and clay-rich lamina juxtaposed atop the carbonate lamina. Rare. gentle 

bottom currents are suggested by the local presence of flame structures within 

organic-rich laminae. In addition. rare burrows. represented by the pinch and swell 

structures filled by spar calcite. suggest that oxygenated waters periodically reached 

the bottom. 

The source of the siliceous component of the thinner laminae within the type 3 

couplets is problematic. If the laminae were less common. an airborne ash derivation 

would be plausible; however, the persistent alternation of these laminae with carbonate 

laminae makes this explanation untenable. Further. lacustrine diatoms, a prominent 

source and sink of silica in modern and Cenozoic age lakes. have not been reported in 

Mesozoic-age lacustrine strata. Instead, the silica may have derived from either sponge 

spicules or volcanic ash washed into the deep-water environment during storms and 

deposited through suspension settling. Support for a volcanic source comes from the 

proximity of Mesozoic-age volcanic rocks within the Bisbee Basin (Kluth. 1982; 

Klute. 1991). Rivers draining these volcanic regions may have periodically tapped 

volcanic ash beds. The presence of felsic volcanic clasts within many of the intercalated 

sandstone beds and at least two beds with probable reworked ash within the measured 
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sections confirms a local source of volcanic ash. However, the possibility of complete 

late-stage replacement of a precursor mineral by cryptocrystalline quartz can not be 

excluded. 

The type" (calcite/dolomite) laminae represent a phase in which 

clastic/organic laminae did not form. The lack of clastic material implies that storm

and river-derived sedimentation diminished. The origin of the alternating laminae, 

however, is problematic because primary precipitation of alternating calcite and 

dolomite laminae or coarse- and fine-grained dolomite have not been described within 

any modern or ancient lake. Although the relative ratio of Mg2+ to Ca2+ within lake 

waters can fluctuate on an annual basis (Weber, 1981, in Glenn and Kelts, 1991), the 

changes typically do not exceed 1 to 2 mole% except locally around springs or effluents 

(e.g. Popp and Wilkinson, 1983). This observation, coupled with the rarity of 

dolomite as a primary precipitate outside of highly evaporative conditions, suggests 

that the dolomite is secondary. Talbot and Kelts (1986) suggest that dolomitization 

within laminated carbonates is a common occurrence in the presence of organic matter. 

The couplets may originally have alternated between high- and low-Mg calcite or 

between high-Mg calcite and aragonite. Both pairs can coprecipitate from waters with 

a Mg/Ca ratio of approximately 2 and 12, respectively (MOiler, et al., 1972). Upon 

burial and diagenesis, the aragonite may have neomorphosed into calcite, whereas the 

high-Mg calcite may have been dolomitized. 

The thicker dolomitic laminae (type 4) likely represent deposition in relatively 

shallow water, where evaporative conditions enriched the ratio of Mg2+ to Ca2+. The 

fine-grained texture of the dolomite suggests a primary or penecontemporaneous 

origin. The intimate stratigraphic association of these laminae with dolomitic micrite 

exhibiting fenestral fabric and brecciated horizons also supports a shallow-water 

interpretation for these laminated sequences. Dolomitic laminae with similar 



associated features occur within the Green River Formation of Wyoming (Eugster and 

Surdham, 1973; Eugster and Hardie, 1975) and the Orcadian Basins of Scotland 

(Jan away and Parnell, 1989) and were interpreted as recording shallow-water to 

playa mud-flat deposition. 

Laminated Mudstone Facjes 

Description 
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The laminated mudstone facies (LMF) is typically poorly exposed, forming 

reddish to gray recessive outcrops except along fresh arroyo cuts. The facies is 

common throughout both the Empire Mountains section and the Montosa Canyon section, 

but is uncommon in the Mine Canyon section. It typically occurs intimately interbedded 

with the laminated carbonate facies (Fig. 4.11 A). 

Individual beds range from less than 5 cm to over 4 m thick, although most beds 

are less than 1 m thick. Internally the mudstones exhibit fine laminations defined by 

either changes in color or grain-size. Parallel laminations dominate, although very 

small wavy laminations also occur. Rarely, small plant fragment impressions were 

observed on the surface of fresh chips. Sharp upper and lower contacts characterize 

this facies. Carbonate comprises 10% to 40% of the rock; the remaining insoluble 

residue consists of silt and clay with minor amounts of very fine sand. 

Interpretation: 

The LMF represents an offshore, low-energy, permanent lake environment, 

similar to the interpretation of the laminated carbonate facies. The fine-grained nature 

and the preservation of fine laminations all indicate a low-energy lake environment 

with an absence of biotic or current reworking. 

The occurrence of the LMF represents a period in which periodic flood-or 

storm-induced plumes of fine clastics predominated over carbonate precipitation. The 
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occurrence of plant fragments concentrated on bedding planes is consistent with 

deposition during a relatively humid phase in which riverine input was important. 

Similar clastic-rich rhythmites have been described in both modern and ancient lakes 

(O'Sullivan, 1983; Kelts and HsQ, 1991). 

Sandstone Fades 

Description 

The sandstone facies can be divided into three sub-facies based on a combination 

of outcrop and thin-section features. Sandstones are most common within the Empire 

Mountains section, less abundant within the Montosa Canyon section and rare within the 

Mine Canyon section. The three sub-facies are described below. 

The first sandstone sub-facies is generally restricted to the base of the Empire 

Mountains section. It consists of thickening- and coarsening-up sequences of medium to 

fine sandstones. Several of these sandstone intervals can be traced for more than a 

kilometer. Parallel laminations typically defined by concentrations of opaque grains 

characterize this facies (Fig. 4.12a), but subordinate trough stratification also occurs. 

Some of the thicker beds locally exhibit dewatering structures. Symmetrical ripples 

and impressions of plant debris occur locally along upper bedding planes. The tops of 

sandstones commonly exhibit fine-grained, micaceous caps that are commonly rippled 

and/or burrowed. The sandstones are generally quartzo-feldspathic in composition, 

contain minimal matrix, and are moderately well sorted (Fig. 4.12b). 

The second sandstone sub-facies is also common within the Empire Mountains 

section, but also occurs within the Montosa Canyon section. These sandstones consist of 

isolated beds ranging up to 50 cm thick that are encased within laminated mudstone or 

silty micrite. The beds exhibit sharp to erosive bases and commonly sharp tops, 

although fining-up beds with a silty, mica-rich cap are also common. Massive beds 
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dominate, but normal grading and small-scale cross-stratification also occur. Other 

sedimentary structures include load and groove casts (Fig. 4.12c); rarely the tops of 

beds are burrowed. The sandstones are generally poorly sorted, quartzo-feldspathic 

sands with up to 10% matrix (Fig. 4.12d). 

The third sandstone sub-facies occurs mostly within the Montosa Canyon 

section, but is also present within the Empire Mountains section. This sub-facies 

consists of medium- to thin-bedded sandstones stacked in successions up to 5 m thick 

(Fig.4.12e). Basal contacts commonly are sharp to rarely erosive and commonly 

exhibit coarse basal lags. The sands are generally internally massive, except for the 

grading produced by the basal coarse layers observed locally. The sandstones also 

exhibit numerous soft-sediment deformation features, such as load casts or ball and 

pillow structures. The sandstones contain considerable carbonate matrix (up to 50%) 

(Fig. 4.12f), although grain to grain contacts dominate locally. Some of these units are 

technically limestones (packstones), but are grouped here to emphasize the genetic 

relationship (described below) to the other sandstones. The constituent clasts consists 

of quartzo-feldspathic grains, micritized carbonate grains, and bivalves; many of these 

grains are coated. 

Interpretation: 

The three sandstone sub-facies represent different depositional processes 

within clastic sedimentary environments: the thick-bedded sandstone sub-facies 

represents an upper shoreface and foreshore environment; the isolated sandstone sub

facies represents turbidites; and the medium- to thin-bedded, carbonate-rich 

sandstone sub-facies represents gravity-flow deposits emplaced by a laminar or 

fluidized-flow mechanism. 

The stratification and moderately sorted nature of the sand suggests that the 

thick-bedded sandstone sub-facies represents traction-dominated deposition. The 
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Figure 12 (cont'd.). c) Flute mark on underside of an isolated sandstone bed, characteristic of the second sandstone sub-facies (EMS). 
d) Photomicrograph (width of photo=1.75 mm: cross nichols) of isolated sandstone sub-facies illustrating poorly sorted nature of this 
sub-facies. Note abundance of matrix and outsized grains. (E-16B) e) Outcrop of carbonate-rich, sandstone sub-facies. Individual 
beds are internally massive and contacts are planar to slightly wavy (MTS). f) Photomicrograph (width of photo= 1.75 mm: cross nichols) 
of carbonate-rich sandstone sub-facies. These sandstones contain considerable interparticle calcitic micrite matrix and abundant 
carbonate grains, many of which are coated. (A-30o) 0) 
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lateral persistence, sheet-like geometry, and coarsening-up nature of the sandstone 

beds are characteristic of most ancient shoreline sandstones (Davies et aI., 1971; 

Elliot, 1986). The foreshore of sandy beaches typically exhibit parallel laminae 

representing swash and backwash processes (Clifton, 1969). The presence of 

symmetrical ripples preserved on bedding planes, which reflect oscillatory currents, 

supports this interpretation. Dewatering features, implying liquefaction, are also 

consistent with shallow, water-saturated sand. The common occurrence of more 

massive beds underlying the parallel laminated sandstones may reflect the upper 

shoreface environment. In general, shoreface deposits are commonly dominated by 

ripple cross-laminations, reflecting a relatively low concentration of infaunal biota 

incapable of destroying the storm- and current-generated laminae. However, along 

low-energy shorefaces, because storms are less effective, organisms are able to 

obliterate any trace of stratification (Elliot, 1986). 

The isolated sandstone sub-facies encased within mudstones represents 

recurrent, gravity-flow deposits within a low-energy, deep water environment. The 

thin beds with sharp contacts, groove and flute casts, rough internal grading, and 

rippled and burrowed tops are all consistent with deposits of turbiditity currents. I did 

not observe full Bouma sequences, however. The poorly sorted nature of these 

sandstones implies rapid deposition as the sediment was not subjected to reworking or 

sorting during transport. The variable thickness and maximum grain-size of 

individual beds indicate that the magnitudes of the gravity flows varied temporally. 

The thin- to medium-bedded, carbonate-rich sandstone sub-facies is also 

interpreted as mass flow deposits. The intimate intercalation of these sandstones with 

LCF and LMF point to depoSition within a deep-water environment. The high matrix 

content implies some component of matrix support and plastic flow, whereas the 

massive nature of the beds, ball-and-pillow, and load structures characterize 
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liquefied-flow deposits (Middleton and Hampton, 1976; lowe 1982). Massive beds can 

also characterize proximal turbidity current deposits; the local basal lags are 

consistent with this interpretation (Middleton and Hampton, 1976). lowe (1982), in 

describing high-density turbidity currents and their deposits illustrated a wide and 

almost complete gradation among the deposits of different types of gravity flows, 

particularly high-density turbidity currents and fluidized flows. Deposits of these 

flows are typically massive, exhibit a basal lag (traction carpet), and, within the more 

proximal reaches, lack the characteristic Bouma sequence (Lowe, 1982). Regardless 

of the exact mechanism, these beds record gravity-flow events that represent some 

form of slope failure, producing a widespread, sheetlike deposit of intermixed clastic 

and carbonate grains and bioclasts derived from shallow-water environments. 

Matrix Supported Breccja 

Description 

The matrix supported breccia facies forms moderately exposed units from 1 to 3 

m thick consisting of very poorly sorted angular clasts floating within a sandy, 

carbonate-rich matrix (Fig. 4.13a). This facies is common within the middle to upper 

parts of the Montosa Canyon section and occurs as a single bed within the upper part of 

the Mine Canyon section. It is absent within the Empire Mountains section. Massive-

to crudely-stratified bedding characterize this facies, but internal grading was not 

apparent. Basal and upper contacts are sharp and undulose. The constituent clasts 

range up to 1 m in size, although most average 10 to 50 em on a side. The clasts 

represent local rock types, such as laminated micrite, massive micrite, and fine

grained sandstones. In addition, locally abundant fragmented bioclasts, disarticulated 

bivalve shells, and oncoids occur (Fig. 4.13a). 

In thin section the matrix is composed of poorly sorted, sand-rich calcitic 
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Figure 13. a) Outcrop of matrix-supported breccia facies. Clasts observed in photo consist primarily of micrite and laminated 
carbonate: bioclasts are also abundant. Note small oncoid just above pencil tip. (MTS). 
Figure 14. a) Olisthostromal block within gravely mudstone facies. To the right of the Jacobs staff, which is oriented normal to bedding, 
is a block of laminated carbonate that is folded and oriented oblique to bedding (MTS). b) Gravely, bioclastic rich sandstone within GMF. 
These beds are similar to the MSBF, but contain a higher proportion of grains to matrix (twiTS). 
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microspar to carbonate-rich sandstone. Sand-sized grains within the matrix are 

commonly coated and consist of angular quartzo-feldspathic sand and fragmented and 

disarticulated bioclasts. 

Interpretation: 
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I interpret this facies to represent the proximal to medial deposits of 

sublacustrine debris flows. The coarse, heterogeneous nature of the flows, the massive 

nature, and large floating blocks within the matrix are indicative of dense, laminar 

flows in which the matrix contains significant strength (Middleton and Hampton, 

1976). The predominance of local rock types (i.e. micrites and laminated micrites, 

bioclasts, and coated grains) imply derivation from within or marginal to the lake 

basin. The homogenous, muddy nature of the flow and the lack of large clasts derived 

from extrabasinal sources (e.g., granitic or volcanic clasts) suggests that the debris 

flows originated as sub-lacustrine slumps, rather than as subaerial rock avalanches or 

debris flows (Yarnold, 1993). The interpretation of subaqueous deposition is 

consistent with the association of this facies with the laminated carbonate facies and 

thin-bedded, carbonate rich sandstone sub-facies. 

Gravely Mudstone Eacies 

Description 

The gravely mudstone facies (GME) forms a single, poorly exposed interval 

within the Montosa Canyon section. The unit is gradational at both the upper and lower 

contacts and is internally massive. The GME consists of mixed carbonate (up to 40%) 

and clastic mudstone with subordinate clastic sand and gravel. Encased within the 

mudstone, large lenticular blocks several meters across occur at several different 

horizons. The blocks consist of laminated or massive micrite identical to the LeE or 

MSME. The blocks appear to be oriented obliquely to bedding and are internally folded 



and brecciated (Fig. 4.14a). In addition, the facies contains several lenticular, very 

poorly sorted, coarse sandstone to conglomerate beds up to 1 m thick (Fig. 4.14b). 

These sandstones and conglomerate beds contain abundant bioclasts and coated grains. 

Interpretation: 
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The gravely mudstone facies records rapid, gravity induced deposition coupled 

with suspension seHling that accumulated along a relatively steep slope. The 

extremely poorly sorted nature of the sediment is suggestive of rapid, periodic 

sediment accumulation. The chaotic limestone blocks are interpreted as small 

olisthostrome blocks, implying significant slope failure and slumping. The coarse 

sandstones and conglomerates may represent small subaqueous channel fills within 

rapidly aggrading slope deposits. 

Evaporite Facjes 

Description 

The evaporite facies is distinguished by pervasive evaporite minerals and 

occurs within a single horizon in the Mine Canyon and Montosa Canyon sections and two 

intervals (toward base and top) in the Empire Mountains section. Mudcracks, 

brecciation fabric, contorted bedding, and teepee structures are common structures 

within these intervals. Massive to laminated, dolomitic micrites are interbedded with 

red, massive mudstone and host the evaporites (Fig. 4.15a). The morphology of the 

evaporite minerals within the Empire and Montosa Canyon sections consists of: 1} 

isolated euhedral crystals (1 cm), exhibiting an elongated, rhombic habit and 

producing displacive textures within the laminated dolomitic host (Fig. 4.15b); 2) 

bedded, coarse (up to 5 cm) intergrown rhombic crystals (Fig. 4.1Sc); and, 3) 

anhedral crystalline horizons. In all cases the crystals have been replaced by spar 

calcite, chalcedony and megaquartz. General crystal shape and interfacial angles (480 
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Figure 15. a) Interbeds of red mudstone (recessive). laminated carbonate. and thin crystalline horizons (prominent) typical of the 
evaporitic facies. Thicker bed at base of hammer is dolomitiC micrite (EMS). b) Close-up of euhedral to subhedral evaporite crystals 
within a laminated to massive dolomitic micrite. Many of the crystals crosscut or deform laminae (EMS). c) Bedding plane displaying 
large evaporite crystals that exhibit twinned and intergrown morphologies. These crystals are contained within dolomitic micrite (MTS). 
d) Bedding plane of dolomitic micrite bed that contains several gypsum(?) rosettes present at the base of the Mine Canyon section 
(MCS). ....., 

~ 
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to 77°} suggest an original gypsum or anhydrite composition, but note that the crystal 

habits of sodium carbonates (e.g., shortite or trona) are similar to gypsum (Bradley 

and Eugster, 1969). 

Within the Mine Canyon region, an interval of dolomitic micrite at the 

transitional contact between the Apache Canyon Formation and underlying Willow 

Canyon Formation contains abundant gypsum(?} rosettes (Fig. 4.15d). Individual 

rosettes are up to 1 em in diameter and composed of small blades a few mm long, 

currently composed of chert. 

Interpretation: 

The evaporite facies represents deposition within a shallow but permanent, 

saline lake. The occurrence of mudcracks, teepee structures, and brecciation fabric 

implies periodic emergence. The micro-crystalline texture of the dolomite implies a 

syndepositional origin; primary dolomite is commonly associated with evaporitic 

sequences (Jones, 1965; Hardie et aI., 1978). The mineralogy of the evaporites is 

unknown, but either gypsum or sodium carbonates may form after continued evolution 

of a brine that precipitated dolomite (Hardie et aI., 1978). 

The morphology of the evaporite minerals suggest that crystallization occurred 

both within the sediment surface as well as within the water column. The sharp 

euhedral crystals and the anhedral crystalline horizons that crosscut laminations and 

deform bedding suggest crystallization within the sediment. The larger intergrown 

crystals, which form thin horizons interbedded with red mudstone, may represent 

crystals that formed within the water column of a shallow saline lake. The size and 

morphology of the evaporite crystals is similar to selenite crystals found within 

Australian salinas (Warren, 1982). In the Australian salinas, the larger crystals may 

have taken several years to form (Warren, 1982). If the evaporites within the Bisbee 

Basin also formed in a similar manner, their presence implies a permanent (over 
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several years}, but shallow lake. The intercalated red mudstone may represent storm

derived clastic material washed into the lake from surrounding mudflats, a common 

occurrence within ephemeral and permanent saline lakes (Hardie et aI., 1978). 

DISCUSSION 

Vertical Facies-Stacking pauerns 

Table 4.1 summarizes the characteristics and interpretations for each of the 

component facies outlined above. Table 4.2 lists the relative abundances of these 

component facies among the measured sections. The tables indicate that 1} within each 

section, the observed facies at each site record deposition across a wide range of water 

depths, stretching from marginal to deep lacustrine and subordinate a"uvial/deltaic 

environments; and 2} differences in the relative abundance of facies among the sites 

indicate a preferred alignment of environments across the paleo-lake basin. The 

vertical and lateral differences in facies associations and facies stacking patterns are 

highlighted below. 

Mine Canyon Section: 

The Apache Canyon section is approximately 195 m thick in the Mine Canyon 

section (Fig. 4.16). The underlying Willow Canyon Formation grades upward into the 

Apache Canyon section; the contact is placed at the lowermost laminated carbonate bed. 

(Fig. 4.16). At the top of the section, sandstones of the Shellenberger Canyon 

Formation abruptly overlie the Apache Canyon Formation. The Mine Canyon section 

consists predominantly of carbonate facies (Table 4.2). The abundance of massive and 

silty micrite (MSMF) throughout the section indicates that low-energy conditions 

prevailed during lacustrine deposition (Table 4.1). Relatively thick, bioclastic 

wackestone and packstone-grainstone beds (BWF+BPGF), however, also suggest 

periods of high-energy, shoal-water deposition. Clastic sedimentation was limited to 



TABLE 4.1: SUMMARY OF COMPONENT FACIES WITHIN APACHE CANYON FORMATION 
FiiCliil- Gharacter1stcs --- Interprelatlons 
Variegated Massiva, variegated, carbOnate-poor, nildSlDn8 Mudflat to fringing ailllvlal erivironment 
Mudstone Nodular 10 contnuous, micrite exhibiting pedogenic Natures and ITAIdcracks. Carbonates both shallow pond and pedogenic. 
Facies (VMF) Thin, fine-grained, rippled (climbing) sandstones with clay drape .. 

