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Abstract

The Magadi Basin, Kenya, within the East African Rift Valley, contains two
closed-basin alkaline lakes, Lake Magadi and Nasikie Engida that now precipitate
trona (Na2CO3.NaHCO3.2H2O) and nahcolite (NaHCO3). Observations of the
conditions of modern trona and nahcolite deposition in the Magadi Basin form the
basis of the “soda lake cycle”. This study aims to use the sedimentary structures of
the modern sodium carbonates of Lake Magadi as an analogue for similar ancient
deposits around the world, including the vast trona and nahcolite deposits of the
Eocene Green River Formation. Lake Magadi has been evolving since 1.08 Ma
within a well-known region of early hominin activity in East Africa. As part of the
Hominin Sites and Paleo-lakes Drilling Project (HSPDP) four boreholes were
drilled beneath Lake Magadi up to a maximum depth of 197 m. Analysis of three
of the extracted sediment cores has provided information on the evolution of Lake
Magadi from the Late Pleistocene to present.
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Introduction

Lake Magadi is a hypersaline, alkaline, closed-basin lake, located within the southern
Kenya region of the East African Rift Valley (EAR) (Figure 1). Lake Magadi is an
ephemeral lake, with a crust of trona (Na2CO3.NaHCO3.2H2O) regularly covering ~70%
of the lake’s surface. Subsurface trona deposits, 40 m thick, show that evaporites have
formed at Lake Magadi for the past 6000 to 9000 years (Baker, 1958; Eugster, 1980). Lake
Magadi and nearby Lake Nasikie Engida, which contains modern deposits of trona and
nahcolite (NaHCO3) (Figure 1), hold important information about the depositional
processes that produce sodium carbonate evaporites, including those of the Green River
Formation of Wyoming, Colorado, and Utah (Bradley and Eugster, 1969).
The evaporites of Lake Magadi have been of great interest to geologists for over a century.
Trona deposits have been utilized for production of detergents, textiles, and glass since the
early 1900s (Anon, 1923). In a 1923 report by the Imperial Institute for the “Dominion,
Colonial, and Indian governments”, it is stated that “An adequate and cheap supply of
sodium carbonate is of great industrial importance” and that the thickness and purity of
trona at Magadi would make it an economically viable deposit to extract (Anon, 1923).
Since then, the trona in the Magadi Basin has been studied extensively (Table 1) but not
from a sedimentological perspective. The focus of the first chapter of this study is to
provide a sedimentological report of the modern sodium carbonate deposits at Lake Magadi
and Nasikie Engida.
1

The rarity of the modern alkaline lake environment makes Lake Magadi a valuable
analogue for studying ancient, closed, alkaline lake basins. A stratigraphic record of
deposition at Lake Magadi would provide information on the evolution of closed basin
alkaline lakes. Chapter 2 of this study describes three sediment cores (MAG14-1A, 1C,
and 2A) collected from Lake Magadi in the summer of 2014, as part of the Hominin Sites
and Paleolakes Drilling Project (HSPDP). Detailed analysis of the sediments from the
MAG 14 cores, and their sedimentary structures will provide a record of deposition in Lake
Magadi from the earliest stages of lake formation to the present alkaline lake environment.

2

Figure 1: Map of Lake Magadi and Nasikie Engida. Inset map shows locations of lakes within southern
Kenya region of the East African Rift valley. The map shows the different depositional environments at
Lake Magadi, including; saline pan, perennial saline lake, and perennial spring-fed ponds Sample
locations are marked by their corresponding figure number. The West Magadi Transect, shown in Figure
9, is outlined in green. Core DDHNL indicates the drill site of the core of that name described in this
chapter. Site 1 and 2 indicate the drill sites for the Hominin Sites and Paleolakes Drilling Project (HSPDP)
cores discussed in chapter 2.
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Modern
Location