Paloidal Packstone 
Facies (PPF) 

Evaporitic 
Facies (EF) 

Bioclastic Packstone 
Grainstone 
Facies (BPGF) 

Bioclastic Wackestone 
Facies (BWF) 

Massiva and 
Silty Micrite 
Facies (MSMF) 

laminated Carbonate 
Facies (LeF) 

laminaled Mudstone 
Facies (LMF) 

Sandstone 
Facies' (SSF) 

Matrix Supported 
Breccia Facies' 
(MSBF) 

Gravely Mudstone 
Facies' (GMF) 

Tabular, massive to mottled dolomitic micrite exhibiting aharp 10 gradationalloWllr conlacts. 
Mudcracks and root traces. Pedogenic features; peloidallllxture. 

Red, massive mudstone and dolomitic micrilll hosting euhadral to anhedral ayalals thaI 
displace beddng. larger (up to 5 em) inlllrgrown crystals form discrela beds with 
Inlllrcalaled mlcrila. Cryslals completaly replaced but morphology is limilar to 
gypsumlanydrila 
Coarsellrained tabular packstone and grainstone. 
Sharp contacts, lsolallld planar crossbedding. Allochems predominanUy shell hash, cla,tic 
gravel and micrltized grains. Micritic rims corrrnon 

Gray, massive mlcrilll with abundan1 whole and disarticulated bivalves. Articulated shells 
corrrnonly In non·lim orientatio".. Micritic matrix contains variable amounts 01 lilt, rare 
mlcritized grains. Scoured surfaces with bioclastic lags present 

Massive micrita beds, local shale Inlllrbeds or wispy laminae. Variable amoun1 01 lilt, minor 
organic matter and rare whole ostracods. locally grades into calcaRIOUS siltslone. 
Intraclasts common within silt· rich micrilll beds. 

Thinly laminated beds with sharp to gradational contacts. laminae form couplets composed 
01 calcitic and dolomitic micrite, clay and organic matter, and microcryslalline quartz. 
Folding and mlcrolaulting locally present 

Thinly lamlnaled mudstone with sharp 10 gradational contacts. Contains up 10 40% 
carbonala. PIan1 Impressions on bedding surfaces. laminae defined by change in color, 
grain·size or carbonate content 

Three sub-facies: 
• Thickly bedded, coarsening·up sandstones; parallellaminationa, rippled lops and fluid 

escape structures; medium to fine grained, modaralllly well sor1lad. 

'Isolated, thin, massive 10 graded sandstones; rippled to rarely burrowed tops; flulll casts 
and load structures common at base; medum to fine-grained, poorly eor1IId.matrix. 

Shallow-walar to paludal environmant 
Pedogenesis and bioturbation dominalll 

Shallow-welllr to mudflat envlronmen1 01 seline 
lake. Crystals precipitated both within 
sedimen1 surface and within water column. 

Shallow-walllr lacustrine environment 
Shoreface or shallow bar deposits. 

Shallow-welllr, Iow·energy, offshore 
environment Bio-advection and storms 
produce IICCUlTAllations 01 bioclasts. 

Shallow-welllr, low-energy, offshore 
environment Silt· rich micrites may represent 
muddy turbidites. 

Deep welllr, Iow-enargy, offshore environment 
Anoxic bottom conditions; rare bottom 
currents. 

Deep weter, Iow-enargy, offshore environment 
Anoxic bottom conditions; clastic dominalad 
sedimentation. 

·Shoreface to foreshore environment within 
wave-domlnalad della system(?) 

• Turbidite deposits within sub-lacuslrine Ian or 
pro-delta environment 

'Matrix-rich, carbonate-rich sandstones; stacked, Intarnally massive beds with planar .High-density, turbidity-llow or fluidized-llow 
contacts; common soli-sediment deformation; high proportion 01 carbonala grains, bioclasta deposits on or at the base 01 
and coated grain.. relatively steep slope. 

Thick, Intarnally massiva breccia with angular to sub rounded clasts (up to 1 m). Clasts 
consist olsyndeposltionallithologies (micnlll), bioclaslll and carbonate grains. Matrix Is 
sand-rich mlcrila. 

Sub-lacustrine debris-flow deposit Inlllrnaliy 
generalad (autochthonous). 

Single Inlllrval consisting 01 massive carbonalll mudstone with abundan1 gravel- to sand- Rapidly deposiled slope (prodelta?) deposit 
sized clastic grains. Small (several meters across) oIistrostromal blocks oriented oblique to that experienced common mass failure and 
bedding; Intarnally folded slumping. 

Note: Facies are arrangad in order ollnferied waterdepth from shaliowlsubaeriallo deep. 
'Variable to unkown water depths. 

-4 
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TABLE 4.2: RELATIVE THICKNESS OF COMPONENT FACIES 
WITHIN APACHE CANYON FORMATION 

Relative Thlckne.. of Component Facie. (%) 

Facies 
Variegated Mudstone 
Peloidal Packstone 
Bioclastic Packstone/Grainstone 
Bioclastic Wackestone 
Massive and Silty Micrite 
Laminated Carbonate 
Laminated Mudstone 

Sandstone-

Mine Canyon 
Section 

5.8 
1.1 
8.4 
8.3 
49.1 
13.8 

Montosa 
Canyon Section 

2.2 
1.3 

7.0 
30.8 
21.8 

Empire Mountains 
Section 

17.2 

12.5 
20.3 
17.3 

Thickly bedded sandstone 4.2 
Thin, isolated sandstone 0.4 6 
Carbonate-rich sandstone 10.3 0.3 

Matrix-Supported Breccia 0.7 6.5 
Gravely Mudstone 9.4 
Evaporites ... t 1.2 0.6 
Cover 12.4 9.5 21.4 
• Sandstone sub-facies defined in text 
tDoes not include 1 m evaporitic bed located adjacent to measured section 
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Figure 4.16. Stratigraphic log of Apache Canyon Formation of Mine Canyon section. Horizontal lines to left of columns 
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TABLE 4.3: MODIFIED MARKOV CHAIN ANALYSIS 
FOR LOWER HALF OF MINE CYN SECTION 

observed fr!9uencies 
overlying facies 

under~ins facies· LC SMM1 SMM2 BW CF cov 
LC 0 7 6 2 10 4 

SMMl 2 0 7 3 2 1 
SMM2 11 1 0 4 1 1 

fNI 3 3 2 0 1 1 
a= 10 2 1 1 0 2 
cov 3 2 2 1 1 0 

Note: 1 was added to each of the non-structural zeros to simplify 
statistical calculations 

ex~ected freguencies 
overlying facies 

under~ins facies· LC SMMl SMM2 BW CF cov 
LC 5.56 7.61 3.12 5.64 2.05 

SMMl 5.57 1.83 0.75 1.36 0.49 
SMM2 7.61 1.83 1.03 1.86 0.68 

fNI 2.63 0.63 0.86 0.64 0.23 
a= 6.14 1.48 2.02 0.83 0.54 
cov 2.05 0.49 0.68 0.28 0.5 

chi2-39.8, p.0.D03, df.19 

fitted fr!9uencies 
overlying facies 

under~ins facies· LC SMMl SMM2 BW CF cov 
LC 7.05 5.48 0.82 7.74 2.86 

SMMl 1.67 .. ·t .. ·t 0.24 0.09 
SMM2 7.52 0.99 .. ·t 1.09 0.4 

fNI 3.49 0.46 0.36 0.51 0.19 
a= 8.45 1.12 0.87 0.13 0.45 
cov 2.87 0.38 0.3 0.04 0.42 

chi2.19.21, p.0.258, df-16 

Note: Expected frequencies represent calculated frequencies, using a 
log-linear model and a null hypothesis of a completely random stacking 
pattern. Fitted frequencies represent calculated frequencies after all 
statistically significant cells are removed. The remaining frequencies 
do not differ significantly (p>0.1) from randomness. 
·LC-Iaminated carbonate facies; SMM1.micrite with clastic 
interlaminations; SMM2. massive micrite; BW.bioclastic wackestone 
facies; CF.sandstone and mudstone facies; cov-cover. 
tcells removed and replaced with structural zeros. 
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TABLE 4.4: MODIFIED MARKOV CHAIN ANALYSIS 
FOR UPPER HALF OF MINE CYN SECTION 

observed freguencies 
overlying facies 

under!ling facies· LC SMM1 SMM2 rm BPG CF cov 
LC 0 8 5 2 1 5 2 

SMM1 2 0 8 3 3 2 2 
SMM2 6 2 0 5 5 4 4 
rm 4 2 1 0 5 3 6 

BPG 2 2 3 3 0 2 4 
CF 5 4 4 2 1 0 1 
cov 3 2 5 6 1 2 0 

Note: 1 was added to each of the non-structural zeros to simplify statistical 
calculations 

ex~ected fr!!9uencies 
overlying facies 

under!lins facies· LC SMM1 SMM2 rm BPG CF cov 
LC 2.8 4.39 3.04 1.9 2.31 2.56 

SMM1 2.66 3.51 2.43 1.52 1.84 2.05 
SMM2 4.18 3.51 3.81 2.38 2.9 3.21 
rm 2.89 2.43 3.81 1.65 2 2.22 

BPG 1.81 1.52 2.38 1.65 1.25 1.39 
CF 2.03 1.71 2.68 1.85 1.16 1.56 

cov 2.44 2.05 3.22 2.22 1.39 1.69 
chi2-46.6, p-0.020, df.29 

fitted fr!!9uencies 
overlying facies 

under!lins facies· LC SMM1 SMM2 rm BPG CF cov 
LC .. ·t 3.88 2.03 1.15 1.4 1.55 

SMM1 2.2 4.58 2.39 1.36 1.65 1.82 
SMM2 4.18 2.12 4.54 2.57 3.12 3.46 
rm 4.06 2.06 .. ·t 2.49 3.03 3.36 
BPG 1.6 0.81 3.33 1.74 1.2 1.33 
CF 1.8 0.91 3.74 1.95 1.11 1.49 

COy 2.16 1.09 4.48 2.34 1.33 1.61 
chi2.19.21, ~-0.258, df-16 
Note: Expected frequencies represent calculated frequencies, using a 
log-linear moclel and a null hypothesis of a completely random stacking 
pattern. Fitted frequencies represent calculated frequencies after all 
statistically significant cells are removed. The remaining frequencies do not 
differ significantly (p>0.1) from random. 
·LC-Iaminated carbonate facies; SMM1.micrite with clastic interlaminations; 
SMM2. massive micri1e; BW-bioclastic wackestone facies; BPG.bioclastic 
packstone-grainstone facies; CF-sandstone and mudstone facies; cov=cover. 
tcells removed and re~laced with structural zeros. 
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coarse-grained lag deposits, suggesting that clastic material was either diverted from 

or bypassed the margin. An evaporite horizon, documented within an exposure of 

Apache Canyon Formation lateral to the measured section in Mine Canyon was correlated 

to the poorly exposed base of the measured section. 

The facies-stacking patterns within the Mine Canyon section appear to reflect a 

series of fluctuations in water depth during lacustrine deposition. The statistically 

significant facies transitions within the lower part of the section (Table 4.3) indicate a 

shoaling-up dominated cyclicity (Fig. 4.17a). Boundaries between cycles within the 

lower part of the section were chosen at the contact between shallow or shoal-water 

deposits and overlying deeper water deposits. The lack of statistically significant 

transitions within the upper part of the section (Table 4.4) indicates that facies 

transitions are more random (Fig. 4.17b). In this case successions (=cycles) are 

defined at the top of a thick shoal-water unit (either BPGF or BWF). By these criteria, 

the Mine Canyon section exhibits four types of cycles (Fig. 4.18) that reflect short

term fluctuations in water level. 

The base of the Mine Canyon section consists of a series of alternations between 

LCF and massive mudstone (VMF?) (Fig. 4.18a); these successions range in thickness 

from 1.2 to 4.3 m thick (Fig. 4.16). The alternations of these two facies record a 

series of abrupt fluctuations in water-depth marked by the recurrent superposition of 

shallow mudflat to paludal deposits directly on top of relatively deep-water, anoxic 

lacustrine deposits (Fig. 4.18a). These intervals lack evidence of progradation, 

reflecting a rapid change in environmental conditions in which sedimentation was 

unable to keep pace with changes in water-depth. The thickness and facies 

characteristics of these strata mimic other alternating laminated carbonates and 

overlying massive mudstone sequences within ancient lake-basins that reflect abrupt 

changes in water level (Van Houten, 1964; Eugster and Hardie, 1973; Olsen, 1984; 
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Ashton, 1991). 

The most common cycle type within the lower part of the Mine Canyon section 

consists of MSMF and subordinate LCF that range from 1.4 to 8.1 m thick (Fig. 4.16). 

These cycles do not exhibit indications of subaerial exposure. The predominance of 

MSMF suggests that deposition occurred largely within an oxygenated, shallow-water 

environment. The gradational nature of contacts between facies and the regular 

succession of shallow-water deposits overlying deeper-water deposits reflect a 

shoaling-up sequence. Most cycles, however, exhibit an incomplete or truncated 

character. For example, LCF typically overlies either massive micrite or micrite with 

shale interbeds, suggesting water depth increased prior to accumulation of shoreline 

deposits. These cycles appear similar to cycles described by Anadon et al. (1988, 

1991) within the Rubliedos de Mora Basin of Spain. These cycles, which they termed 

"anoxic-oxic" cycles, are 0.5 to 9 m thick and consist of laminated carbonate at the 

base, reflecting the anoxic phase, and overlying bioturbated marls, reflecting the oxic 

phase. Anadon et al. (1988, 1991) suggest these cycles reflect minor fluctuations in 

water-level within a permanent, meromictic lake. The cycle depicted in Figure 4.18b 

also appears similar to the lower parts of prograding marl benches described for small, 

stratified North American marl lakes (Murphy and Wilkinson, 1980; Treese and 

Wilkinson, 1982). In either case, the shoaling cycles suggest gradual, but incomplete, 

decrease in relative water depth followed by abrupt increases in water depth. 

The other two cycle types are similar in several respects, differing only in the 

capping facies (Fig. 4.18c and 18d); therefore, they will be described together. In 

these cycles, which range from 3.4 to 16.7 m thick, bioclastic packstone-grainstone 

facies (BPGF) or bioclastic wackestone facies (BWF) cap a complex intercalation of 

MSMF and subordinate LCF (Fig. 4.16). The capping BPGF or BWF represent either 

shoreline deposits or bench top, shoal-water deposits (Table 4.1). These complex 
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successions probably represent high-energy bench-type carbonate margins (cf. Platt 

and Wright, 1991) that responded to a series of minor fluctuations in lake-level prior 

to a major shoaling event (Fig. 4.18c and 18d). Ancient, high-energy, bench-type 

margins, which have been described within the Camp Davis Formation and the Glenns 

Ferry Formation (Swirydczuk et aI., 1980; Davis and Wilkinson, 1983) exhibit 

similar facies associations and are of similar scale. One difference, however, is that I 

have not observed the large-scale, Gilbert-type crossbeds within the Apache Canyon 

section, which characterize the bench slope within these ancient examples. 

Changes in the thickness of cycles, as well as upward changes in the predominant 

cycle type imply that longer-term controls affected the style of sedimentation within 

the Mine Canyon section. Figure 4.19 delineates 3 depositional phases that reflect the 

variation in thickness or nature of the cycle types: Phase I is dominated by thin cycles 

consisting of the alternating lCF-VMF cycles, Phase II consists primarily of the 

shoaling-up lCF-MSMF cycles, and Phase III contains the complex cycles with either 

BWF or BPGF caps. Additionally, the base of phase III contains a group of 3 thick 

cycles; the implications of these thicker than average cycles will be discussed below. 

Montosa Canyon Section: 

The Montosa Canyon section consists of 240 m of interbedded carbonate and 

clastic facies (Fig. 4.20). Mudstone and sandstone of the underlying Willow Canyon 

Formation grade upward into the Apache Canyon Formation; the contact was planned at 

the base of the lowermost bed within laminated facies (Fig. 4.20) The predominance of 

both laminated carbonate (lCF) and mudstone (lMF) (Table 4.2) indicate that open, 

deep-water, anoxic lacustrine conditions existed throughout deposition. The coarser, 

clastic facies (SSF, MSBF, and GMF) represent mass-flow depoSits (Table 4.1). 

Subaerial or shoal-water deposits comprise less than 5% of the section (Table 4.2). A 

distinctive evaporitic horizon also occurs toward the base of the section (Fig. 4.20). 
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TABLE 4.5: MODIFIED MARKOV CHAIN ANALYSIS 
FOR LOWER PART OF MONTOSA CANYON SECTION 

observed frequencies 
overlying facies 

underlying facies· LC L.M PPEF SM cov 
LC 0 22 4 3 4 
L.M 25 0 6 11 1 

PPEF 4 6 0 1 1 
SM 2 12 1 0 2 
cov 2 3 1 2 0 

Note: 1 was added to each of the non-structural zeros to simplify 
statistical calculations 

ex~ected fr!!9uencies 
overlying facies 

under!ling facies· LC L.M PPEF SM 
LC 22.82 1.96 3.30 
L.M 22.79 5.09 8.60 

PPEF 1.96 5.10 0.74 
SM 3.30 8.61 0.74 
cov 0.95 2.48 0.21 0.36 

chi2-15.51. p-0.160. df-11 

Note: no cells were removed as expected frequencies (null 
hypothesis-random transitions) do not differ significantly from 
observed frequencies. 

cov 
0.95 
2.48 
0.21 
0.36 

·LC-Iam. carbonate facies; LM.laminated mudstone; PPEF-peloidal 
packstone and evaporite facies; SM-massive and silty micrite; 
cov-cover. 
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TABLE 4.6: MODIFIED MARKOV CHAIN ANALYSIS 
FOR UPPER PART OF MONTOSA CANYON SECTION 

observed fr!)uencies 
overlying facies 

under~ina facies· LC LM 8M SS GMB 
LC 0 15 9 16 6 
LM 15 0 13 21 8 
SM 7 12 0 7 6 
SS 17 20 7 0 6 

GMB 9 6 3 7 0 
cov 6 4 5 6 2 

Note: 1 was added to each of the non-structural zeros to simplify 
statistical calculations 

exeected freguencies 
overlying facies 

under~ing facies· LC LM SM SS GMB 
LC 15.5 8.24 15.29 5.65 
LM 15.72 9.17 17.01 6.29 
SM 8.24 9.03 8.91 3.3 
SS 15.06 16.52 8.78 6.03 

GMB 5.65 6.2 3.3 6.12 
cov 4.33 4.74 2.52 4.68 1.73 

chi2.17.33, p.0.568, df.19 

Note: no cells were removed as expected frequencies (null 
hypothesisarandom transitions) do not differ significantly from 
observed frequencies. 

COY 
8 
1 
5 
6 
3 
0 

COy 
4.33 
4.81 
2.52 
4.61 
1.73 

·LC-Iaminated carbonate facies; LM.laminated mudstone; SM-silty 
micrite; SS-sandstone facies; GMB-gravely mudstone and matrix 
sup!?Orted breccia facies; coy-cover. 
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Figure 4.21. Idealized cycles of the Apache Canyon Formation within the Montosa Canyon 
section. Types A to 0 discussed in text. See Figure 4.20 for explanation of sedimentary 
symbols and Table 4.1 for facies codes. Carbonates represented by brick pattern, sand
stones by stippled pattern and shales by lined pattern. 
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The interbedded coarse-grained, gravity-flow deposits and fine-grained, 

suspension deposits produce a complex facies stacking pattern (Fig. 4.20). Modified 

Markov chain analyses conducted on the lower and upper parts of the section indicate 

that the observed facies transitions do not differ statistically from random (Table 4.5 

and 4.6). Nevertheless, the Montosa Canyon section exhibits several distinct facies 

associations that reflect distinctly different sedimentary processes (Fig. 4.21). The 

rationale for delineating each of these -cycle--types is outlined below. 

The base of the Montosa Canyon section contains the only shoal-water/paludal 

deposits (PPF) within the section. These PPF beds are consistently underlain by 

interbedded LCF and LMF (Fig. 4.20). The alternating LCF and LMF successions record 

relatively constant, deep-water deposits that are abruptly overlain by paludal deposits 

(Fig.4.21a). The thinness of these cycles and the pedogenic features within the PPF 

suggest low rates of sediment accumulation. The sharp contacts between facies also 

reflect low sediment-accumulation rates, because sedimentation was unable to keep 

pace with changes in water-level. These cycles are similar to those described for low

energy, ramp-type margins that typify several Cenozoic lacustrine basins of Spain 

(Platt, 1989; Platt and Wright, 1991; and Anadon et aI., 1991). 

Within the middle portion of the section, LCF and LMF are interbedded on a 1 to 

4 m scale (Fig. 4.20). Neither facies exhibits indicators of subaerial exposure or 

shoal-water deposition (Table 4.1); therefore, obvious indications of shoaling-up are 

not present. Nevertheless, these alternations reflect temporal fluctuations in 

carbonate and clastic sediment yield (Fig. 4.21b). The presence of thick dolomitic 

laminae (Type 4; Table 4.1) that commonly mark the tops of individual LCF beds, 

however, may represent a minor shallowing in water-depth. These successions reflect 

deposition within a permanent, stratified lake that varied temporally between 

suspension depoSition dominated by chemical sediments, and suspension deposition 
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dominated by storm-derived clastic sediments. 

The Montosa Canyon section also contains a thick, heterogeneous interval 

dominated by mass-flow deposits and marked by olisthostromal blocks, intense soft

sediment deformation, and pronounced slumping (Fig. 4.20). Within this interval LMF 

and LCF are intercalated with MSMF, as well as sandstone (SSF), matrix-supported 

breccia (MSBF), and gravely mudstone (GMF). This complexly interbedded interval 

reflects a temporal variation in the relative importance of gravity-induced deposition 

to background suspension deposition; fluctuations in water-depth, however, are poorly 

recorded. The predominance of fluidized and matrix-supported flow-deposits (Table 

4.1) suggests repeated mass-failure along a relatively steep slope within a deep

water, permanent lake (Fig. 4.21c). An alternative interpretation of these successions 

as a series of prograding pro-delta or fan-delta lobes is less tenable, because either 

should be dominated by turbidites. Slumps and mass-flow deposits intercalated with 

deep-water, suspension deposits have been described from many ancient and modern 

lakes (e.g. Hentz, 1985; Abrahao and Warme, 1990; Johnson and Ng'ang'a 1990; 

Anadon, et aI., 1991; Tiercelin et aI., 1992). 

The uppermost portion of the Montosa Canyon section is poorly exposed, but is 

characterized by a series of alternations of LMF, LCF, MSMF, and thin, SSF on a scale of 

5 to 20 cm (Fig. 4.20). Obvious shoaling-up or coarsening-up sequences do not occur; 

nevertheless, subtle alternations of 2 to 4 m exist between intervals dominated by LCF 

and intervals dominated by MSMF and SSF (Fig. 4.21d). Within this interval 

boundaries between successions are defined at the top of a relatively thick interval of 

micrite without LCF. Admittedly, these successions are more subjectively defined than 

other successions where obvious shoaling or exposure indicators are present. In fact, 

all four interbedded facies reflect deep-water deposition; therefore, the alternations in 

facies do not necessarily represent fluctuations in water-depth. Rather, these 



alternations represent aggradational sequences dominated by episodic, gravity-flow 

deposition that periodically swamped background suspension deposition. 
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As in the Mine Canyon section, changes in the thickness of cycles, as well as 

upward changes in the predominant "cycle"-type allow division of the Montosa Canyon 

into 4 depositional phases (Fig. 4.22). Phase I contains shoaling-up successions at the 

base that grade up into alternations of LMF-LCF. For reasons discussed below, the top 

of this phase is chosen at the evaporitic horizon (Fig. 4.22). Phase" consists 

primarily of the alternating LCF-LMF facies; they form the thinnest cycles. Phase '" 

is represented by a thick interval of mass-flow deposits whereas phase IV contains the 

complexly interbedded LCF-MSMF successions. 

Empire Mountains Section 

The Empire Mountains section is the thickest of the three measured sections 

(590 m) (Fig. 4.23). Variegated mudstone (VMF) , laminated mudstone (LMF), and 

sandstone (SSF) comprise the clastic component (Table 4.2) and record deposition 

ranging from mudflat and paludal to deep lacustrine environments (Table 4.1). The 

carbonate component consists primarily of laminated carbonate facies (LCF), reflecting 

relatively deep-water lacustrine conditions (Table 4.2). Two evaporitic horizons 

occur within the Empire Mountains section, near the base and the top of the section 

(Fig. 4.23). 

The stacking of facies records a series of fluctuations in water-level during 

deposition. The Markov chain analyses indicate that a suite of statistically significant 

facies transitions occur (Table 4.7 and 4.8). Although some of the transitions depict 

shallowing-up transitions, others indicate more abrupt fluctuations (Fig. 4.24). 

Based on the statistically significant transitions (Fig. 4.24) as well as other 

sedimentologic criteria, four different cycle types were defined within the Empire 

Mountains section (Fig. 4.25) 
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TABLE 4.7: MODIFIED MARKOV CHAIN ANALYSIS 
FOR LOWER HALF OF EMPIRE MOUNTAINS SECTION 

observed fr~uencies 
overlying facies 

under~ine facies· LC LM SM SS VMF EF COy 

LC 0 29 6 1 2 3 7 
LM 31 0 9 3 1 2 2 
SM 5 6 0 3 7 3 1 
SS 1 3 3 0 7 1 7 

VMF 3 3 4 5 0 1 5 
EF 2 5 1 2 1 0 1 

COy 6 3 2 8 3 1 0 
Note: 1 was added to each of the non-structural zeros to simplify statistical 
calculations 

eX12ected fr~uencies 
overlying facies 

under~ine facies· LC LM SM 5S VMF EF COy 
LC 18.58 6.39 4.94 4.91 1.54 5.64 
LM 18.28 6.47 5.00 4.97 1.56 5.71 
8M 6.39 6.58 1.75 1.74 0.55 2.00 
SS 5.24 5.39 1.86 1.43 0.45 1.64 

VMF 4.91 5.05 1.74 1.34 0.42 1.53 
EF 1.54 1.59 0.55 0.42 0.42 0.48 

COy 5.64 5.81 2.00 1.54 1.53 0.48 

chi2-126.62, p-O.OOO, df-29 

fitted fr~uencies 
overlying facies 

under~ine facies" LC LM SM SS VMF EF COy 
LC 28.26 7.93 0.95 0.48 1.29 3.10 
LM 27.85 8.15 0.98 0.49 1.33 3.19 
SM 4.17 4.35 ···f ···f ···f 0.48 
SS 1.68 1.75 0.49 ···f 0.08 ··.t 

VMF 2.94 3.06 0.86 ···f 0.14 ···t 
EF 2.00 2.08 0.58 0.07 0.04 0.23 

COy 3.36 3.50 0.98 ···f ···f 0.16 
chi2_26.95, 12-0.1371 df.20 
Note: Expected frequencies represent calculated frequencies, using a 
log-linear model and a null hypothesis of a completely random stacking 
pattern. Fitted frequencies represent calculated frequencies after all 
statistically significant cells are removed. The remaining frequencies do not 
differ significantly (p>0.1) from randomness. 
"LC .. laminated carbonate facies; LM=laminated mudstone facies; 5M= 
massive and silty micrite; SS.sandstone facies; VMF-variegated mudstone 
facies; EF .. evaporite facies; cov.cover. 
fcells removed and re12laced with structural zeros. 



TABLE 4.8: MODIFIED MARKOV CHAIN ANALYSIS 
FOR UPPER HALF OF EMPIRE MOUNTAINS SECTION 

observed fr!J!:guencies 
overlying facies 

under!lina facies· LC LM SM 55 VMF COy 
LC 0 44 32 11 13 26 
LM 41 0 21 83 1 5 
SM 24 17 0 26 6 12 
55 9 78 26 0 3 22 

VMF 17 1 3 3 0 1 
COy 34 11 3 16 2 0 

Note: 1 was added to each of the non-structural zeros to simplify 
statistical calculations 

exeected freguencies 
overlying facies 

under!lins facies· LC LM SM 55 VMF COy 
LC 44.00 19.75 38.33 4.43 14.49 
LM 43.71 26.24 50.91 5.89 19.25 
SM 19.62 26.24 22.86 2.64 8.64 
55 37.87 50.63 22.73 5.10 16.68 

VMF 4.40 5.89 2.64 5.13 1.94 
COy 14.40 19.25 8.64 16.77 1.94 

chi2.209.37, p.O.OOO, df.19 

fitted freguencies 
overlying facies 

under!lins facies· LC LM SM 55 VMF COy 
LC ···f 29.56 ···t ···t 26.41 
LM 45.13 18.33 77.78 0.81 ···t 
SM 17.87 19.87 30.79 ···f 6.48 
55 ···f 73.17 26.72 1.19 23.88 

VMF ···f 0.70 ···f 1.08 0.23 
COy ···f 9.26 3.38 14.36 ···f 

chi2 .. 11.97, p.0.215, df.9 

Note: Expected frequencies represent calculated frequencies, using a 
log-linear model and a null hypothesis of a completely random stacking 
pattern. Fitted frequencies represent calculated frequencies after all 
statistically significant cells are removed. The remaining frequencies 
do not differ significantly (p>0.1) from randomness. 
·LC.laminated carbonate facies ;LM.laminated mudstone facies; SM. 
massive and silty micrite; 55-sandstone facies; VMF.variegated 
mudstone facies+evaporite facies; cov.cover. 
tcells removed and reelaced with structural zeros. 
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The base of the Empire Mountains section contains two coarsening-up sequences 

dominated by thick-bedded sandstones (Fig. 4.23). Within these sequences, massive 

and silty micrite is overlain by sandstones that are abruptly capped by variegated 

mudstone (Fig. 4.25a). These shoaling-up and coarsening-up successions represent a 

prograding, clastic-dominated, shoreline system (Elliot, 1986). The preservation of 

thick-shoreface and foreshore deposits implies high rates of sediment accumulation and 

attendant high rates of basin subsidence. High sediment-accumulation rates suggest 

proximity to a delta; in fact, an idealized vertical succession through a prograding 

delta-front environment (adjacent to the delta-mouth) of a wave-dominated delta is 

very similar in facies stacking pattern to a prograding, clastic shoreline. 

The lower part of the section as well as the very top of the section are dominated 

by cycles that alternates between LCF and VMF (Fig. 4.23). The contact between the 

LCF and overlying VMF is typically poorly exposed; however, a thin, massive dolomitic 

micrite bed (MSMF) locally underlies the VMF (Fig. 4.25b). The successions of LCF, 

MSMF, and VMF record a series of abrupt changes between relatively deep-water 

deposition and mudflat to paludal deposition (Table 4.1). The MSMF forms the only 

record of the shoaling event, suggesting a rapid decrease in water-depth (Fig. 4.25b). 

The presence of thick VMF units indicate high rates of basin subsidence and consequent 

sediment accumulation during periods of low lake-level. 

The middle part of the section is characterized by an abrupt increase in the thin, 

isolated sandstones (Table 4.1) that form subtle thickening-up successions (Fig. 

4.23). These turbidite sandstones are generally encased within either LMF or MSMF, 

although LCF typically occurs at the bases of these successions (Fig. 4.250). The tops of 

these cycles, except in one case, are capped by VMF, implying abrupt exposure. The 

subtle coarsening-up sequences and presence of isolated turbidites record the 

recurrent progradation of a distal clastic lobe (prodelta or sub-lacustrine fan). The 
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thick intervals of deep-water deposits without attendant progradation imply rapid rates 

of subsidence and consequent sediment accumulation. In addition, the presence of VMF 

indicate abrupt shoaling without complete progradation. 

A complex interbedding of LCF, LMF, MSMF, and SSF (turbidites; Table 4.1) 

occur within the middle and upper part of the Empire Mountains section (Fig. 4.23). 

Typically, exposure is poor within this interval, nevertheless, a subtle alternation 

exists between intervals dominated by LCF and intervals dominated by MSMF (Fig. 

4.25d). The existence of these alternations is supported by the modified Markov 

analyses (Fig. 4.24b), which indicates that a positively nonrandom transition occurs 

between MSMF and SSF, but no relationship occurs between LCF and LMF or SSF. In 

general, these successions are similar to those described within the Montosa Canyon 

section and represent relatively deep lacustrine conditions in which both suspension 

and gravity-induced deposition occurred. 

As implied above, the Empire Mountains section exhibits a vertical change in the 

nature of the facies stacking pattern that reflect longer-term changes in sedimentation. 

The section can be divided into 5 depositional phases, based on the cycle stacking 

patterns (Fig. 4.26). The basal phase (I) consists of both the shallowing-up cycles and 

the LCF-VMF cycles; the top of this phase is marked by the evaporitic horizon. Phase" 

consists of both LCF-VMF and LCF-MSMF cycles that generally thin upward. Phase '" 

is dominated by the very thick, turbidite-dominated successions, whereas phase IV 

contains both the turbidite dominated successions and LCF-MSMF cycles. Interval V, 

which occurs above the upper evaporitic horizon (Fig. 4.23) consists entirely of LCF

VMF cycles. 

Correlation 

Five samples from each section were analyzed for palynomorphs, but all 
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samples were barren of age-diagnostic microfossils, precluding biostratigraphic 

correlation. Further, although the three measured sections occur along a semi

continuous outcrop belt that stretches across the southern Empire Mountains and 

southwestern Whetstone Mountains (Fig. 4.2), the contacts cannot be physically traced: 

A Cretaceous intrusive punctures the Apache Canyon Formation just north of the Mine 

Canyon section and Quaternary sediments cover the outcrop belt between the Montosa 

Canyon and Empire Mountains section. Accordingly, unequivocal time lines do not exist 

among the sections. 

Nevertheless, distinctive lithologic markers present suggest that the three 

measured sections of the Apache Canyon Formation represent roughly coeval lacustrine 

deposition. The best means of correlation among the sections comes from several 

marker beds depicted in Figure 4.27 that are common between at least two of the 

sections. The evaporite-rich interval present toward the base of each section 

constitutes a pronounced marker common to all three sections. A second distinctive 

horizon, common to the Montosa Canyon and Empire Mountains sections, is a bed of 

thickly laminated dolomitic micrite (Fig. 4.27). Finally, the unconformity surface 

between the underlying Paleozoic strata is interpreted as an approximate time-line 

between the Montosa Canyon and Mine Canyon sections. The extreme thickness of the 

Willow Canyon Formation within the Empire Mountains section suggests that the 

underlying unconformity may be significantly older. 

In addition to specific marker beds, general stratigraphic similarities are 

apparent among the measured sections. For example, Figures 22 and 26 demonstrate an 

abrupt increase in cycle thickness and attendant change in the nature of successions 

from aggradational (LMF-LCF) to coarsening-up cycles. If the marker beds discussed 

above are matched between the sections, the interval of thick cycles occurs at 

approximately the same cycle number above the bases of the two sections (Fig. 4.28). 
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Further, there appears to be a precise correlation in the number of cycles between 

marker beds (Fig. 4.28). Although there are no distinctive marker beds within the 

Apache Canyon Formation that provide a tie between the Mine Canyon and either of the 

other sections, the Mine Canyon section also contains an interval of thicker than 

average cycles (Fig. 4.19). An a priori correlation of this interval of thicker cycles to 

the interval of thick cycles within the other two sections (Fig. 4.28), places the base of 

the Mine Canyon section within one cycle of the evaporitic horizon of the two other 

sections. As noted above, the base of the Mine Canyon section is metamorphosed and not 

well exposed, however, an evaporitic horizon occurs at the base of the lacustrine strata 

adjacent to the Mine Canyon section, supporting, but not proving, this correlation. 

Spatial DistributiQn of Facies 

Based on the correlations outlined above, the Apache Canyon can be divided into 4 

depositional phases that reflect basin-wide changes in sedimentary controls that 

affected deposition~ The thickness, facies assemblages, and cycle-stacking patterns of 

each of these depositional phases, however, varied spatially. The limited number of 

sections does not allow for detailed paleogeographic reconstructions. Nevertheless, 

Figure 4.29 is an attempt to summarize the primary spatial differences in 

sedimentation that occurred during each depositional phase through a series of 

schematic maps coupled with idealized cycle types. 

The initial phase of Apache Canyon deposition (phase A: Fig. 4.27) records 

lacustrine sedimentation adjacent to the border fault and to the southeast as far as the 

Montosa Canyon section, but lacustrine sedimentation did not occur adjacent to the Mine 

Canyon section (Fig. 4.29a). Several expansions and contractions of the lake occurred, 

periodically exposing the Empire Mountains locality thereby allowing subaerial 

deposition. These mudflat to paludal deposits suggest that, although subsidence rates 
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remained sufficiently high adjacent to the border fault, sedimentation rate was 

correspondingly high, filling available accommodation space. This requires a high 

clastic sediment yield probably delivered from an axial fluvio-delta system. Sparse 

paleocurrent data from the lower Apache Canyon Formation and underlying upper 

Willow Canyon Formation of the Empire Mountains section support a flow direction 

from the west or southwest (Fig. 4.29a). Additiona"y, high rates of basin subsidence 

adjacent to the basin-bounding faults within half-graben typically cause preferential 

avulsions of axial systems toward the border fault thereby increasing the supply of 

clastic sediment (Leader and Gawthorpe, 1987). The ponding of the bulk of coarse 

clastic material adjacent to the border fault may also explain the coeval deposition of 

thin, clastic-poor. shoaling-up successions within the Montosa Canyon section (Fig. 

4.29a). The presence of laminated mudstone, however, may reflect the high rates of 

clastic supply, at least during periods of high lake level, when fine clastic material was 

transported throughout the lake basin. 

Several lines of evidence suggest that depoSition during phase A onlapped 

(toward the southeast) onto the hangingwa" block. First, Phase A is thickest adjacent 

to the border fault, thinning to the southeast. Second, the facies-stacking pattern 

within the Montosa Canyon section evolves upward from cycles with shoal water caps at 

the base of the interval to aggradational cycles (LMF-LCF) without shoal-water 

deposits (Fig. 4.20), a pattern that is consistent with progressive deepening locally 

during successive stages of onlapping. Third, if the maximum water volume (during 

high lake-level) remained relatively constant, depositional onlapping would force the 

lake to shallow as the basin volume increased (Schlische and Olsen, 1990). This 

shallowing caused by a increasing basin volume would lead to an increase in the rate of 

evaporation across the larger lake surface area which could potentially lead to saline 

conditions. Although speculative, this scenario is consistent with the presence of the 
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evaporitic horizon at the top of depositional phase A (Fig. 4.27). 

The second phase of deposition represents a period of abrupt increase in water 

depth, resulting in a relatively deep, stratified lake. All three sections contain 

intervals of laminated facies, indicating the existence of a deep, anoxic lake across the 

study area that periodically contracted across the Mine Canyon and Empire Mountains 

localities (Fig. 4.29b). The expansion of deep-water facies may reflect a basin-wide 

pulse of subsidence, although a long-term climatic increase in water level is also 

possible. The predominance of LMF-LCF type cycles and lack of subaerial exposure 

features or shoal-water deposits imply that the Montosa Canyon section represented an 

approximate (local) depocenter (Fig. 29b). Along the Empire Mountains section 

deposition is dominated by a series of truncated cycles (Fig. 29b). These cycles reflect 

the inability of the environments to gradually adjust as water level dropped. The 

occurrence of thick mudflat-paludal deposits indicates continued high rates of basin 

subsidence and attendant high rates of sediment accumulation, at least during low lake 

level. In general, however, the supply of coarse clastic material was limited during 

this phase. Along the opposite margin (Mine Canyon section), the shoaling-up cycles 

reflect successive progradational events along a low-energy ramp or bench margin 

(Fig.4.29b). The absence of shoreline deposits, however, suggests that complete 

progradation did not occur, possibly because of low sediment-accumulation rates. 

The next depositional phase (C) can be divided into two intervals (I and II) 

within the Montosa Canyon and Empire Mountains section, but no such division is 

apparent within the Mine Canyon section (Fig. 4.27). The base of Phase C in all 

sections is defined by an abrupt increase in thickness of individual cycles, as well as a 

change to episodic gravity-flOW deposition within the Montosa Canyon and Empire 

Mountains sections and high-energy shoreline deposition within the Mine Canyon 

section (Fig. 29c). Phase C represents continued expansion of a deep-water, 
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permanent lake, possibly triggered by tectonic events that accelerated subsidence 

basin-wide and increased sediment yield locally. The extreme thickness of individual 

coarsening-up turbidite-dominated cycles along the Empire Mountains section implies 

continued high rates of local basin subsidence adjacent to the border fault. 

Paleocurrent data indicate an axial flow direction for the turbidites; nevertheless, even 

with the increased rate of clastic supply, sedimentation was not able to fill all 

accommodation space, precluding formation of fully progradational cycles. 

The predominance of mass-flow deposits within the Montosa Canyon section 

during Phase C indicates slope deposition. The slope direction derived from fold-axes of 

slumped beds indicates a south to north paleoslope (Fig. 4.29c). The mass-flow 

deposits may represent reactivation or initiation of a minor fault along the hangingwall 

block that dips back toward the border fault. 