Age

Deposit

Reference

Lake Magadi, Kenya

Modern and
Holocene

trona and nahcolite

Baker, 1958; Behr, 2002; Behr &
Röhricht 2000; Eugster, 1966, 1967,
1969, 1970, 1971, 1980, 1986; Eugster &
Jones, 1968; Ogola and Behr, 2000;
Surdam & Eugster, 1976

Lake Natron, Tanzania

Modern

trona, gaylussite,
natron

Cassanova, J. and Hillaire-Marcel, C.
1987; Mangea and Bieda, 1987

Lake Bogoria, Kenya

Modern and
Holocene

trona, nahcolite and
gaylussite

Renaut et al., 1986

Searles Lake, California

Modern,
Holocene and
Pleistocene

trona, nahcolite, halite,
burkeite, shortite

Smith, 1979; Smith et al., 1983

Owens Lake, California

3,500 B.P. to
present

trona, burkeite,
thermonatrite, halite

Alderman, 1985

Beypazari, Turkey

Mid-upper
Miocene

trona, nahcolite and
pirssonite

Helvaci, 1998; Garcia-Veigas, et al. 2013

Wilkins Peak Member of
Green River Formation,
Bridger Basin, SW
Wyoming

Eocene

trona, nahcolite,
shortite

Bradley, 1964; Culbertson, 1966, 1971;
Bradley & Eugster, 1969; Wiig et al.,
1995; Dyni 1996; Jagniecki &
Lowenstein, 2015

Parachute Creek Member
of Green River
Formation, Piceance
Creek Basin, Colorado

Eocene

nahcolite, trona,
dawsonite, halite

Dyni, 1981, 1996; Dyni et al., 1970; 1975;
Jagniecki & Lowenstein, 2015; Johnson
& Brownfield, 2015; Lundell & Surdam,
1975; Milton & Eugster, 1959; Roehler,
1992