The cycles from the Mine Canyon section are thicker than cycles from the 

underlying intervals, although they are considerably thinner than the coeval cycles 

from the other sections. The high-energy shoreline deposits along the Mine Canyon 

section reflect recurrent development of a high-energy bench that experienced 

relatively low sediment accumulation rates. The occurrence of the winnowed horizons 

with abundant clastic sediment, however, implies that significant clastic sediment went 

through the system during this phase. The limited paleocurrent data from these 

coarse-grained units indicate a transport direction parallel or oblique to the border 

fault (Fig. 4.29c). During this phase; only the Mine Canyon section accurately 

preserves a record of lake-level fluctuations, the other sections reflect the interaction 

of gravity and background sedimentation that probably responded in a complicated way 

to lake-level fluctuations. Within the Empire and Montosa Canyon sections, the basal 

part of phase C grades upward into an interval (C(II): Fig. 4.27} in which mass-flow 

and turbidity current processes waned, producing thinner cycles. 
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The final phase of lacustrine deposition (Phase O) is recorded only along the 

Empire Mountains section, suggested by the presence of an upper evaporitic horizon 

within this section that is not present within the other two sections (Fig. 4.27). This 

uppermost phase represents a relatively small, but still periodically stratified, lake 

that experienced frequent fluctuations in water-depth (Fig. 4.29d). The Montosa and 

Mine Canyon sections are abruptly capped by the Shellenberger Canyon Formation, 

suggesting a rapid transition from lacustrine to fluvial conditions during this time. The 

restricted lacustrine facies suggests that during the final stages of lacustrine 

deposition, the depocenter migrated back toward the border-fault, possibly in response 

to continued high rates of basin subsidence adjacent to the border fault and to the 

development of an aliuviaVfluvial system across the hinged margin represented by the 

Shellenberger Canyon Formation. 
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COMPARISON TO BASIN-FILL MODELS FOR LACUSTRINE HALF-GRABENS 

Table 4.9 highlights the fundamental sedimentologic differences among the three 

measured sections of the Apache Canyon Formation. The observed spatial differences in 

facies assemblages are best described by deposition within a tectonically active half

graben basin. This interpretation is consistent with the previously described 

structural and stratigraphic data from the underlying Glance Conglomerate and Willow 

Canyon Formation (Fig. 4.4). These data support a major, E-W oriented basin

bounding fault, located within the northern Empire Mountains, that experienced several 

kilometers of down to the south throw during deposition of the lower Bisbee Group (Fig. 

4.30). Further, these spatial differences appear to generally correspond with 

predictions derived from the basin-fill models for lacustrine half-grabens. 

The half-graben basin-fill models for lakes have primarily been derived from 

modern East African lakes (Chapter 2). These models predict that spatial differences in 

sediment supply and rate of subsidence underlies spatial differences in sedimentary 

controls that affect deposition (e.g., depositional slope, wave and current reworking). 

Table 4.10 highlights the primary differences in sedimentary controls and consequent 

patterns of sedimentation derived primarily from Lake Tanganyika (Chapter 2). From 

this we can match the predicted facies assemblages to those observed within the Apache 

Canyon Formation to infer both similarities and differences. 

The Mine Canyon section lies farthest from the border fault, representing a 

hinged margin location. In general, the predicted facies assemblages match those 

observed within the Mine Canyon section. Low subsidence rates and low gradients along 

hinged margins control depositional patterns (Leader and Gawthorpe, 1987; Rosendahl 

et aI., 1986; Cohen, 1990; Chapter 2). For example, shallow-water environments 

predominate because of the low gradients at the depositional margin. Low net sediment 

accumulation within shallow-water environments allows pervasive bioturbation and 
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TABLE 4.9: MAJOR SEDIMENTOLOGIC DIFFERENCES AMONG THREE MEASURED SECTIONS 
OF THE APACHE CANYON FORMATION 

Characteristic Mine Canyon section Montosa Canyon section Empire Mountains section 

Thickness (m) 

Dominant 
Facies 

Dominant 
Sedimentary 
Controls 

Vertical 
Stacking 
Patterns 

195 

Massive silty micrite. 
Bioclastic wackestone to 
grainstone. 

Laminated carbonate. 

-Suspension settling 
-Bioturbation 
-Winnowing/reworking 
-Oxic bottom waters 

complete to truncated 
progradational, 
shoaling-up cycles. 

240 

Laminated carbonate and 
mudstone. 
Matrix-rich sandstone. 
Gravely mudstone. 

·Suspension settling 
-Gravity flows 
·Soft sediment deformation 
·Anoxic bottom waters 

aggradational and 
coarsening-up cycles. 

590 

Laminated carbonate and 
mudstone. 

Variegated mudstone. 
Sandstone. 

·Suspension settling 
-Gravity flows (turbidity) 
-Anoxic bottom waters 
-Pedogenesis 

truncated, 
aggradational and 
coarsening-up cycles. 
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winnowing, resulting in the formation of massive beds and lag deposits, respectively. 

Progradational benches, commonly capped by high-energy shoreline deposits, 

characterize these margins. The Mine Canyon section shares many of these same 

features, consisting of bioturbated, shallow-lacustrine deposits (MSMF) that typically 

shoal up into high-energy shoreline and/or lag deposits (BPGF). The paucity of clastic 

facies within the Mine Canyon section suggests clastic bypassing or diversion of clastic 

sources away from the depositional site, another common characteristic along hinged 

margins (Frostick and Reid, 1989; Chapter 2). Rivers entering along hinged margins 

are commonly controlled by synthetic faults, limiting the extent of avulsion along the 

lake shore and producing long stretches of clastic-starved shorelines away from the 

river mouths. 

However, the Mine Canyon section does not typically exhibit the predicted full 

progradational sequences, particularly at the base of the section. The shoreline deposits 

may not be present because they were reworked upon a subsequent lake-level rise, 

although supporting evidence, such as transgressive lags, were not observed. 

Alternatively, the shoreline deposits may not have cc:1sistently prograded a significant 

distance laterally, possibly because of rapid rates of lake-level rise or fall or low rates 

of long-term sediment accumulation. The lack of winnowed horizons at the base of the 

section implies that lags are not ubiquitous components of hinged margins, but instead 

require somewhat specialized conditions (high wave energy, low sediment-input rate). 

The Empire Mountains section, located closest to the border fault, contains 

sedimentologic features consistent with predictions for escarpment margins (Table 

4.10). Sedimentation along escarpment margins typically controlled by steep gradients 

and rapid rates of basin subsidence; sedimentation rates can be highly variable 

(Rosendahl et aI., 1986; Leader and Gawthorpe, 1987; Frostick and Reid, 1989; 

Cohen, 1990; Chapter 2). The steep depositional slope and rapid rate of subsidence 



TABLE 4.10: PREDICTIONS FROM ACTUALISTIC BASIN-FILL MODELS 
OF SEDIMENTARY CONTROlS AND RESULTING 

DEPOSITIONAL PATIERNS FOR AN ASYMMETRIC LAKE-BASIN. 

Facies Hinged Margin 
Characteristic 
Geomorphology 

Onshore Low to moderate relief, well 
Topography developed delta plain. Wide, 

sandy shorelines. 

Escarpment Margin 

Steep, mountainous relief. 
Rockyltalus shorelines. 

Drainages Large to moderate, low gradient, Small to moderate, steep, 
widely spaced rivers. closely spaced ephemeral 

rivers. 

Offshore Stair-step bathymetry with wide Steep, generally even gradients 
Bathymetry littoral zones. with narrow littoral zones. 

Sed imentary -Winnowing/reworking 
Processes -Bioturbation 

-Suspension settling 
-Deltaic sedimentation 

Sedimentology 
Dominant -Carbonate sand/shell gravel 

Facies -Biogenic/clastic mud 

-Gravity flows 
-Suspension settling 
-Limited reworking 

-Mixed clastic sand and silt 
-Biogenic mud 
-Turbidites 

Facies Wide facies belts. Abrupt offshore fining. Lateral 
Patterns Carbonate gravel atop benches, facies change in deep water 

and biogenic silt on slopes. controlled by location of fan 
delta 

216 
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produces sedimentary features dominated by both gravity induced deposition and 

suspension settling (Cohen, 1990; Tiercelin et al., 1992; Scholz et aI., 1993; Chapter 

2). Within deep, stratified lakes, most of the offshore region along escarpment 

margins experiences anoxic bottom conditions because of the steep depositional slope 

(Crossley and Owen, 1989; Cohen, 1990; Huc et aI., 1990; Chapter 2). If the lake 

margin is coincident with the basin-bounding fault, relatively small rivers drain 

high-relief hinterlands, yielding relatively little clastic sediment (Frostick and Reid, 

1989; Chapter 2). Although mass-flow deposits can be locally important, closely 

spaced sub-lacustrine fans dominated by turbidity current deposits are more common 

(Tiercelin et al., 1992; Scholz et aI., 1993). The Empire Mountains section reflects 

many of these features, particularly within the middle and upper parts of the section 

where turbidite sandstones alternate with suspension-derived laminated beds. This 

interval consists of poorly defined coarsening-upward fan-delta or pro-delta deposits 

that reflect an aggradational rather than progradational, character. Aggradational 

sequences are consistent with steep depoSitional slopes (Scholz et. aI., 1993). 

Occurrence of numerous thin, isolated turbidites typifies escarpment margins because 

storm or flood events across closely spaced drainage basins produce high-frequency 

but low-magnitude gravity-flow events (Johnson and Ng'ang'a, 1989; Owen and 

Crossley, 1989, Baltzer, 1991). 

The abundance of sub-aerial deposits (VMF), however, is not predicted by the 

basin-fill models for an escarpment margin. Thick subaerial deposits do, however, 

imply rapid basin subsidence, which is predicted for an escarpment margin. In 

addition, subaerial deposits directly overlying deep-water deposits imply lake-level 

drops rapid enough to outpace sedimentation, a situation typical of steep depositional 

slopes, which also characterize escarpment margins. Another inconsistency is the 

absence of coarse clastic facies associated with the Empire Mountains section. The lack 
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of coarse deposits may be attributable to a location of the Empire Mountains section 

approximately 6 km (perpendicular) from the inferred paleofault (Fig. 4.4). Along 

the escarpment margins of many half-graben lakes, coarse clastics are typically ponded 

within a kilometer or so of the adjacent uplifted block (e.g. Link and Osborne, 1978; 

Johnson and Ng'ang'a, 1990; Cohen, 1990; Tiercelin et al., 1992). In fact in, many 

asymmetric lake basins, much of the sediment accumulating adjacent to the border fault 

is actually derived from an axial source (Leader and Gawthorpe, 1987; Frostick and 

Reid, 1989; Lambiase, 1990; Baltzer, 1991; Tiercelin et aI., 1992). An axial source 

may explain the non-uniform rates of sediment accumulation because axial drainages 

can periodically be diverted (Hecky and Degens, 1978) 

The Montosa Canyon section occupies a location intermediate between the other 

two sections. Although not shown in Table 4.10, the basin-fill model predicts a 

predominance of fine-grained deposits within the basin-center environment. During 

permanent-lake phases, facies within the basin center environment would show 

minimal indications of progradation or shoaling. If the water body is stratified the 

resulting facies would be dominated by laminated deposits. Thick, aggradational 

sequences of laminated facies do occur within the Montosa Canyon section, supporting 

the predictions from the models. 

The presence of mass-flow deposits, however, and numerous indicators of soft 

sediment deformation indicate a location along at least a moderate slope. Within many 

modern rift basins the hinged margin is typically faulted into a bench and slope 

morphology by several, sub-parallel antithetic or synthetic faults (e.g. Chapter 2). 

The Montosa Canyon section may represent a position within the half-graben at the base 

of a minor fault along the sloping hangingwall. The autochthonous origin of the mass

flow deposits implies derivation from a submerged scarp, supporting this 

interpretation. The sandstone and breccia beds within the middle part of the section are 



219 

typically thick, but occur much less frequently when compared to thinner, but more 

frequent sandstones within the middle part of the Empire Mountains section. This 

implies that the gravity-flow events were of a larger magnitude, but less frequent than 

those affecting the Empire Mountains section. This spatial difference in magnitude and 

frequency of mass flow deposits is observed within both northern Lake Malawi and Lake 

Tanganyika (Owen and Crossley, 1991; Johnson and Ng'ang'a, 1990; Baltzer 1991; 

Tiercelin and Mondeguer, 1991). In both modern lakes, the coarse-grained deposits 

within cores collected at the bases of fault scarps along the hinged margins are thicker 

but less numerous than coarse-grained deposits within cores collected from the 

escarpment margins. 

Predictions from the actualistic basin-fill models based on the modern East 

African lakes appear to generally fit the observed stratigraphy for certain intervals of 

the Apache Canyon Formation. Other stratigraphic intervals are less successfully 

predicted by the actualistic models based on the East African lakes, however. Part of 

these discrepancies may be because of the significant difference in the size of the Bisbee 

Basin in relation to the size of the lakes that the models were developed from (e.g. Lake 

Tanganyika and Lake Malawi). A second difference is that the Apache Canyon Formation 

responded to temporal changes in the variables that affected depoSition, yet the basin

fill models generally represent a single sets of conditions. Two variables that appear to 

have fluctuated during depoSition of the Apache Canyon Formation were subsidence rates 

and sediment supply (Fig. 4.29). Figure 4.30 attempts to illustrate the effects of 

changes in these variables by depicting a suite of idealized cycles across an asymmetric 

basin. The hypothetical successions represent the range in temporal stacking of facies 

that would occur during a drop in lake level during both high and low rates of basin 

subsidence and high and low clastic supply. These idealized cycles primarily reflect 

observations from the Apache Canyon Formation and are limited by the range of 
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variation experienced by the Bisbee Basin. Nevertheless, the cycles depict some of the 

complexity in facies-stacking patterns that can occur within an asymmetric basin that 

must be understood before either the tectonic or climatic histories of a basin can be 

deciphered from the stratigraphic record. 
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Aee!ndlx A: Summary of Grain Size Data of Sediment Sameles 

Mean Skew-
Sample Facies Depth GS Sorting ness Sand Silt Clay 

~ml ~·l ~·l ~%l ~%l (%) 
Banzaslte 

109 bsand 3 2.80 0.62 -0.32 97.6 2.4 0.0 
CB1 bsand 1 0.07 1.25 -0.19 99.7 0.3 0.0 
CBS bsand 5 0.49 1.89 -0.16 99.4 0.6 0.0 

CB1R bsand 1 -1.40 1.30 1.46 99.8 0.2 0.0 
CB5R bsand 5 0.92 1.62 -0.67 99.5 0.5 0.0 
107 csand 27 0.90 1.48 -0.28 98.7 1.3 0.0 
106 osand 24 3.25 0.93 0.59 90.1 9.6 0.3 
114 osand 27 -0.04 1.37 0.26 99.7 0.3 0.0 

CB10 osand 10 0.01 1.99 0.37 98.9 1.1 0.0 
CB20 osand 20 0.69 2.01 -0.11 98.3 1.7 0.0 
CB40 osand 40 1.55 2.00 -0.81 97.6 2.4 0.0 

CB10R osand 10 0.60 1.98 -0.13 99.6 0.4 0.0 
112 silt 77 5.82 1.45 0.90 3.7 87.7 8.7 
115 silt 150 6.81 1.49 0.37 0.3 78.7 20.9 
116 silt 160 6.93 1.49 0.37 0.3 76.6 23.1 
117 silt 170 6.90 1.52 0.36 0.3 76.8 22.9 
119 silt 140 6.64 1.58 0.42 2.3 78.1 19.6 
120 silt 100 6.67 1.69 0.18 6.9 71.1 22.0 
121 silt 100 6.07 1.90 -0.33 8.9 75.5 15.6 
122 silt 130 na na na 6.8 93.2 na 
123 silt 150 6.66 1.60 0.31 3.4 76.2 20.4 
124 silt 180 6.84 1.56 0.28 0.3 76.8 22.9 
125 silt 170 6.86 1.48 0.31 0.5 77.4 22.1 

CB120 silt 120 5.75 1.47 1.07 3.5 88.0 8.5 
104 ssand 20 3.20 0.64 -0.68 89.2 10.8 0.0 
105 ssand 9 2.88 1.24 -1.22 82.0 18.0 0.0 
108 ssand 48 3.32 0.57 -1.02 90.0 10.0 0.0 
111 ssand 67 3.76 1.54 0.22 56.4 42.0 1.6 
110 ssilt 63 5.07 1.55 1.07 23.5 70.5 6.0 
118 ssllt 190 5.66 2.10 0.26 28.7 56.2 15.1 

Bambaslte 
238 osand 31 1.42 2.10 -0.16 93.9 5.8 0.3 
255 osand 36 1.74 1.72 0.84 90.0 9.6 0.4 
256 osand 27 1.17 1.25 0.36 97.8 2.2 0.0 
218 slit 87 5.87 1.53 0.37 9.0 82.4 8.6 
229 silt 89 6.01 1.52 0.45 5.7 83.9 10.4 
231 silt 150 6.28 1.42 0.72 0.0 87.5 12.5 
240 silt 79 6.02 1.41 1.00 0.0 90.0 10.0 
253 slit 127 6.08 1.59 0.27 7.4 80.9 11.7 
254 silt 83 6.11 1.38 0.77 2.7 87.4 9.8 
226 ssand 23 na na na 86.5 12.7 0.8 
234 ssand 52 3.55 1.77 1.37 75.4 21.9 2.7 
237 ssand 37 2.73 1.74 -0.10 83.2 16.2 0.6 
246 ssand 40 2.94 1.68 0.29 77.1 22.2 0.7 
247 ssand 30 3.95 1.38 0.57 55.4 43.3 1.3 
227 ssilt 60 5.94 1.62 0.16 11.3 78.5 10.2 

t 
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Ae~ndlx A: Cont'd 
Mean Skew-

Sample Facies Depth GS Sorting ness Sand Silt Clay 
{m~ {.~ {.~ {%~ {%~ {%) 

228 ssilt 81 5.00 1.87 -0.01 26.9 67.6 5.5 
230 ssift 134 4.97 2.19 -0.39 29.1 64.1 6.7 
232 ssllt 176 5.36 2.89 -1.36 16.4 71.6 12.0 
233 ssift 156 5.36 2.18 -0.51 21.1 68.9 9.9 
239 ssllt 61 4.74 1.81 0.18 30.4 65.3 4.2 
241 ssilt 113 5.62 1.73 0.16 19.9 71.6 8.5 
242 ssilt 76 4.82 2.06 -0.32 34.7 59.6 5.7 
243 ssilt 19 5.61 1.n 0.16 17.1 73.7 9.2 
245 ssilt 102 na na na 17.0 75.0 8.0 
251 ssilt 131 5.23 1.76 -0.01 29.5 65.8 4.7 
252 ssift 182 3.91 0.60 -2.28 33.5 66.5 0.0 

Kigoma site 
Kig-32 msand 37 2.61 3.27 0.31 71.5 20.4 8.1 
Kig-23 osand 20 2.02 2.50 -0.37 91.5 7.1 1.4 
Kig-24 osand 30 0.43 1.96 0.30 97.0 3.0 0.0 
Kig-33 osand 17 2.37 1.19 -2.05 96.9 3.1 0.0 
Kig-34 osand 45 2.15 1.98 0.14 91.1 7.6 1.3 
Kig-35 osand 35 0.54 2.38 0.61 93.1 6.2 0.7 
Kig-36 osand 6 0.10 1.94 0.46 98.0 2.0 0.0 
K1g-5a silt 80 6.38 1.72 0.52 5.4 76.3 18.2 
Kig-7w silt 97 6.09 1.81 0.71 6.7 n.4 15.8 
Kig-9 silt 80 6.31 2.13 -0.40 8.4 73.4 18.2 

Kig-10 sift 105 6.18 1.86 0.63 2.4 n.9 19.7 
Kig-12 silt 118 5.87 1.82 1.14 1.3 82.3 16.4 
Kig-17 sift 100 6.19 1.89 0.67 3.1 75.3 21.6 
Kig-20 silt 115 6.12 1.70 0.92 5.3 80.3 14.4 
Kig-22 silt 105 5.58 1.59 1.65 2.9 85.6 11.5 
Kig-19 smud 82 6.58 2.36 0.34 14.8 52.0 33.2 
Kig-30 ssand 50 2.86 1.93 0.24 72.5 26.1 1.5 
Kig-11 ssilt 75 5.65 1.83 1.15 12.5 73.7 13.8 
Kig-13 ssilt 180 4.74 1.95 0.80 42.7 50.5 6.8 
Kig-16 ssilt 68 4.52 2.07 0.71 42.1 50.2 7.7 
Kig-27 ssilt 75 5.04 1.39 2.15 13.7 80.8 5.5 
Kig-28 ssllt 63 4.62 1.76 0.38 30.1 65.3 4.6 
Kig-31 ssift 61 4.42 1.91 0.44 34.4 61.3 4.3 

Magara site 
158 bsand 2 1.86 1.42 -O.ot 97.3 2.5 0.2 
167 bsand 2.29 0.75 -0.34 98.8 1.2 0.0 
178 bsand 4 na na na 99.4 0.6 0.0 
207 bsand 1 2.43 0.73 -0.24 99.4 0.6 0.0 
202 csand 35 1.80 1.74 0.18 93.2 6.2 0.5 
204 csand 25 1.73 1.20 -2.36 99.6 0.4 0.0 
205 csand 32 1.95 0.82 -2.06 99.4 0.6 0.0 
206 csand 34 1.73 0.83 -1.87 99.0 1.0 0.0 
208 csand 9 1.13 0.97 -1.49 99.7 0.3 0.0 
198 dsand 2 2.n 1.33 0.67 93.8 5.3 0.9 
199 dsand 9 -0.31 1.80 1.74 97.8 1.9 0.3 
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Aependlx A: Cont'd 
Mean Skew-

Sample Facies Depth GS Sorting ness Sand Silt Clay 
{m) {,,) {"l {%) {%) {%) 

200 dsand 15 2.04 1.56 0.14 95.9 3.5 0.6 
203 dsand 5 1.94 0.59 -0.20 99.7 0.3 0.0 
157 osand 18 2.80 1.20 1.47 94.4 4.8 0.8 
164 osand 25 1.89 1.33 -0.68 95.5 4.5 0.0 
172 osand 13 -0.39 2.03 0.77 98.3 1.7 0.0 
176 osand 40 2.44 1.36 -0.99 92.9 7.1 0.0 
177 osand 43 1.06 1.85 0.23 97.0 2.7 0.4 
187 osand 54 na na na 98.4 1.6 0.0 
190 osand 19 1.08 1.04 -0.63 99.6 0.4 0.0 
191 osand 27 na na na 99.0 1.0 0.0 
209 osand 11 2.17 1.04 1.06 97.9 1.9 0.2 
156 ssand 56 3.27 1.81 1.39 78.9 18.1 3.0 
162 ssand 74 2.61 1.97 0.23 85.2 13.4 1.4 
168 ssand 72 4.09 2.28 0.77 62.4 29.9 7.7 
170 ssand 36 3.07 1.48 1.19 85.5 13.1 1.4 
185 ssand 63 3.88 1.91 1.01 69.1 26.3 4.6 
194 ssand 40 3.17 1.44 0.94 86.6 12.2 1.1 
210 ssand 30 3.47 1.56 0.36 71.8 26.9 1.3 
161 ssilt 55 4.82 2.11 0.55 44.5 46.3 9.2 
181 sslft 90 5.34 1.97 0.43 28.8 60.2 11.0 
183 sslft 90 4.93 2.91 -0.72 28.7 59.7 11.6 
188 sslft 58 5.06 1.64 1.00 26.1 66.8 7.1 
189 sslft 54 5.18 1.63 0.91 19.3 73.1 7.6 
192 sslft 65 5.50 1.75 0.40 14.9 75.3 9.8 
193 sslft 57 5.64 1.65 0.70 11.5 78.2 10.3 
201 ssilt 30 4.38 1.85 0.46 47.9 47.5 4.6 

Nyanza Lac site 
8 bsand 4 na na na 99.7 0.3 0.0 
12 bsand 2 1.24 0.89 0.64 99.4 0.6 0.0 
27 bsand 3 2.06 0.76 0.28 99.1 0.9 0.0 
28 bsand 2 2.29 0.55 0.31 98.8 1.2 0.0 
43 bsand 1 0.78 0.82 -1.27 99.7 0.3 0.0 

111dg bsand 1 1.19 0.72 0.35 99.9 0.1 0.0 
11 csand 3 1.93 1.11 -0.14 98.8 1.1 0.1 
14 csand 5 1.84 0.47 0.41 99.5 0.5 0.0 
15 csand 7 0.10 1.92 -0.25 99.2 0.8 0.0 
17 csand 15 2.08 1.54 0.06 95.1 4.4 0.5 
21 csand 12 1.62 1.27 -1.44 98.1 1.9 0.0 
22 csand 3 2.64 0.81 -0.68 96.5 3.5 0.0 
24 csand 17 1.22 1.22 0.34 97.5 2.4 0.1 
31 csand 7 2.13 0.90 3.56 97.5 2.1 0.3 
35 csand 42 2.65 1.46 1.14 91.9 7.1 0.9 
39 csand 15 0.17 1.73 0.33 94.6 5.4 0.0 
44 csand 13 3.04 1.19 -0.80 91.0 8.8 0.2 
49 csand 8 na na na 96.9 3.1 0.0 

101 csand 10 2.60 1.20 2.03 93.5 5.9 0.6 

41 dsand 26 2.34 1.45 -0.46 90.2 9.7 0.1 
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A~~ndlx A: Cont'd 
Mean Skew-

Sample facies Depth GS Sorting ness Sand Silt Clay 
{m~ {8} {8} {%} {%} {%) 

42 dsand 6 2.32 1.12 -0.66 96.7 3.1 0.2 
48 dsand 3 na na na 95.5 4.5 0.0 
2 silt 36 6.94 1.46 0.52 0.0 77.8 22.2 
7 silt 73 6.61 1.43 0.80 1.1 82.6 16.3 
9 silt 62 6.02 1.70 0.49 7.6 78.6 13.8 

29 silt 4 5.50 1.62 0.51 9.7 81.8 8.5 
269 silt 93 6.73 1.43 0.78 0.4 81.6 18.0 
16 ssand 11 2.32 1.92 0.18 86.4 12.6 1.0 
18 ssand 42 3.00 2.55 0.51 73.1 22.7 4.2 
19 ssand 28 2.46 1.63 1.69 88.7 9.9 1.4 
32 ssand 15 3.93 1.26 1.68 67.2 31.0 1.8 
33 ssand 21 2.59 1.57 0.84 87.9 11.3 0.8 
37 ssand 14 3.72 1.33 0.00 71.8 27.0 1.2 
40 ssand 5 3.51 2.68 0.58 58.7 34.4 6.9 
45 ssand 21 3.05 1.32 -1.87 77.8 22.2 0.0 
46 ssand 38 3.09 1.92 1.72 83.2 13.1 3.6 
47 ssand 11 3.13 2.48 0.14 64.9 32.3 2.8 
50 ssand 43 2.98 2.04 1.21 84.2 12.5 3.3 
52 ssand 26 2.72 2.04 0.29 79.8 18.5 1.7 
26 ssilt 6 4.95 1.39 1.41 20.5 74.7 4.8 
30 ssilt 4 5.51 1.97 0.35 29.9 58.4 11.7 

Ruzlzl River site 
56 bsand 4 3.11 0.67 -0.82 93.3 6.7 0.0 
100 bsand 1 2.20 0.86 0.74 98.5 1.4 0.1 
129 csand 8 0.58 1.12 -0.83 99.6 0.4 0.0 
130 csand 7 1.18 0.95 -0.89 99.5 0.5 0.0 
140 csand 24 2.53 0.90 -0.54 95.1 4.9 0.0 
141 csand 6 0.87 0.96 -0.97 99.7 0.3 0.0 
69 dsand 68 1.58 0.71 0.69 99.7 0.2 0.0 
83 dsand 7 1.33 1.56 2.28 93.2 6.2 0.6 
90 dsand 1 0.97 0.98 0.47 99.5 0.5 0.0 
91 dsand 2 1.26 0.66 0.73 99.5 0.5 0.0 
92 dsand 11 1.97 1.47 -0.52 93.7 6.3 0.0 
262 mud 56 7.08 1.55 0.31 0.4 72.2 27.4 

Ruz37 mud 95 7.19 1.99 -0.41 8.0 47.6 44.3 
Ruz38 mud 55 7.88 1.86 -0.66 2.5 35.2 62.4 
Ruz39 mud 125 7.45 1.95 -0.30 3.1 53.0 43.8 
Ruz40 mud 139 7.14 1.73 0.20 0.3 69.1 30.6 

54 silt 38 6.40 1.51 0.56 3.2 81.6 15.2 
55 silt 41 6.74 1.45 0.46 1.2 79.8 19.0 
58 silt 40 6.58 1.52 0.41 3.4 78.9 17.7 
59 silt 30 6.31 1.56 0.57 4.5 80.7 14.8 
60 silt 25 na na na 6.0 82.1 11.9 
61 silt 4 6.30 1.54 0.55 5.0 80.7 14.2 
62 silt 24 na na na 5.5 94.5 0.0 
63 silt 6 6.13 1.63 0.36 9.1 77.8 13.2 
64 silt 0 5.64 1.41 1.16 7.9 84.4 7.6 



226 

A~~ndlx A: Cont'd 
Mean Skew-

Sample Facies Depth GS Sorting ness Sand Silt Clay 
{m~ {8~ {.~ {%l {%~ {Ok) 

68 silt 69 6.67 1.51 0.21 2.4 79.4 18.1 
74 silt 32 6.22 1.60 0.38 4.1 81.7 14.2 
76 silt 31 5.97 1.61 0.59 9.4 78.6 12.0 
77 silt 31 6.37 1.62 0.60 3.9 79.0 17.1 
79 silt 29 na na na 7.3 90.8 1.9 
82 silt 4 6.07 1.58 0.54 4.7 82.9 12.5 
85 silt 52 6.34 1.59 0.50 5.0 77.5 17.5 
97 silt 54 5.60 1.27 1.23 4.9 89.5 5.6 
98 silt 2 5.18 1.26 1.77 7.2 88.9 3.9 
126 silt 37 na na na 2.2 88.1 9.7 
131 silt 34 na na na 1.6 86.4 12.0 
137 silt 75 6.79 1.49 0.44 0.7 77.8 21.6 
143 silt 54 na na na 0.5 13.7 85.8 
152 silt 15 6.29 1.72 0.68 4.5 78.7 16.7 
259 silt 19 6.67 1.46 0.71 0.9 81.5 17.6 
260 siit 36 6.90 1.40 0.53 0.2 77.8 21.9 
261 siit 47 6.89 1.46 0.40 0.7 76.5 22.7 
263 siit 61 7.07 1.30 0.56 0.1 77.6 22.3 
265 slit 61 6.93 1.37 0.54 0.3 77.8 21.8 
267 siit 59 6.69 1.47 0.54 0.6 80.4 19.0 

Ruz41 silt 143 6.51 1.86 0.73 0.2 76.3 23.5 
73 ssand 41 4.22 1.64 1.34 67.7 28.5 3.8 
75 ssand 2 1.09 0.79 0.98 99.6 0.4 0.0 
88 ssand 2 4.02 1.05 2.50 63.3 35.3 1.4 
94 ssand 1 3.43 1.26 2.01 82.6 16.0 1.4 
99 ssand 2 1.49 2.07 1.27 81.6 17.5 0.9 
135 ssand 38 3.75 1.00 1.20 75.5 23.6 0.9 
57 ssilt 43 6.08 1.82 0.10 16.5 69.0 14.5 
67 ssilt 56 4.85 1.46 1.13 23.6 71.8 4.6 
70 ssiit 71 na na na 10.9 78.9 10.2 
71 ssilt 58 na na na 26.9 69.6 3.4 
72 ssilt 49 4.99 1.50 1.12 21.4 73.2 5.4 
78 ssilt 10 5.73 1.83 0.00 15.4 73.7 10.8 
80 ssilt 30 na na na 14.5 78.7 6.8 
81 ssilt 24 na na na 28.2 67.7 4.1 
84 ssilt 50 4.76 1.53 1.19 37.0 58.2 4.7 
95 ssllt 29 na na na 19.3 76.1 4.6 
136 ssiit 68 na na na 20.5 70.8 8.7 
138 ssilt 64 5.27 1.56 1.10 16.8 75.9 7.3 
139 ssilt 46 5.38 1.66 0.79 15.7 75.8 8.5 
148 ssilt 51 4.75 1.40 1.49 29.0 66.8 4.2 
149 ssilt 10 4.21 1.09 2.29 43.8 54.3 1.8 



App.ncIIx B: Of ..... ilia OWrIlUlIon of SedIrMnI s.mp_ 
SempII .2.25 .1.75 .1.25 .0.75 .0.25 0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25 4.75 5.25 5.75 1.25 5.75 7.25 7.75 8.25 8.75 11.25 11.75 10.25 IDIilI 

BInU'" 
1011 
CBl 
CBS 

CB1R 
CBSR 

107 
106 
114 

CB10 
CB20 
CB40 

CB10R 
112 
115 
118 
117 
1111 
120 
121 
122 
123 
124 
125 

CB120 
104 
105 
108 
111 
110 
118 

1lembe6 
23a 
255 
258 
218 
2211 
231 
240 
253 
254 
228 
234 
237 
248 
247 
227 
228 

N N ~ ~ N N N N N N N N N ~ ~ ~ N N N N N N N ~ N N ~ 

00 0.0 
8.0 8.7 

17.7 7.2 
579 105 
8.7 55 
32 58 
0.0 01 
7.1 10.1 

233 11.8 
14.3 8.4 
104 4.11 
153 D8 
00 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
00 0.0 
0.0 0.0 
04 0.3 
na 
0.0 
0.0 
00 
0.0 
0.0 
0.4 
0.0 
05 
00 
0.0 

113 
00 
0.5 
0.0 
00 
0.0 
00 
00 
00 
na 
00 
0.4 
0.5 
00 
00 
00 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.4 
0.0 
0.0 
00 
0.0 

7.0 
0.4 
0.2 
0.0 
0.0 
0.0 
0.0 
00 
0.0 
na 
0.1 
O.D 
0.1 
00 
00 
00 

0.0 
82 
4.1 
3.8 
3.4 
311 
02 
D.4 
8.5 
5.3 
2.8 
4.7 
00 
00 
0.0 
0.0 
0.0 
0.0 
0.1 
na 
0.0 
0.0 
00 
0.0 
0.0 
0.4 
0.0 
0.1 
0.0 
0.0 

3.0 
1.2 
1.0 
0.0 
0.0 
00 
0.0 
0.0 
0.0 
na 
0.0 
1.2 
0.8 
0.1 
0.0 
0.0 

0.0 
9.9 
53 
4.4 
4.4 
5.11 
0.3 

14.8 
7.0 
8.2 
34 
5.3 
0.0 
00 
00 
0.0 
0.0 
0.0 
0.1 
na 
0.0 
0.0 
0.0 
0.0 
0.1 
O.D 
0.1 
02 
00 
0.0 

211 
3.5 
4.4 
0.0 
0.0 
00 
0.0 
0.0 
0.0 
na 
0.2 
2.7 
1.1 
0.3 
0.1 
0.3 

0.0 0.1 
11.5 15.8 
4.8 5.11 
5.0 5.8 
3.11 5.4 
7.11 10.0 
0.3 0.3 

11.8 11.0 
5.0 5.3 
43 5.0 
2.5 2.11 
4.5 5.1 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.1 0.1 

0.3 1.4 8.4 20.5 
17.5 14.11 8.7 1.8 
7.0 11.3 122 11.4 
5.2 3.8 2.1 0.11 
8.2 12.7 18.8 18.11 
11.7 13.11 18.8 11.6 
0.4 0.5 1.3 8.0 

10.0 10.5 7.11 4.4 
5.3 7.0 72 6.7 
8.2 8.0 10.1 8.11 
3.4 5.0 7.5 11.8 
5.11 8.0 10.2 10.2 
0.0 0.0 0.0 0.1 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.1 0.1 0.2 0.3 

32.11 27.0 
O.B 0.2 
8.8 4.1 
0.4 0.1 
8.3 2.8 
5.5 2.1 

24.B 33.11 
1.7 O.B 
B.4 4.11 
11.5 B.O 

18.5 17.7 
10.0 7.2 
0.2 0.11 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.8 2.2 

7.8 2.4 
0.1 0.3 
1.7 0.8 
0.1 0.2 
0.8 0.5 
1.9 1.3 

lD.3 3.1 
0.2 0.3 
2.4 1.1 
4.1 1.7 
7.1 2.4 
3.5 0.4 
2.4 12.2 
0.3 2.11 
0.3 I.D 
0.3 2.8 
2.3 3.& 
8.D 3.2 
4.4 7.2 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.8 
0.0 
0.0 
0.0 
0.0 
0.0 

111.0 
11.0 
7.7 
&.1 

10.1 
8.4 

14.4 
na na na na na na na na na na 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4 3.& D.D 
0.0 00 0.0 0.0 0.0 0.0 0.0 0.3 4.5 11.5 
00 0.0 0.0 0.0 0.0 0.0 0.0 0.5 2.6 7.11 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
1.1 0.4 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

122 15.5 
7.D 13.3 
7.0 13.3 
7.5 12.D 
&.8 14.1 
7.4 11.3 
11.& 12.0 
na na 
&.0 12.& 
7.1 11.5 
7.8 12.11 

0.0 0.2 0.0 0.1 

na 
0.0 
0.0 
0.0 
0.2 
1.5 
8.5 
1.1 
4.3 
0.4 
0.3 

0.2 0.3 0.5 3.2 8.8 111.5 20.3 13.5 
0.1 0.1 0.2 0.4 
011 1.7 3.1 5.8 
0.1 0.1 0.2 0.4 
0.4 0.8 1.4 2.5 
0.0 0.0 0.3 0.3 
0.1 0.1 0.1 0.1 

2.5 3.5 4.2 7.3 
50 14.2 182 12.3 
11.3 18.3 172 11.8 
00 0.0 0.0 0.1 
0.0 0.1 0.0 0.2 
0.0 0.0 0.0 00 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.1 
0.0 0.0 0.0 0.0 
na na na na 
0.2 0.2 0.5 1.2 
2.B 3.0 3.7 5.3 
1.4 2.5 3.7 8.5 
0.3 0.4 0.7 1.2 
0.1 0.0 0.1 0.1 
0.4 0.5 0.7 1.5 

13.3 
8.11 

11.11 
0.3 
0.1 
0.0 
0.0 
0.2 
0.0 
na 
5.0 
7.5 

10.1 
2.5 
0.2 
2.5 

8.1 25.3 302 20.4 
8.7 11.5 20.0 18.8 
4.2 15.7 38.8 252 
5.0 7.3 13.5 18.0 
0.8 1.1 5.2 152 
1.4 7.0 11.0 8.8 

14.5 13.5 B.5 4.0 
5.2 3.8 7.5 11.2 

102 8.1 4.9 1.9 
0.7 1.4 2.2 4.2 
0.3 0.5 1.5 3.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.7 1.4 1.9 3.0 
0.0 0.0 0.0 2.7 
na na na na 

17.8 28.8 18.1 5.1 
10.7 13.5 18.3 14.7 
12.4 145 13.8 11.7 
4.8 II 1 14.8 21.3 
0.5 1.2 3.1 5.7 
3.4 4.3 4.7 8.2 

10.4 0.0 0.0 0.0 
17.8 0.0 0.0 0.0 

11.& 0.0 0.0 0.0 
162 15.7 4.3 0.5 
15.4 21.7 11.7 8.2 

4.11 8.8 6.0 8.2 

1.4 1.11 
3.4 3.8 
2.2 0.0 
B.l 14.5 
6.7 150 
B.l 14.5 
B.7 18.8 
5.5 13.1 
5.7 14.8 

0.8 0.8 
1.1 0.4 
0.0 0.0 

10.11 17.0 
11.1 182 
10.8 15.11 
11.8 18.7 
10.1 15.5 
11.D 18.8 

na na na na 
1.8 3.8 2.9 4.3 
4.8 B.O 2.3 1.2 
5.B 7.11 3.3 2.5 

13.3 17.1 5.11 2.4 
4.7 12.8 10.4 15.4 
8.7 15.7 10.0 11.8 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 

102 
11.5 
11.8 
11.7 
1'.B 
10.3 
IU 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
8.8 

14.1 
14.5 
13.11 
12.B 
12.0 

11.2 
na na 

10.B 12.B 
10.7 132 
11.8 13.8 
D.8 B.l 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.8 1.3 
5.0 4.0 
7.2 8.2 

0.4 0.3 
0.3 0.3 
0.0 0.0 

11.4 10.7 
11.1 10.D 
11.1 11.5 

11.2 102 
11.3 ".B 
12.4 11.11 
na na 
2.11 3.0 
0.8 0.8 
1.1 0.8 
1.8 1.4 

11.4 11.1 
7.5 8.5 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.2 0.1 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
4.8 4.8 
11.3 11.0 
11.4 112 
D.3 11.0 
8.1 11.2 
8.7 10.0 
6.5 7.1 
na na 
8.5 II.D 
D.4 11.1 
11.6 11.2 
4.3 2.4 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.6 0.5 
2.8 2.B 
5.6 B.II 