Green River Formation,
Uinta Basin, Utah

Eocene

halite, trona, nahcolite,
wegcheiderite,
shortite, northupite

Dyni, 1985, 1996

Wucheng, Henan
Province, China

Eocene

trona, nahcolite, halite

Youxun, 1983, 1985; Zhang, 1985;
Zhang, 1998

Anpeng, Henan
Province, China

Eocene

nahcolite, trona,
dolomite

Ma, et al., 2013; Wang, 1987; Yang et al.,
2015; Zhang, 1998

Ancient

Table 1: Modern and ancient sodium carbonate deposits.
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Geological Background
The East African Rift Valley
The EAR is a divergent plate boundary located within the African tectonic plate. The EAR
passes through Ethiopia, Kenya, Uganda, and Tanzania, and splits the African plate into an
eastern “Somali plate” and a western “Nubian plate” (Rosendahl, 1987). The rift is thought
to have formed during the Mid-Miocene (13-22 Ma) (Davidson & Rex, 1980), within a
basement system of Archean metamorphic rocks, dominated by gneiss, quartzite, and schist
(Muirhead et al., 2015 and 2016; Ogola and Behr, 2000).
The Magadi Basin
Lake Magadi is located at the southern end of the EAR near the Tanzanian border (Figure
1), 602 m above sea level (Baker, 1958). It covers a surface area of ~100 km2 and can be
1-2 m deep when flooded (Behr and Röhricht, 2002). It is a closed-basin hypersaline
alkaline lake, fed dominantly by alkaline springs around its shores (Table 2). Evaporation
in the lake is ~3500 mm/yr. and precipitation is ~500 mm/yr. (Ogola and Behr, 2000), so
the hydrologic balance favors formation of evaporites.
Nasikie Engida is a perennial saline lake located to the northwest of Lake Magadi (Figure
1). It is separated from Lake Magadi by a narrow horst block up to ~500 m wide, with
Nasikie Engida at a slightly higher elevation (~ 610 m), than Lake Magadi. Nasikie Engida
has a maximum depth of 1.2 m and is 7 km long and 2 km wide, with a surface area of ~14
km2, significantly smaller than Lake Magadi. Nasikie Engida is also hypersaline and
alkaline (Table 2) but it differs from Lake Magadi in that it is a perennial system. Inflow,
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as at Lake Magadi, is derived from alkaline springs and seeps with temperatures up to 86°C
(Table 2).
Subsurface springs supply most of the major ions to Lake Magadi and Nasikie Engida,
dominantly HCO3-, CO32-, Na+, and Cl- and minor K+ (Table 2) (Darling et al., 2001).
Concentration of the lake brines by evaporation causes precipitation of trona at Lake
Magadi and nahcolite plus trona at Nasikie Engida.
Outcrop Record
Outcrop studies in the Magadi basin have indicated three possible precursor lakes to the
modern trona pan environment (Baker, 1958; Behr, 2002; Behr & Röhricht, 2002; Eugster,
1966, 1967, 1969, 1971, 1980; Eugster & Jones, 1968; Ogola and Behr, 2000; Surdam &
Eugster, 1976). The deposits of these lakes are known as (1) the Oloronga beds, (2) the
Green beds, and (3) the High Magadi beds. However, the scarcity of outcrops has hindered
the reconstruction of paleolake environments. The deposits of ancient Lake Magadi overlie
alkali trachyte lava flows (Plateau trachytes) which covered the greater part of the valley
floor from 1.25-0.8 Ma (Baker, 1958; Baker et al., 1977, 1988; Baker and Mitchell, 1976;
Crossley, 1979; Guth & Wood, 2014).
(1) The Oloronga Beds: The Oloronga beds occur above the plateau trachyte flows. Age
constraints on Oloronga outcrops are poor. K-Ar dating of feldspars from the chilled
margin of a plateau-trachyte flow, resting conformably below the Oloronga beds, gave
an age of 780 ka (Eugster, 1980). Extensive grid faulting in the Oloronga outcrops has
affected the thickness of the beds, and suggest tectonic activity in the basin during, or
post Oloronga deposition (Baker, 1958). The Oloronga beds consist of reworked
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volcanic ashes and silts associated with the plateau-trachytes directly below them
(Eugster, 1986). The volcanic silts are interbedded with chert layers, some of which
show soft sediment deformation structures. This chert has been studied by Eugster
(1967), Eugster and Jones (1968), and Eugster (1969), who proposed that the chert
replaced

a

primary

siliceous

gel

phase

or

the

mineral

magadiite

(NaSi7O13(OH)3.4H2O). Magadiite lamina would suggest periods of high alkalinity in
Lake Magadi, due to the requirements for magadiite precipitation. High pH increases
the solubility of SiO2, allowing accumulation of SiO2 in the brine, which can
precipitate as magadiite due to a subsequent drop in pH (Eugster, 1980). The
conditions required for the formation of the siliceous gel phase are not well
understood, but modern siliceous gels have been observed along the northeastern
shore of Nasikie Engida.
(2) The Green Beds: Above the Oloronga beds lies a series of thin bedded cherts and
greenish laminated or massive, erionite-rich mudstones. These have been called “The
Green Beds” by Behr (2002), but were also recorded by Baker (1958) as “The Chert
Series”. Outcrops of the Green Bed cherts show soft sediment deformation, as well as
trona crystal casts, which suggests the primary sediment was soft. It has been
suggested that the chert has replaced a primary chemical precipitate, such as
magadiite, or a silica gel (Eugster, 1969). Evidence of syndepositional faulting has
been observed in Green Bed outcrops, hindering interpretations of paleo-lake depths
(Behr 2002). U/Th dating of Green Bed cherts gave an age of 98 ka (Goetz and
Hillaire-Marcel, 1992).
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(3) The High Magadi Beds: The youngest of the outcrop sediments are the High Magadi
beds. They contain “Magadi-type” cherts interbedded with laminated silty clays and
magadiite (Eugster 1980), as well as a 4 meter thick, brown, erionitic tuff (Eugster
1986). In outcrop, the sequence begins with interbedded Magadi-type cherts, organic
rich silty clays, some containing abundant Tilapia nilotica fossils, and magadiite. The
“Magadi-type cherts” are interpreted to have formed from magadiite, suggesting
periods of alkalinity in the lake during times of magadiite deposition. Dating of the
High Magadi beds has yielded ages between 9-23 ka (Butzer et al., 1972; Eugster,
1980; Taieb et al., 1991; Damnati and Taieb, 1995; Tichy and Seegers,1999; and Behr,
2002).
Outcrop studies around Lake Magadi have provided evidence for the existence of a lake
as early as 800 ka, but age constraints on the deposits are poor and the sequence is not
vertically continuous (Baker, 1958, and Eugster, 1980). Analyses of the HSPDP-MAG14
cores provide a detailed record of the lake sediments from the trachyte basement (recently
dated at 1.08 Ma) to the modern evaporites. Analyses include further Ar/Ar dating of
tephra deposits, U/Th dating of cherts,