0.2 0.2 
0.2 0.1 
0.0 00 
5.5 5.2 
8.0 6.1 
8.8 7.0 
4.5 5.3 
8.7 B.7 
8.1 8.0 
na na 
I.B 1.8 
0.3 0.3 
0.5 0.3 
0.8 0.5 
8.2 B.2 
3.8 3.3 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
2.B 
8.3 
B.8 
8.B 
5.8 
B.l 
4.4 
na 
5.D 
B.B 
6.8 
1.11 
0.0 
0.0 
0.0 
0.4 
1.7 
4.3 

0.1 
0.1 
0.0 
2.8 
3.3 
3.8 
2.B 
3.7 
3.2 
na 
0.11 
0.2 
0.2 
0.4 
3.3 
1.8 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.2 
B.3 
8.8 
8.5 
5.4 
6.2 
4.4 
na 
6.0 
B.8 
6.8 
1.3 
0.0 
0.0 
0.0 
0.3 
1.4 
4.3 

0.1 
0.1 
0.0 
2.3 
3.0 
3.5 
2.B 
3.4 
2.7 
na 
0.8 
0.1 
0.1 
0.3 
2.9 
1.5 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.5 
3.8 
4.2 
4.2 
3.8 
4.2 
3.0 
na 
3.9 
4.4 
4.2 
1.4 
0.0 
0.0 
0.0 
0.2 
1.1 
3.0 

0.1 
0.1 
0.0 
1.4 
1.9 
2.3 
1.8 
2.1 
1.8 
na 
0.5 
0.1 
0.1 
0.2 
1.8 
0.9 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
1.1 
1.3 
1.2 
1.2 
1.3 
O.D 
na 
1.1 
1.3 
1.3 
1.5 
0.0 
0.0 
0.0 
0.2 
0.3 
0.9 

0.0 
0.0 
0.0 
0.4 
0.5 
O.B 
0.5 
O.B 
0.4 
na 
0.1 
0.0 
0.0 
0.1 
0.4 
0.3 

0.0 118.11 
0.0 100.0 
0.0 100.0 
0.0 100.0 
0.0 100.0 
0.0 99.5 
0.1 118.8 
0.0 99.8 
0.0 100.0 
0.0 100.0 
0.0 100.0 
0.0 100.0 
1.8 99.3 
3.5 100.0 
4.5 100.0 
4.5 100.0 
3.9 100.0 
4.1 100.0 
2.& 99.5 
na na 
3.8 100.0 
3.9 100.0 
3.3 100.0 
2.1 118.1 
0.0 118.9 
0.0 118.8 
0.0 116.3 
0.4 115.11 
1.4 118.4 
2.8 99.5 

0.1 99.4 
0.1 99.3 
0.0 99.7 
1.& 118.6 
1.7 99.1 
1.7 115.8 
1.9 94.4 
1.8 99.8 
1.8 100.0 
na na 
0.5 99.4 
0.2 992 
0.2 99.6 
0.4 99.4 
1.7 992 
0.11 99.1 

N 
N ...., 



Appendix 8: Conl'd 
Semple ·2.25 ·1.75 ·1.25 .0.75 .0.25 0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25 4.75 5.2S 5.75 5.2S 1.75 7.25 7.75 8.25 8.75 0.25 0.75 10.25 10181 

N N (%) N N N N N N N N N (%) N (%) N (%) (%) (%) (%) N N N ,%) (%) (%) "" 
230 1 2 0.0 0.0 0.0 0.0 0.2 0.0 3.5 4.7 4.7 4.2 5.1 4.4 5.8 122 11.8 12.7 8.5 8.0 4.0 4.0 2.2 2.0 1.1 0.3 1.1 002 
232 7.4 O.D 0.1 0.4 0.3 0.3 0.3 0.4 0.6 0.8 1.3 1.8 1.8 4.5 11.3 8.6 13.5 10.1 10.7 6.3 8.5 3.5 3.5 2.3 0.7 I.D 100.0 
233 1.1 0.7 0.0 0.2 0.1 0.1 0.2 0.4 1.3 3.4 8.1 5.2 2.3 11.1 0.8 7.7 12.4 8.2 0.2 4.0 5.3 3.0 3.2 1.4 0.4 1.0 00.8 
239 0.0 0.0 0.0 0.2 0.2 0.4 0.6 1.3 3.3 5.7 8.3 5.3 8.9 10.4 17.7 102 102 6.0 4.9 2.8 2.8 1.3 1.2 0.8 0.1 0.8 00.1 
241 00 0.0 0.1 00 0.1 0.1 0.1 0.1 0.5 1.5 2.9 5.2 0.5 4.8 12.0 8.8 14.5 10.0 10.1 5.5 5.3 2.8 2.5 1.5 0.4 1.3 100.4 
242 0.0 0.2 0.4 0.7 0.3 0.4 0.8 0.7 1.3 3.2 5.7 9.4 10.7 8.11 13.5 8.3 102 8.7 8.4 3.8 3.5 1.9 1.8 1.0 0.3 0.11 00.3 
243 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.2 0.6 2.0 3.8 4.11 5.1 8.7 14.4 11.8 13.3 11.2 D.3 5.3 5.3 2.9 2.7 1.6 0.5 1.4 00.3 
m M M M M M M M M M M M M M M M M M M M M M M M M M M M 
251 0.0 0.0 0.0 0.0 0.1 0.2 0.2 0.4 1.1 2.8 1i.5 8.8 10.5 4.8 7.0 13.1 10.3 12.8 8.7 7.0 4.4 1.3 1.4 1.3 0.8 0.1 00.11 
252 00 0.0 0.0 0.0 0.1 0.1 0.2 0.4 0.7 1.0 5.8 10.8 13.8 88.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00.1 
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0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.6 
0.0 
0.0 
0.1 
0.3 
0.7 
0.0 
0.1 
na 
0.11 
0.0 
0.1 
na 

'''.1 
16.1 

8.1 

6.2 

'''.11 

na 
0.1 
I.B 
12 
3.B 
O.B 
2.4 
1.1 
1.2 
6." 
8.B 
7.11 
311 
".3 
B.l 
8.5 
211 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.5 
0.0 
0.0 
0.1 
0." 
0.11 
0.0 
0.2 
na 
0.7 
0.1 
0.1 
na 

lB.6 

'''.5 
7." 
4.3 

IS.5 

na 
0.1 
I." 
O.B 
3.0 
0.7 
2.1 
0.6 
O.B 
3.11 
".7 
6.2 
3.1 
3 .. 
".2 
".8 
2." 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.1 
0.2 
0.6 
0.0 
0.2 
na 
0.3 
0.0 
0.1 
na 
11.2 
7.1 
5.0 

3.5 
7.B 

na 
0.1 
1.5 
O.B 
3.6 
0.6 
1.11 
0.6 
0.6 
..... 
6.3 
5.5 
3.2 
3.S 
".11 
".B 
1.11 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.2 
0.6 
0.0 
0.1 
na 
0.3 
0.0 
0.1 
na 
11.5 
8.11 

5.3 

3.5 
7.7 

na 
0.1 
0.11 
0.4 
2.3 
0." 
I." 
0.3 
D ... 
2.7 
3.3 
".2 
2.0 
2.3 
2.11 
3.0 
I." 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.0 
0.1 
0.3 
0.0 
0.1 
na 
0.2 
0.0 
0.0 
na 
6.11 
".3 
3.4 

2." 
4.6 

na 
0.1 
0.11 
D." 
2.3 
0." 
1.2 
0.3 
0.3 
2.7 
3.3 
3.3 
2.0 
2.3 
2.7 
3.0 
1.2 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.0 
0.1 
0.3 
0.0 
0.0 
na 
0.2 
0.0 
0.0 
na 
8.0 
".2 
3.3 

2.1 
".6 

na 
0.0 
0.5 
02 
1.5 
0.2 
O.B 
0.2 
0.2 
I.B 
2.2 
1.11 
I." 
I." 
1.11 
1.9 
O.B 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.0 
0.1 
0.1 
0.0 
0.0 
na 
0.1 
0.0 
0.0 
na 
41 
2.B 

2.3 

1.8 
3.2 

na 
0.0 
0.1 
0.1 
0." 
0.1 
0.2 
0.1 
0.1 
0.5 
0.6 
0.5 
0." 
0." 
0.5 
0.5 
0.3 

na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
na 
0.0 
0.0 
0.0 
na 
1.3 
1.0 
0.7 

0.5 
11 

na na 
0.0 1195 
0.5 1192 
0.2 1IB.1 
1.2 IIB.B 
0.3 119.5 
0.8 95." 
0.2 100.5 
0." 1011.6 
1.4 IIB.B 
1.7 101.1 
1.6 lIB." 
1.1 119.0 
1.2 119.8 
1.7 IIB.II 
I.B 1192 
O.B IIB.II 

na na 
0.0 119.0 
0.0 119.8 
0.0 119.11 
0.0 100.0 
0.0 119.8 
0.0 IIB.II 
0.0 119." 
0.0 100.0 
0.1 114.3 
0.0 119.8 
0.0 119.6 
0.0 1IB.8 
0.1 119.8 
02 I19.B 
0.0 119.0 
0.1 119.4 
na na 
0.1 119.5 
0.1 10".3 
0.0 IIB.II 
na na 
".11 100.0 
".2 100.0 

2.11 110.9 

2.0 100.5 
".8 100.0 

N 
N 
CO 



18 5.5 08 0.5 0.7 0.11 0.11 1.8 13.8 20.11 13.1 13.0 11.4 1i.2 2.3 4.1 2.0 IS 0.8 0.7 0.5 0.5 0.3 0.2 0.2 0.0 0.2 l1li.6 
AA-dbl B: Cont'd 
s-p.. -2.25 -1.75 -1.25 -0.75 -0.25 0.25 0.75 1.25 1.75 2.25 2.75 3.25 1.75 4.211 4.75 5.25 5.75 1.211 '.75 7.25 7.75 1.25 8.75 '.211 '.75 10.25 .. ' 

(%) (%) (%) (%) (%) (%) (%) (%) (%L_ (%1 (%) (%){%) _(%) _ (%L (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) I'Q 
18 2.7 3.1 0.7 0.5 0.5 0.7 2.4 12.3 lS.5 12.8 11.8 7.4 3.1 1.4 3.1i 2.11 4.2 2.11 3.2 2.1 2.3 1.3 1.2 0.7 0.2 0.7 l1li.2 
111 0.0 0.4 0.3 0.5 0.8 1.3 4.4 18.0 22.7 18.8 12.6 11.1 3.5 1.4 2.2 1.3 1.4 1.0 1.1 0.7 0.8 0.4 0.4 0.2 0.1 0.2 l1li.7 
32 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.3 1.8 2.2 11.2 24.7 211.0 10.7 11.1 3.3 1.0 1.5 1.6 1.0 0.11 0.5 0.5 0.3 0.1 0.4 100.3 
33 0.2 0.1 0.1 0.5 4.5 1.3 2.9 9.5 lS.1 17.8 11.0 8.0 13.9 3.1 3.8 1.3 0.7 0.7 0.8 0.5 0.4 0.3 0.2 0.1 0.0 0.2 97.9 
37 1.1 02 0.0 0.1 0.2 0.2 0.3 0.7 1.5 28 8.0 28.4 30.2 13.4 8.2 3.3 0.2 1.0 1.4 0.8 0.8 0.3 0.3 0.2 0.1 0.3 l1li.5 
40 00 0.7 0.7 0.8 0.8 1.8 7.1 111.3 13.7 3.4 2.5 4.2 1.11 2.7 7.0 5.0 8.0 3.6 3.3 2.1i 2.11 1.11 1.11 1.3 0.4 1.1 l1li.11 
45 Oli 1.1 0.11 1.2 1.5 1.7 1.5 2.1i 3.B 5.5 11.4 25.8 20.7 22.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 l1li.11 
48 01 0.0 01 0.1 0.1 0.4 1.2 82 18.2 238 17.0 11.4 5.2 0.7 1.8 1.1 1.8 1.8 2.4 1.8 1.8 1.0 1.0 0.7 0.2 0.8 118.2 
47 34 1.4 0.8 0.8 1.4 2.1 5.1 12.4 103 8.11 6.3 7.8 6.4 3.3 8.0 5.7 6.4 3.4 2.7 1.4 1.4 0.8 0.7 0.5 0.1 0.8 l1li.8 
50 03 08 0.4 0.11 0.11 1.4 2.0 6.3 13.8 111.3 20.3 13.0 3.8 0.2 0.8 0.11 2.2 2.1 2.8 1.7 1.8 1.0 1.0 0.6 0.2 0.1i 118.6 
52 20 22 0.11 1.0 1.1 2.4 4.7 7.0 10.7 14.8 13.0 8.2 11.4 5.1 8.0 2.1 1.0 1.2 1.3 0.11 0.6 0.5 0.4 0.3 0.1 0.4 l1li.2 
28 00 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.3 0.15 1.0 3.11 14.15 15.4 30.8 13.5 6.4 2.4 2.3 2.3 2.0 1.4 1.0 0.11 0.2 1.3 100.1 
30 00 00 0.0 0.0 0.1 0.1 0.2 02 0.5 0.8 4.0 11.2 11.3 4.0 11.3 8.4 11.3 8.11 6.11 4.1i 4.11 3.0 2.8 1.11 0.8 2.0 87.1i 

RuzIzI RIvw .... 
56 00 
100 00 
1211 6.1 
130 1.5 
140 00 
141 
811 
83 
110 
111 
112 
282 

RuZ37 
Rur33 
RUI311 
Rur40 

54 
55 
56 
511 
80 
61 
62 
83 
64 
68 
74 
78 
n 
79 

82 
86 
117 
118 

1.11 
00 
00 
00 
00 
04 
00 
00 
00 
00 
00 
00 
00 
00 
00 
na 
0.0 
na 
00 
00 
00 
00 
00 
00 
na 
00 
00 
00 
00 

00 
02 
1.5 
0.8 
02 
1.8 
0.0 
0.8 
0.8 
00 
1.8 
00 
00 
00 
00 
00 
00 
00 
00 
0.0 
na 
00 
na 
0.0 
0.0 
0.0 
0.0 
0.0 
00 
na 
00 
00 
00 
00 

0.0 
01 
22 
0.11 
0.1 
1.0 
02 
0.8 
1.2 
0.1 
2.0 
0.0 
00 
00 
00 
00 
0.0 
0.0 
0.0 
0.0 
nil 

00 
nil 

0.0 
0.0 
0.0 
0.0 
00 
0.0 
nil 

0.0 
00 
00 
00 

0.0 
0.5 
1i.2 
2.6 
02 
3.11 
0.7 
2.5 
4.2 
0.2 
2.8 
0.0 
0.0 
0.0 
0.0 
00 
0.0 
00 
0.0 
0.0 
nil 

0.0 
na 
0.0 
0.0 
0.0 
0.0 
00 
0.0 
na 
00 
0.0 
00 
00 

0.1 0.1 
0.1i 1.0 
67 12.7 
3.8 8.11 
0.2 0.1i 
7.2 11.1 
1.2 3.0 
5.1 
6.7 
1.0 
2.11 
0.0 
0.0 
0.0 
00 
0.0 
0.0 
0.0 
0.0 
0.0 
na 
00 
na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
na 
00 
00 
00 
00 

11.4 
lli.8 
8.7 
4.11 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
na 
0.0 
na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
na 
0.0 
0.0 
0.0 
0.0 

0.3 
2.6 

25.5 
17.4 
1.8 

111.0 
8.8 

28.7 
24.6 
28.1 

8.11 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
na 
0.0 
na 
0.0 
0.0 
0.0 
0.0 
00 
0.0 
na 
0.1 
0.0 
0.0 
0.0 

1.6 
8.1 

25.7 
211.6 
6.8 

28.7 
211.0 
242 
22.11 
37.2 
12.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
00 
0.0 
0.0 
na 
0.0 
na 
0.1 
0.0 
0.1 
0.1 
00 
00 
na 
0.1 
0.0 
0.0 
0.0 

4.7 
23.6 
10.7 
21.5 
15.8 
111.4 
33.3 
12.8 
12.4 
18.8 
125 
0.0 
0.0 
00 
0.0 
0.0 
00 
0.0 
0.0 
0.0 
na 
0.0 
na 
0.1 
0.0 
0.1 
02 
0.1 
0.0 
na 
0.1 
0.0 
00 
0.0 

83 
33.4 
2.0 

10.11 
13.2 
4.0 

lB.l 
5.7 
4.2 
7.11 

11.1 
0.0 
0.0 
0.0 
00 
0.0 
0.0 
0.0 
0.0 
00 
na 
0.0 
na 
0.2 
0.0 
0.2 
0.3 
0.1 
0.0 
na 
02 
0.0 
0.0 
0.0 

21.0 37.2 
111.6 7.2 
0.7 0.3 
3.1 0.5 

23.3 18.2 
0.5 0.1 
4.5 0.7 
2.0 0.7 
2.1 1.11 
2.11 0.8 

12.0 12.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
na 
0.0 
na 
0.7 
0.0 
0.2 
0.4 
0.5 
0.0 
na 
0.3 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
na 
0.0 
na 
2.6 
0.0 
0.4 
0.8 
2.4 
0.0 
na 
0.7 
0.0 
0.0 
0.0 

111.5 
2.4 
0.2 
0.1 
6.1 
0.0 
0.1 
0.2 
1.7 
0.1 

10.1 
0.4 
8.5 
2.11 
32 
0.3 
3.2 
1.2 
3.4 
4.5 
na 
5.0 
na 
5.2 
7.11 
1.3 
2.1 
8.2 
3.11 

8.7 
0.3 
0.4 
0.5 
4.3 
0.3 
0.0 
0.4 
0.5 
0.4 
6.3 
1.8 
8.1 
4.7 
7.1 
5.4 
4.5 
2.0 
2.7 
5.2 
na 
5.0 
na 
4.4 
11.6 
2.7 
8.5 
8.3 
5.2 

0.0 
0.4 
0.0 
0.0 
0.0 
0.0 
0.0 
1.1 
0.0 
0.0 
0.0 
6.4 
8.6 
4.7 
8.5 
6.7 

11.3 
7.5 
11.3 

12.6 
na 

11.11 
III 

11.8 
21.4 

8.1 
14.3 

11.11 
13.4 

na na na 
2.6 6.3 11.8 
4.9 6.7 11.8 
4.11 13.2 15.8 
7.3 23.1 32.0 

0.0 
0.2 
0.0 
0.0 
0.0 
0.0 
0.0 
0.11 
0.0 
00 
0.0 
7.4 
5.5 
5.5 

0.0 
0.2 
0.0 
0.0 
0.0 
0.0 
0.0 
1.3 
0.0 
0.0 
0.0 

10.1 
3.1 
1511 

6.3 3.4 
7.4 6.11 
11.8 16.5 
7.11 15.11 

15.4 6.4 
11.11 15.4 

0.0 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.11 
0.0 
0.0 
0.0 

13.8 
3.6 
8.7 
5.3 

10.7 
12.3 
132 
12.4 
lUI 

0.0 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.8 
0.0 
0.0 
0.0 

13.0 
4.5 
7.5 
7.1 

12.5 
12.8 
14.11 
13.6 
11.8 

na 
11.6 

na 
18.0 

na na 
12.0 12.2 

na nil 

9.8 15.6 
14.2 
7.0 

10.3 
15.0 
10.4 

17.2 
14.1 
14.8 
14.8 
15.3 

na 
11.3 
8.7 

12.8 
10.5 
10.0 
11.1 

na na na 
13.0 15.2 11.3 
10.4 16.3 11.2 
19.8 18.8 11.6 
14.6 411 4.8 

na 
11.3 
8.2 

15.5 
10.5 
9.3 

10.5 
na 
6.8 
8.2 
8.8 
4.2 

0.0 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.4 
0.0 
0.0 
0.0 

10.2 
7.8 
4.5 
8.8 

10.8 
7.4 
11.0 
8.3 
6.9 
na 
7.0 
na 
6.4 
3.5 
9.0 
6.6 
5.4 
6.8 
na 
5.6 
8.1 
3.1 
3.6 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.4 
0.0 
0.0 
0.0 
9.7 

10.7 
1.5 

10.5 
9.1 
7.4 
11.4 
8.7 
7.1 
na 
7.0 
na 
6.4 
3.5 
11.6 
7.2 
1i.4 
6.5 
na 
5.6 
6.1 
2.6 
29 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.2 
0.0 
0.0 
0.0 
7.5 

12.3 
12.5 

11.6 
7.6 
4.4 
5.3 
5.1 
4.3 
na 
4.2 
na 
3.9 
2.3 
5.3 
4.3 
3.' 
43 
na 
3.4 
7.0 
1.7 
1.6 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.2 
0.0 
0.0 
0.0 
6.4 

13.11 
23.4 
8.7 
6.2 
4.4 
5.6 
5.1 
4.1 
na 
4.0 
na 
3.7 
1.9 
52 
'.1 
3.2 
4.6 
na 
3.2 
4.0 
1.4 
0.3 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
00 
0.1 
0.0 
0.0 
0.0 
5.11 

10.4 
15.8 
8.6 
5.0 
3.0 
3.7 
3.4 
2.8 
na 
2.7 
na 
2.4 
1.4 
3.5 
2.6 
22 
3.7 
na 
2.2 
2.7 
10 
0.3 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.11 
6.9 
8.2 
8.5 
3.11 
0.8 
1.1 
1.0 
0.11 
na 
0.8 
na 
0.8 
0.4 
1.0 
0.7 
0.8 
1.1 
na 
0.5 
0.8 
0.2 
0.3 

0.0 l1li.5 
0.0 l1li.8 
0.0 l1li.11 
0.0 100.0 
0.0 68.3 
0.0 118.11 
0.0 l1li.8 
0.1 l1li.8 
0.0 118.11 
0.0 l1li.7 
0.0 100.3 
5.8 100.0 
3.3 105.3 

12.11 118.7 
10.0 

11.0 
2.7 
3.3 
3.1 
2.9 

103.7 
103.5 
100.0 
100.0 
100.0 
100.0 

na na 
2.7 100.0 

na na 
2.4 l1li.0 
1.7 100.0 
3.0 l1li.1 
2.5 l1li.0 
2.3 l1li2 
3.4 100.0 
na na 
2.3 113.4 
2.8 l1li.0 
1.2 100.0 
1.3 101.3 

I\) 
(,0) 

o 
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Appendix 8: Conl'd 

Semple -2.25 -1.75 -1.25 -0.75 -0.25 0.211 0.75 1.25 1.75 2.25 2.75 a.a 3.75 4.a 4.75 5.a 5.75 t.2lI 8.75 7.211 7.75 8.25 8.75 lI.a '.75 10.25 loti' 

131 
137 

143 
152 
259 
260 
261 
263 
265 
267 

Ruz41 
73 
75 
88 
94 
99 
135 
57 
67 
70 
71 
n 
7e 
110 
81 
64 
115 
136 
136 
1311 

146 
1411 

~ ~ ~ ~ 00 00 ~ 00 00 00 0000 00 00 00 ~ 00 00 00 00 00 ~ 00 00 00 ~ ~ 
na 
0.0 
na 
00 
00 
00 
00 
00 
0.0 
00 
00 
0.0 
0.0 
0.0 
00 
as 
00 
00 
00 
M 

M 

00 
0.0 
M 
na 
0.0 
M 

M 

00 
00 
00 
00 

na 
0.0 
na 
0.0 
0.0 
0.0 
00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
00 
0.0 
0.8 
0.1 
0.0 
00 
M 

M 

0.1 
0.0 
M 
na 
00 
M 
na 
0.0 
0.0 
00 
0.0 

na 
0.0 
na 
00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.2 
0.0 
0.0 
2.0 
02 
00 
0.1 
M 

M 

00 
0.0 
M 

na 
0.0 
M 
na 
0.0 
0.0 
0.0 
0.0 

na na 
0.0 0.0 
na na 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.1 0.1 
0.6 3.7 
00 0.0 
0.0 0.1 
6.8 10.1 
0.2 0.3 
0.0 0.0 
0.2 0.1 
na 
M 
0.1 
02 
M 

na 
00 
M 
na 
0.0 
0.0 
0.0 
0.0 

M 

M 
0.0 
0.2 
na 
na 
0.0 
M 
M 

0.0 
0.1 
0.1 
0.1 

na na na 
0.0 0.0 0.0 
M M M 

0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 00 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.2 0.3 0.4 

14.8 30.4 29.5 
0.0 0.0 0.1 
0.0 0.1 0.5 

14.8 172 15.8 
0.3 0.3 0.4 
0.1 0.1 0.1 
0.2 0.2 0.2 
M 

M 

0.1 
0.2 
na 
M 

0.1 
M 

M 

0.0 
0.1 
0.1 
0.1 

M 

M 

0.1 
0.4 
na 
M 
0.1 
M 

M 

0.1 
02 
0.1 
0.1 

M 

M 

0.2 
0.5 
M 

M 
0.2 
M 

M 

0.1 
02 
0.2 
02 

na 
0.0 
na 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.8 

10.1 
0.2 
38 
61 
06 
0.2 
03 
M 

M 

0.2 
09 
M 
na 
0.4 
na 
M 
0.2 
04 
0.3 
0.5 

na 
0.0 
M 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
2.1 
4.2 
0.1 

11.8 
3.1 
1.3 
0.8 
0.4 
na 
na 
0.5 
1.2 
M 

M 
0.7 
M 
na 
0.2 
0.7 
0.5 
0.8 

na M na 
0.0 0.0 0.7 ...... 
0.0 0.0 4.6 
0.0 0.0 0.9 
0.0 0.0 0.2 
0.0 0.0 0.7 
0.0 0.0 0.1 
0.0 0.0 0.3 
0.0 0.0 0.6 
0.0 0.0 0.2 
8.5 23.0 31.1 
3.0 2.3 0.8 
8.5 19.3 38.4 

222 27.1 18.9 
2.1 0.7 1.0 
4.0 27.7 39.8 
1.4 4.8 11.0 
1.1 5.7 14.9 
M 

M 
1.1 
2.0 
na 
na 
2.5 
na 
na 
0.8 
1.3 
1.4 
2.3 

M M 

M M 

4.8 14.0 
3.8 8.2 
M M 

M M 

9.4 22.9 
M na 
M na 
2.5 12.8 
3.7 8.8 
6.6 111.1 
8.11 31.8 

na 
2.2 
M 
9.1 
1.1 
0.5 
1.8 
0.0 
0.2 
2.0 

10.0 
6.6 
0.4 

15.0 
4.1 
5.9 

10.5 
5.1 

20.4 

M M 

7.8 10.11 
M M 

12.3 16.8 
8.3 11.5 
5.11 7.11 
6.11 7.4 
2.4 5.8 
5.0 6.1 
11.8 11.0 

10.5 22.7 
2.2 4.4 
0.0 0.0 

12.1 4.6 
4.8 2.1 
4.8 3.5 
11.11 1.8 
5.8 9.1 

272 8.7 
M M M 

M 

11.0 
12.5 
na 

M M 

111.0 25.7 
7.2 10.3 
M M 

na M 

15.7 13.7 
na M 

na M 

17.7 23.1 
13.8 22.6 
111.6 24.7 
37.5 10.6 

M 

11.0 
na 
M 

11.2 
10.11 
7.8 
2.11 

na 
11.0 
na 
7.11 

16.0 
13.8 
12.6 
13.5 
15.11 
18.4 
9.1 
3.0 
0.0 
0.3 
1.4 
0.8 
0.0 

10.8 
3.11 .. 
M 
5.5 

13.8 
M 
M 

7.5 
M 

M 

7.4 
11.3 
3.2 
0.2 

na 
15.3 
na 
11.4 

14.4 
16.8 
14.7 
15.0 
15.3 
12.5 

7.11 
3.11 
0.0 
1.0 
1.1 
0.7 
0.1 

12.8 
3.5 
na 
M 

4.3 
11.4 
M 

M 

3.4 
M 

M 

5.8 
5.11 
3.0 
0.8 

M 
11.1 
M 

10.11 
14.8 
14.5 
152 
18.4 
16.1 
13.5 

6.11 
3.11 
0.0 
1.2 
1.1 
0.11 
0.5 

10.8 
3.3 .. 
M 

4.0 
8.11 
M 

na 
3.3 
M 
M 

5.4 
5.3 
2.8 
1.0 

M 
11.11 
M 

8.3 
7.7 
11.5 
11.5 

112 
10.3 
8.3 
5.5 
2.1 
0.0 
0.7 
0.7 
0.5 
0.4 
7.0 
2.3 
M 

na 
2.8 
5.5 
M 

na 
2.4 
M 
M 

3.5 
3.6 
2.1 
1.1 

M 
7.5 
M 
5.7 
7.6 
11.1 
8.7 

11.4 
8.11 
11.0 
4.4 
2.1 
0.0 
0.4 
0.7 
0.4 
0.2 
7.4 
1.11 
M 

na 
2.3 
5.8 
M 

M 

2.1 
M 
M 

3.1 
3.7 
1.8 
1.2 

M 

6.6 
M 

4.5 
4.6 
6.8 
6.11 
6.4 
6.11 
5.5 
4.2 
1.2 
0.0 
0.3 
0.4 
0.3 
0.2 
4.2 
1.3 
M 
M 

1.6 
3.3 
M 

na 
1.4 
M 

M 

2.1 
2.5 
1.2 
0.8 

M 

6.0 
M 

3.3 
4.6 
6.1 
8.5 
6.6 
62 
5.6 
4.0 
1.1 
0.0 
0.3 
0.4 
02 
0.1 
4.2 
1.1 
na 
M 

1.2 
3.1 
na 
M 

1.2 
M 

M 
1.11 
2.2 
1.0 
0.3 

M 
4.3 
M 

2.5 
3.2 
4.3 
4.4 
4.4 
4.1 
3.6 
4.1 
0.7 
0.0 
0.3 
0.2 
0.1 
0.2 
2.7 
0.8 
M 

M 

1.0 
2.0 
M 

M 

0.11 
M 

M 

1.4 
1.6 
0.8 
0.2 

M 
1.2 
na 
1.7 
1.0 
1.2 
1.3 
1.3 
1.2 
1.0 
4.1 
0.2 
0.0 
0.1 
0.1 
0.0 
0.0 
0.7 
0.2 
M 

M 

0.2 
0.5 
na 
na 
0.2 
M 

na 
0.3 
0.4 
0.2 
0.1 

M M 
3.6 100.0 
M M 

5.2 102.0 
4.4 100.0 
3.6 100.0 
3.6 100.0 
3.6 100.0 
3.5 100.0 
3.4 100.0 
7.2 100.5 
0.7 118.6 
0.0 l1li.6 
0.5 l1li.7 
0.3 l1li.7 
0.3 IIB.II 
0.3 l1li.5 
2.5 l1li2 
1.1 l1li.0 
M 

na 
1.3 
1.11 
na 
M 

1.0 

M .. 
l1li.1 
l1li.6 

M 

na 
1182 

M M 

na M 

1.5 992 
1.8 l1li.0 
1.0 117.4 
0.5 101.6 

N 
Co) ..... 



Ael!!ndl. C: Carboni SUlfur Ind PvrolXs .. Dati for like TlnlllnX!kI Sediment same'" 
tolll Icld free kerogen CO2 production hydrogen oxygen quality 

Wlter totll totll orglnlc Insoluble Tmu bitumen potential Yield Index Inde. Inde. Index 
simple depth carbon sulfur carbon sulfur 81 SZ S3 S2/(TOC S31(TOC 

(m) (wt%) (wt%) (wt%) lwt%} ("C) (mglg) (mglg) (m~g) S1/lSZ+S3} "100} "100} S21S3 
Hylnza Lac 

29 4 1.29 0,01 1.17 0.01 402 0.15 0.42 1.62 0.26 36 138 0.26 
30 4 1.54 0.02 1.47 0.01 403 0.16 0.47 1.98 0.25 32 136 0.24 
37 14 6.46 0.02 0.53 0.03 428 0.16 0.66 1.46 0.20 125 275 0.45 
17 15 0.60 0.01 
32 15 1.86 0,01 0.46 0.01 419 0.11 0.34 0.95 0.24 74 207 0.36 
39 15 6.48 0.04 0.59 0.02 
24 17 6.41 0.03 O.SO 0.03 410 0.44 0.57 1.34 0.44 168 394 0.43 
23 22 7.12 0.07 0.87 0.05 356 0.93 0.89 2.11 0.51 102 242 0.42 

2 36 6.88 0.13 2.11 0.10 431 0.51 2.39 2.71 0.18 113 128 0.88 
18 42 2.08 0.02 0.71 0.02 413 0.11 0.36 1.04 0.23 51 146 0.35 
35 42 1.24 0.03 0.25 0.02 395 0.04 0.08 0.51 0.33 32 203 0.16 
50 43 1.16 0,01 0.37 0.01 414 0.27 0.46 1.53 0.37 124 414 0.30 

core 1 (1a) 58 5.58 0.07 1.41 0.07 
9 62 6.06 0.03 1.59 0.02 426 0.30 1.62 2.21 0.16 102 139 0.73 
7 73 8.13 0.05 1.61 0.02 427 0.39 1.98 2.38 0.16 121 146 0.83 

core2(2a) 90 8.54 0.36 3.85 0.18 
269 92 429 0.64 3.03 2.83 0.17 202 189 1.07 

Ruzizi River site 
82 4 1.64 0.01 1.40 0.01 408 0.17 0.74 2.40 0.19 43 171 0.31 
98 2 2.74 0.03 2.44 0.02 

215 6 1.74 0.01 1.70 0.01 411 0.21 0.91 2.78 0.19 54 164 0.33 
155 8 0.68 0.03 0.67 0.02 407 0.03 0.18 0.89 0.14 27 132 0.20 
78 10 1.99 0.01 1.87 431 0.22 2.05 2.55 0.10 110 136 0.80 

259 19 1.86 0.03 1.73 0,01 428 0.72 3.14 2.78 0.19 182 161 1.13 
62 24 1.82 0.Q1 1.67 0.02 400 0.18 0.61 2.13 0.23 37 128 0.29 
81 24 1.64 0.01 1.50 0.01 407 0.14 0.68 2.17 0.17 45 145 0.31 
60 25 1.41 0.Q1 1.27 0.01 411 0.21 0.73 2.11 0.22 57 166 0.35 
95 29 1.70 0.Q1 1.60 0.01 403 0.24 1.05 2.73 0.19 125 325 0.38 
59 30 1.58 0.02 1.44 0.Q1 406 0.17 0.63 2.13 0.21 44 148 0.30 
80 30 1.62 0.01 1.55 0.01 408 0.15 0.70 2.14 0.18 45 138 0.33 
74 32 2.04 0.03 1.82 405 0.23 0.90 2.72 0.20 SOO 1511 0.33 

260 36 1.93 0.02 1.80 0.02 409 0.25 0.90 2.81 0.22 50 156 0.32 
126 37 2.04 0.02 1.82 0.01 405 0.22 0.79 2.64 0.22 43 145 0.30 
55 41 2.06 0.03 1.87 0.03 414 0.21 0.91 2.34 0.19 49 125 0.39 N 

CA) 

N 



Aee!ndlx C: Conrd 
total add free kerogen CO2 production hydrogen oxygen quality 

water total total organic Insoluble TmD bitumen potential YIeld Index Index Index Inde. 
sample depth carbon sulfur carbon sulfur S1 52 S3 S2/(TOC S31(TOC 

1m} lwt%) lwt%) lwt%) lwt%} 1"C} Imll!lI} ImD} lmll!g} S11152+S3) 6100} 6100} S2IS3 
73 41 1.27 0.02 0.62 0.01 406 0.08 0.27 0.91 0.23 44 147 0.30 
57 43 1.64 0.05 1.56 0.03 405 0.13 0.57 1.84 0.19 37 118 0.31 

139 46 0.91 0.03 0.62 0.02 431 0.04 0.22 0.89 0.15 35 143 0.25 
261 47 1.97 0.05 1.85 0.02 407 0.32 1.05 3.41 0.23 57 184 0.31 

72 49 1.20 0.02 0.85 0.02 409 0.08 0.37 1.29 0.18 44 152 0.29 
84 50 0.81 0.01 0.54 0.01 412 0.06 0.22 1.09 0.21 41 202 0.20 

148 51 0.85 0.Q1 0.59 0.01 406 0.06 0.28 1.01 0.18 47 171 0.28 
147 52 1.20 0.01 0.92 0.01 419 0.12 0.68 1.74 0.15 74 189 0.39 
97 54 1.88 0.02 1.76 0.02 410 0.21 0.74 2.97 0.22 43 145 0.25 
67 56 0.92 0.02 0.71 0.02 409 0.07 0.26 1.10 0.21 37 155 0.24 

264 67 1.98 0.02 1.74 0.01 405 0.25 0.89 2.83 0.22 51 163 0.31 
69 68 1.87 0.04 1.73 0.04 413 0.29 1.10 2.47 0.21 64 143 0.45 

136 68 1.47 0.09 1.28 0.04 417 0.18 0.96 1.61 0.16 75 126 0.60 
68 69 2.02 0.05 1.83 0.02 415 0.30 1.35 2.20 0.18 73 119 0.61 
70 71 2.03 0.08 1.80 0.04 402 0.22 1.17 1.83 0.16 65 102 0.64 

137 75 3.28 0.28 2.14 0.11 422 0.42 2.36 2.98 0.15 110 139 0.79 
ruz-37 95 3.31 0.48 2.65 0.09 426 0.41 2.12 2.57 0.16 80 97 0.82 
ruz-39 125 4.21 0.85 3.18 0.45 423 0.73 3.98 3.09 0.15 125 97 1.29 
ruz-40 139 3.70 0.70 3.65 0.43 428 0.75 4.40 3.81 0.15 121 104 1.15 
ruz-41 143 6.13 0.96 3.69 0.59 424 0.99 5.32 3.92 0.16 144 106 1.36 
Cape Banza site 

110 63 2.78 0.03 1.00 0.02 423 0.46 2.03 1.53 0.18 203 153 1.33 
112 n 5.89 0.07 2.67 0.06 422 1.45 6.25 2.73 0.19 234 102 2.29 
120 100 7.91 0.15 5.51 0.11 427 1.19 5.68 5.17 0.17 103 94 1.10 
121 100 6.37 0.64 4.64 0.52 427 2.42 11.14 4.61 0.18 240 99 2.42 
122 130 8.58 0.74 4.96 0.72 429 1.84 8.91 4.65 0.17 180 94 1.92 
119 140 9.36 0.60 4.78 0.59 426 2.12 9.13 4.82 0.19 191 101 1.89 
115 150 9.38 0.70 5.49 0.60 423 4.05 16.36 4.48 0.20 299 82 3.65 
123 150 8.19 0.56 4.61 0.58 427 2.51 10.80 4.58 0.19 235 100 2.36 
116 160 9.19 0.74 5.19 0.62 427 3.13 13.54 4.40 0.19 261 85 3.08 
117 170 9.65 0.59 5.29 0.73 425 3.37 14.00 4.55 0.19 265 86 3.08 
125 170 8.44 0.55 4.61 0.44 425 2.13 9.73 4.27 0.18 211 93 2.28 
124 180 8.97 0.62 4.96 0.60 427 2.97 14.10 4.72 0.17 284 95 2.99 
118 190 6.38 0.33 3.69 0.51 425 1.64 7.17 3.33 0.19 194 90 2.15 

I\) 

w 
w 



Ae~ndlx C: Confd 
tolal acid free kerogen CO2 producllon hydrogen oxygen quality 

water total Iotal organic Inloluble Tmu bitumen potential Yield Inde. Index Inde. Inde. 
lample depth carbon lulfur c.rbon luI fur S1 52 S3 S2/(TOC S3I(TOC 

1m) IWl%) IWl%) IWl%) IWl%) ICC) lm~g) lm~m lm~g} S1/(52+93) "100) "100) S2/S3 
Magara silo 

201 30 3.64 0.03 3.46 0.02 421 1.07 4.05 5.33 0.21 117 164 0.76 
165 38 0.34 0.02 0.22 0.01 
176 40 0.63 0.02 422 0.02 0.19 0.54 0.10 0.35 
177 43 0.63 0.02 0.23 0.02 271 0.01 0.02 0.48 0.33 9 208 0.04 
180 54 1.09 0.04 0.83 0.02 407 0.08 0.40 0.85 0.17 48 102 0.47 
156 56 1.25 0.01 0.51 0.01 426 0.09 0.45 1.02 0.17 88 200 0.44 
193 57 4.90 0.04 4.77 0,01 420 1.04 3.85 6.71 0.21 81 141 0.57 
188 58 2.18 0.02 1.77 0.01 423 0.26 1.38 2.26 0.16 78 128 0.61 
160 60 2.14 0.05 1.95 0.02 411 0.73 2.09 3.24 0.26 107 166 0.65 
185 63 1.67 0.02 0.78 0.01 426 0.24 1.08 1.68 0.18 138 215 0.64 
192 65 2.89 0.03 2.61 0.02 419 0.64 2.63 3.41 0.20 101 131 0.77 
168 72 1.43 0.06 0.96 0.03 424 0.14 0.71 1.07 0.16 74 111 0.66 
186 75 3.44 0.30 3.15 0.03 418 1.08 4.42 3.67 0.20 141 117 1.20 
169 84 3.03 0.27 2.86 0.05 415 1.01 3.64 3.59 0.22 127 126 1.01 
181 90 1.69 0.28 1.47 0.15 414 0.20 0.86 1.87 0.19 59 127 0.46 
183 90 2.37 0.11 2.27 0.03 421 0.58 1.90 3.53 0.23 84 156 0.54 
166 116 2.33 0.34 2.01 0.12 416 0.72 2.48 2.63 0.23 123 131 0.94 

Bembasite 
243 19 3.19 0.34 2.63 0.17 
247 30 2.34 0.03 2.26 0.02 420 0.13 0.83 2.21 0.14 37 98 0.38 
238 31 0.57 0.02 0.59 0.01 400 0.03 0.13 0.75 0.19 22 127 0.17 
237 37 0.47 0.03 0.42 0.01 402 0.03 0.10 0.30 0.23 24 142 0.33 
246 40 1.38 0.03 1.35 0.12 413 0.09 0.53 1.61 0.15 39 119 0.33 
227 60 3.07 0.05 2.51 0.03 421 0.38 1.70 2.93 0.18 81 140 0.58 
239 61 1.55 0.03 1.24 0.01 415 0.19 0.89 1.54 0.18 72 124 0.58 
242 76 2.68 0.13 1.76 0.05 419 0.26 1.37 2.12 0.16 76 117 0.65 
228 81 2.79 0.08 2.44 0.03 416 0.63 3.00 3.45 0.17 123 141 0.87 
254 84 3.64 0.21 2.60 0.02 422 0.61 2.73 3.42 0.18 105 132 0.80 
218 97 4.01 0.19 2.57 0.03 422 0.65 2.87 3.15 0.18 112 123 0.91 
229 89 2.50 0.25 2.30 0.19 415 0.32 1.53 3.65 0.17 67 159 0.42 
245 102 3.49 0.47 2.92 0.36 424 0.50 3.25 2.74 0.13 111 94 1.19 
241 113 1.68 0.07 1.50 0.09 
250 117 10.00 0.35 10.01 0.21 360 4.10 11.05 9.38 0.27 110 94 1.18 
253 127 3.30 0.40 3.25 0.45 419 0.34 1.91 2.50 0.15 0.83 109 0.76 N 

(0) 
~ 



Ae~ndlx C: Confd 
total acid free 

water total totll orglnlc Insoluble Tmu bitumen 
sample depth carbon sulfur carbon sulfur 81 

lm} lwt%} lwt%) {wt%} {wt%} {ac} {m~1I} 
232 176 5.36 0.79 4.98 0.56 426 1.31 
252 182 2.86 0.24 2.74 0.02 420 0.98 

Kigomasite 
kig-33 17 2.03 0.04 0.37 0.02 305 0.01 
kig-23 20 0.52 0.02 0.27 0.01 420 0.02 
kig-32 37 3.01 0.04 1.95 0.02 425 0.13 
kig-34 48 3.48 0.04 0.49 0.01 425 0.05 
kig-30 50 3.23 0.09 0.61 0.04 428 0.13 
kig-3 60 3.34 0.76 2.83 0.38 423 0.52 
kig-31 61 3.63 0.10 1.17 0.05 425 0.18 
kig-28 63 4.85 0.09 1.23 0.24 422 0.34 
kig-11 75 8.15 0.19 2.88 0.11 431 1.35 
kig-16 75 4.61 0.11 1.32 0.05 423 0.50 
kig-27 75 7.32 0.19 3.00 0.12 424 1.58 
kig-5a 80 8.73 0.10 2.98 0.09 426 1.48 
kig-9 80 7.99 0.17 2.73 0.08 423 1.33 
kig-19 82 5.35 0.18 2.71 0.11 428 1.33 
kig-7w 97 10.27 0.11 2.27 0.06 421 1.26 
kig-17 100 8.73 0.54 4.28 0.36 427 2.51 
kig-12 118 9.31 0.54 4.33 0.20 428 2.77 
kig-10 105 9.57 0.53 4.72 0.33 431 2.61 
kig-22 105 7.37 0.39 3.35 0.15 426 1.59 
kig -20 115 9.48 0.41 3.25 0.25 423 2.08 
kig-13 180 7.86 0.94 5.26 0.45 427 3.85 

kerogen CO2 producUon 
potential Yield Index 

82 53 
{mala} {mWII} 81/(S2+S3} 

7.29 7.23 0.15 
4.00 4.19 0.20 

0.03 0.29 0.25 
0.06 0.34 0.25 
0.87 1.92 0.13 
0.29 0.74 0.15 
0.58 1.02 0.18 
2.45 3.27 0.18 
1.29 1.26 0.12 
2.08 1.49 0.14 
7.50 3.18 0.15 
2.26 1.77 0.18 
6.91 3.03 0.19 
7.71 3.45 0.16 
7.06 3.09 0.16 
6.13 2.43 0.18 
6.29 3.00 0.17 
11.33 4.48 0.18 
13.12 4.00 0.17 
14.33 4.58 0.15 
8.11 3.15 0.16 
8.73 3.13 0.19 
15.73 4.90 0.20 

hydrogen 
Indu 

S2/(TOC 
·100} 
146 
146 

8 
22 
45 
59 
95 
87 
110 
169 
260 
171 
230 
259 
259 
282 
277 
265 
303 
304 
242 
269 
299 

oxygen 
Index 

S31(TOC 
·100} 
145 
153 

78 
126 
98 
151 
167 
116 
108 
121 
110 
134 
101 
116 
113 
112 
132 
105 
92 
97 
94 
96 
93 

quality 
Index 

S2/S3 
1.01 
0.95 

0.10 
0.18 
0.45 
0.39 
0.57 
0.75 
1.02 
1.40 
2.36 
1.28 
2.28 
2.23 
2.28 
2.52 
2.10 
2.53 
3.28 
3.13 
2.57 
2.79 
3.21 

~ 
c,,) 
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Appendix 0: Modal Com~&ltlon Data for Lake Tanganllka Sand Same!e8 

Raw Date Recalculated Ratios 
88m~le Q8 Q~ Q3-4 Q4 Qr P Pr K Kr M Mr 0 Dr RF Alt C TotTr TotGD Qtm Fm RFm Qt{GD} F{GD} L{GD} 
Nyanza Lac &lte 
dg-081 70 0 54 94 82 22 11 9 7 3 5 8 5 30 0 0 389 379 0.56 0.08 0.36 0.79 0.13 0.08 
dg-083 66 8 41 88 38 31 6 12 3 3 12 25 15 43 9 0 363 336 0.56 0.12 0.32 0.72 0.15 0.13 
dg-107 90 5 80 73 46 43 19 27 6 1 1 3 0 6 0 0 396 395 0.63 0.18 0.20 0.74 0.24 0.02 
dg-111 79 10 34 103 35 40 28 11 8 0 4 15 6 20 0 7 378 368 0.60 0.13 0.27 0.71 0.24 0.05 
ma-017 101 13 50 93 38 33 7296 0 0 0 0 3 0 27 373 373 0.69 0.17 0.14 0.79 0.20 0.01 
ms-024 127 13 68 76 22 29 10 22 6 0 0 7 2 11 0 7 386 384 0.74 0.13 0.13 0.80 0.17 0.03 
ms-027 83 16 76 80 27 41 12 31 11 0 3 3 0 17 0 0 397 394 0.64 0.18 0.18 0.72 0.24 0.04 
ms-028 85 14 59 54 48 66 15 31 7 1 0 1 0 18 0 1 397 397 0.53 0.24 0.22 0.65 0.30 0.05 
ms-040 72 26 41 99 29 44 18 19 4 0 5 8 1 29 5 0 387 381 0.61 0.16 0.22 0.70 0.22 0.08 
ms-042 106 32 50 89 20 25 6 24 4 0 4 4 0 14 0 22 374 370 0.74 0.13 0.13 0.80 0.16 0.04 
ms-043 88 22 46 97 44 43 11 10 2 0 5 14 3 14 0 1 385 3n 0.66 0.14 0.21 0.79 0.18 0.04 
ms-047 116 14 83 42 25 51 7 31 0 1 1 10 0 17 0 2 387 386 0.66 0.21 0.13 0.73 0.23 0.04 
ms-050 63 15 43 94 53 55 12 22 6 2 6 7 o 21 1 0 390 384 0.55 0.20 0.25 0.70 0.25 0.05 
ms-052 155 14 53 65 32 18 8 27 3 0 1 0 0 11 0 13 387 386 0.74 0.12 0.14 0.83 0.15 0.03 
ms-101 68 12 35 30 15 51 7 26 1 4 4 5 o 23 60 59 272 268 0.53 0.28 0.18 0.60 0.32 0.09 
~-048 112 6 87 80 30 41 7 15 2 0 0 0 2 9 0 9 391 389 0.73 0.14 0.13 0.81 0.17 0.02 
ri-050 76 4 63 99 54 35 4 19 5 3 12 0 20 5 0 382 379 0.63 0.14 0.23 0.78 0.17 0.05 
Ruzlzl River 81te 
ms-056 176 0 38 2 12 41 3 56 8 47 5 1 0 9 2 0 350 345 0.62 0.28 0.11 0.66 0.31 0.03 
ma-069 207 1 49 15 26 26 9 29 5 5 9 2 0 17 0 0 393 384 0.69 0.14 0.17 0.78 0.18 0.04 
ms-075 194 0 36 5 25 28 5 36 5 5 12 15 4 30 0 0 380 364 0.62 0.17 0.21 0.71 0.20 0.08 
ms-083 183 2 22 6 18 34 6 26 3 7 16 14 6 51 2 4 373 351 0.57 0.16 0.27 0.66 0.20 0.15 
ms-090 200 0 50 8 24 24 8 36 8 3 8 6 o 20 5 0 386 378 0.67 0.16 0.18 0.75 0.20 0.05 
ms-092 207 0 45 13 17 29 3 39 8 5 7 7 0 18 2 0 386 379 0.69 0.18 0.14 0.74 0.21 0.05 
ms-100 206 0 42 9 27 21 3461011 9 3 0 10 3 0 383 374 0.67 0.17 0.15 0.76 0.21 0.03 
ms-130 173 0 29 6 27 28 7 53 4 4 11 5 2 38 5 8 378 365 0.55 0.21 0.24 0.64 0.25 0.10 
ms-132 197 0 47 7 26 31 6 30 7 3 7 8 3 27 1 0 388 378 0.65 0.16 0.20 0.73 0.20 0.07 
ms-140 172 0 39 12 22 32 6 41 4 13 3 2 o 45 1 8 376 373 0.59 0.19 0.21 0.66 0.22 0.12 
ms-150 201 0 36 12 17 35 3 35 6 10 5 4 o 33 3 0 383 378 0.65 0.18 0.17 0.70 0.21 0.09 
ms-153 187 0 42 10 22 22 3436 B 6 8 3 28 12 0 372 363 0.64 0.17 0.18 0.72 0.20 0.08 
ms-216 206 43 6 18 27 2 46 9 3 2 4 1 29 3 0 390 387 0.66 0.19 0.16 0.71 0.22 0.07 
ms-rr4 193 0 48 9 22 26 o 61 8 4 4 4 0 14 7 0 385 381 0.65 0.23 0.12 0.71 0.25 0.04 I\) 

w 
Q) 



A~e!!!dlx 0: Cont'd 
Raw Data Recalculated Ratios 

88m~e Qa QI! Q3-4 Q4 Qr P Pr K Kr M Mr 0 Dr RF Alt C TotTr TotGD Qtrn Frn RFrn Qt{GD! F{GD! YGD! 
Magara site 
8c-046 161 0 45 15 52 30 11 34 12 17 7 2 13 0 0 381 373 0.58 0.17 0.25 0.73 0.23 0.03 
dg-021 196 1 58 18 16 17 5 40 9 7 9 2 o 18 4 0 387 378 0.71 0.15 0.15 0.76 0.19 0.05 
dg-022 167 2 45 9 47 38 10 30 9 12 0 2 o 22 7 0 379 379 0.59 0.18 0.23 0.71 0.23 0.06 
dg-030 151 2 60 16 50 27 14 41 14 2 6 3 0 14 0 0 395 389 0.58 0.17 0.25 0.72 0.25 0.04 
dg-034 164 1 33 6 35 11 4 19 11 3 10 44 30 24 5 0 348 308 0.59 0.09 0.33 0.78 0.15 0.08 
dg-048 107 3 115 36 64 32 7 11 2 6 3 7 3 4 0 0 387 381 0.67 0.11 0.21 0.85 0.14 0.01 
ms-156 58 2 55 39 47 41 17 13 3 68 17 0 o 25 1 14 317 300 0.49 0.17 0.34 0.67 0.25 0.08 
ms-158 76 4 59 21 68 38 27 9 2 62 13 3 2 13 0 3 332 317 0.48 0.14 0.38 0.72 0.24 0.04 
ms-162 44 3 43 19 54 34 13 8 3 113 28 14 4 17 3 0 270 238 0.40 0.16 0.44 0.68 0.24 0.07 
ms-164 66 2 31 22 88 21 14 23 23 38 46 10 0 15 0 1 351 305 0.34 0.13 0.53 0.69 0.27 0.05 
ms-172 66 3 51 68 60 43 34 14 0 10 15 16 6 14 0 0 374 353 0.50 0.15 0.34 0.70 0.26 0.04 
ms-1n 157 0 29 8 60 47 30 0 1 10 24 2 o 29 0 3 385 361 0.50 0.12 0.37 0.70 0.22 0.08 
ms-182 109 1 41 14 66 21 26 9 19 37 24 2 o 22 7 2 352 328 0.47 0.09 0.45 0.70 0.23 0.07 
ms-185 122 5 89 57 43 33 11 12 2 6 0 4 0 5 0 11 379 379 0.72 0.12 0.16 0.83 0.15 0.01 
rj-024 145 0 42 6 51 25 16 20 9 28 16 o 30 11 0 360 344 0.54 0.13 0.34 0.71 0.20 0.09 
~-026 162 3 63 18 42 26 5 40 9 0 3 o 28 0 0 399 396 0.62 0.17 0.22 0.73 0.20 0.07 
Rumonge alte 
dg-060 122 2 82 36 36 9 5 78 15 2 1 6 2 4 0 0 392 389 0.62 0.22 0.16 0.71 0.28 0.01 
dg-072 104 0 99 46 45 10 2 65 12 3 2 3 8 1 0 0 394 384 0.63 0.19 0.18 o.n 0.23 0.00 
dg-075 116 1 99 21 29 16 5 72 11 3 2 12 3 8 2 0 383 378 0.62 0.23 0.15 0.70 0.28 0.02 
dg-091 116 0 74 46 54 10 3719 2 2 1 4 8 0 0 397 391 0.59 0.20 0.20 0.74 0.24 0.02 
dg-105 93 0 113 70 42 24 4 91 11 8 o 25 7 11 1 0 466 459 0.59 0.25 0.16 0.69 0.28 0.02 
dg-124 154 1 89 64 19 9 1 14 0 4 4 22 5 10 0 0 370 361 0.83 0.06 0.11 0.91 0.07 0.03 
dg-130 102 2 112 73 25 4 3 30 2 2 10 10 3 22 0 0 388 375 0.74 0.09 0.17 0.84 0.10 0.06 
ms-199 143 2 74 24 24 12 5 56 9 33 5 4 0 7 2 0 361 356 0.67 0.19 0.14 0.75 0.23 0.02 
ms-200 145 4 58 23 30 14 6 58 10 35 11 0 0 6 0 0 365 354 0.63 0.20 0.17 0.73 0.25 0.02 
ms-202 140 0 71 28 25 18 2 69 11 14 5 4 0 13 0 0 382 3n 0.63 0.23 0.15 0.70 0.27 0.03 
ms-204 141 0 79 21 24 25 o 67 4 16 10 3 0 7 0 3 378 368 0.64 0.24 0.12 0.72 0.26 0.02 
ms·207 139 3 79 31 42 19 3 57 15 6 4 1 0 1 0 0 393 389 0.64 0.19 0.17 0.76 0.24 0.00 
rj-037 100 3 109 65 28 11 5 24 4 3 9 4 3 30 2 0 391 379 0.71 0.09 0.20 0.80 0.12 0.08 
~.038 123 2 123 104 35 11 1 16 1 3 4 11 4 23 0 0 447 439 0.79 0.06 0.15 0.88 0.07 0.05 
~-039 141 2 97 72 33 11 2 22 2 0 9 2 10 0 6 393 391 0.79 0.08 0.12 0.88 0.09 0.03 N 
~-043 175 6 68 49 16 23 33 3 0 0 6 7 0 12 382 381 0.78 0.15 0.07 0.82 0.16 0.02 CAl ....., 



A~ndlx 0: Cont'd 

Raw Data 
same!8 Q8 21! Q3-4 Q4 Qr P Pr K Kr 
rj-044 156 1 72 57 24 18 1 44 4 
Bemba81te 
ms-219 85 32 27 90 85 2 0 0 0 
ms-230 125 7 55 27 68 14 2 3 1 
ms-238 113 4 57 26 70 16 3 1 1 
ms-247 69 4 25 14 31 7 2 3 1 
ms-255 110 3 23 15 34 118 20 34 24 
ms-258 156 1 43 26 40 14 0 4 0 
Banza alte 
ms-107 332 0 26 4 2 10 0 
ms-109 106 0 .. 104 1 5 1 9 
ms-114 116 1 .. 142 16 16 12 12 
Klgomaalte 
kig-24 346 0 32 0 0 5 
kig-30 350 0 28 0 0 4 0 
kig-33 340 0 42 0 0 5 
kig-34 190 0 .. 118 0 0 4 
ki~ 204 0 97 0 0 0 0 

Explanation: 
Os-single crystal quartz 

Op-microcrystalline quartz 
Q2-4.polycrstalline quartz with 3 to 4 crystals 
Q4.polycrstalline quartz with more than 4 crystals 
Or-quartz within a rock fragment 
P-plagioclase feldspar grain 
Pr.plagioclse within a rock fragment 
K-potassium feldspar grain 
Kr.potassium feldspar within a rock fragment 
M.mica grain 
Mr.mica grain within a rock fragment 
D.Accessory mineral grain 

Recalculated Ratloa 
M Mr 0 Dr RF Ah C TotTr TotGO Qtill Fill RFm Qt~GO! F~GO! 
2 1 8 4 8 0 0 390 385 0.73 0.16 0.11 0.81 0.17 

0 11 7 0 61 0 0 393 382 0.60 0.01 0.40 0.84 0.Q1 
10 29 2 0 53 4 0 384 355 0.56 0.04 0.40 0.79 0.06 
23 30 2 0 54 0 0 375 345 0.53 0.05 0.42 0.78 0.06 
88 23 1 0 47 0 0 226 203 0.50 0.04 0.46 0.70 0.06 
4 4 4 0 2 0 5 387 383 0.39 0.39 0.22 0.48 0.51 
47 15 4 0 50 0 0 349 334 0.65 0.05 0.30 0.80 0.05 

2 2 10 0 12 0 52 388 386 0.86 0.04 0.11 0.93 0.04 
40 42 10 8 74 6 12 350 300 0.30 0.01 0.69 0.70 0.05 
4 2 6 4 70 12 106 391 385 0.30 0.07 0.63 0.67 0.15 

0 0 0 0 16 2 23 400 400 0.87 0.01 0.12 0.95 0.02 
0 0 0 0 18 2 12 400 400 0.88 0.01 0.12 0.95 0.Q1 
0 0 0 0 12 2 40 400 400 0.85 0.01 0.14 0.96 0.02 
0 2 0 0 90 16 53 405 403 0.47 0.01 0.52 0.76 0.Q1 
0 0 0 0 99 26 67 400 400 0.51 0.00 0.49 0.75 0.00 

Dr-Accessory mineral grain within a rock fragment 

RF-aphanitic rock fragment 
Alt-altered, unidentified or intraclastic grain 
C-carbonate grain 
TotTr-totai grains using tradtional methodology 
TotGD-totai grains using Gazzi-Dickin90n methodology 
Ot(l).percentage quartz using tradtional methodology 
F(l).percentage feldspar using tradtional methodology 
RF(l).parcentage rock fragments using tradtional methodology 
Ot(GD).percentage quartz using Gazzi-Dickin90n methodology 
F(GD).percentage feldspar using Gazzi-Dickin90n methodology 
Qt(GD).percentage rock fragments using Gazzi-Dickinson methodology 

L!GO! 
0.02 

0.16 
0.15 
0.16 
0.23 
0.01 
0.15 

0.03 
0.25 
0.18 

0.04 
0.05 
0.03 
0.22 
0.25 

N 
Co) 

to 
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