14

C dating of plant fragments, as well as

measurements of paleomagnetic parameters to constrain the ages of these deposits.
Combined, these analyses will provide important data and observations for reconstructing
the paleo-environmental record at Lake Magadi over the past 1.08 Myrs.

8

Methods
Field Work
Field research was conducted at the Magadi Basin during July 2009, July and August 2011,
August 2013, and June and July of 2014. Samples of trona were collected from the South
Lagoon and western shore of Lake Magadi, and near the centre of the trona pan (Figure 1).
Nahcolite samples were collected from beneath the brine surface at Nasikie Engida, ~0.5
km north of the south shore. Core samples from the DDHNL 3Fi core were collected from
near the centre of Lake Magadi (Figure 1), from a borehole with a depth of 16 m. The
samples were photographed and used to prepare thin sections of trona and nahcolite for
petrographic analysis using a Zeiss Axio Imager.A1.
Brine samples were collected from Lake Magadi and Nasikie Engida during 2009, 2011,
2013 and 2014. In July 2009 brine samples were collected from the mid-western shore of
Lake Magadi, the southeast lagoon, and the northern and mid-regions of Nasikie Engida.
In July of 2011 brines were sampled from the northern Nasikie hot springs, the southern
shore of Nasikie Engida where trona was precipitating, the southern side of the causeway
across Lake Magadi, and the western shore of the northwest lagoon. In 2013, Lake Magadi
brines were sampled from the evaporation ponds, the northeast shore of the lake, and the
southeast lagoon. Samples were collected in 2014 from the western region of Lake Magadi
(Figure 1). At Nasikie Engida, brines were sampled from the northern hot springs, the midwest shore, and the southern shore in August 2013, and in June 2014, brines were collected
from the mid-west shore and the southern shore (Figure 1).
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Brine Analysis
Brines were analyzed at Binghamton University using (1) alkalinity titrations, (2)
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) for cations (Na+,
K+, Ca2+, and Mg2+) and (3) Ion Chromatography (IC) for anions (Cl-, SO42- and F-) (Table
2). Potentiometric titrations were carried out to determine alkalinity, the concentrations of
CO32- and HCO3-. 0.2 ml of brine was diluted in 50 ml of nanopure H2O and titrated against
a standard H2SO4 (0.02N) according to Greenberg (1992). All samples were titrated to an
end point of pH 4.5 and the alkalinity was calculated from:
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑚
𝑙𝑙

𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3� =

𝐴𝐴×𝑁𝑁×50,000

𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

where A is the amount of titrant used in ml and N is the normality of the titrant (0.02).
Cation concentrations were determined by ICP-OES using a Varian Vista-MPX. Samples
were diluted with nanopure water at ratios of 10:1, 100:1 and 1000:1; with total volumes
adding to 10 ml. Concentrations were recorded in milligrams per liter (mg/l) (Table 2).
Anion concentrations were determined by Ion Chromatography (IC) using a Dionex ICS2000, and the methods of Pfaff (1993). Brine samples were diluted with nanopure H2O to
concentrations of 1:100 and 1:1000, with the total volumes adding to 10 ml. Anion
concentrations were recorded in mg/L (Table 2). Charge balances for all analyses reported
in Table 2 are within 10%.
Drilling
Drilling and extraction of the HSPDP-MAG14 cores took place in June and July of 2014,
using a truck-mounted, standard wireline diamond coring drill rig. Additional supervision
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and drilling materials were provided by DOSECC Exploration Services (DES). Cores were
collected in standard Integrated Ocean Drilling Program (IODP) butyrate core liners.
IODP’s operational support group collected geophysical down-hole logging data, which
included: natural gamma, resistivity, magnetic susceptibility, and borehole temperature.
Two sites were drilled at Lake Magadi with a total of four boreholes. Cores 1A, 1B, and
1C were collected on the northern side of the causeway across Lake Magadi (Figure 1) and
core 2A was drilled 7 km north in a more central part of the basin (Figure 1). Core 1A
reached a maximum depth of 127 m, 119-124 m was recovered in core 1B and core 1C
reached basement at 137 m. At site 2 only one hole was drilled, and core 2A reached
basement at 197 m. Down-hole logging was carried out in borehole 2A.
LacCore
After extraction, cores were shipped to LacCore, a specialized lacustrine core analysis
facility at the University of Minnesota, where they were stored at 4°C. The initial core
description (ICD) was carried out at LacCore in January 2015, and further analysis was
carried out in June and July of 2015. Cores were spit and photographed using a Geoteck
Geoscan III, at 10 or 20 pixels/mm and the .jpg files were uploaded to CoreWall, a
stratigraphic visualization program, and PSICAT v.0.9.7., where the initial core
descriptions were recorded. Approximately 400 samples were collected and sent to
Binghamton University.
Microscopy
At Binghamton University 44 thin sections were made from lithified samples for
transmitted light microscopy on a Zeiss Axio Imager.A1, and a Leica Wild-M3Z, with a
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Nikon Plan APO 1.0x lens for greater resolution of features. Grain mounts were prepared
for unlithified samples to be studied under transmitted light, using Millipore, “type 1,
ultrapure water”, and glass slides.
X-ray powder diffraction (Table 3)
Samples of interest were analyzed using a Philips Xpert PW3040-MPD diffractometer
operated at 40kV and 20 mA, using Cu-Kα radiation fitted with a diffracted-beam graphite
monochromator. Samples were powdered and run in a continuous scan from 5.00° to 70.0°
2θ with step sizes of 0.030° at 0.80 seconds per step. Minerals were identified by comparing
the dominant peaks to known patterns in the “High Score Plus” mineral database.
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Chapter 1: Modern Sodium Carbonates of Lake Magadi and Nasikie Engida
Detailed analysis of the depositional and diagenetic features of trona and nahcolite, as well
as information about lake depths and brine chemistries, are used here to construct a model
for the deposition of sodium carbonates in an evaporative closed basin lake. “The Soda
Lake Cycle” model is then applied to the evaporites from a 16 m-long trona-mud core from
Lake Magadi.
Table 1 summarizes the most abundant sodium carbonate deposits from 15 modern and
ancient nonmarine basins. The brine chemistry and mineralogy of these deposits are well
known, but detailed analysis of sedimentary structures and textures is lacking. Such
sedimentological analysis can provide important information about depositional and early
diagenetic conditions that could shed new light on the origin of this group of evaporites.
The goal of this paper is to provide detailed field and petrographic information on the
modern sodium carbonate evaporites of the Magadi Basin so they may be used as an
analogue for the interpretation of ancient sodium carbonates such as those of the Green
River Formation (Table 1), where paleodepositional conditions are not well understood.
1.1a The Evaporite Series
For the past 6-9 ka, evaporation of the Na, Cl, CO3 and HCO3-rich brines at Lake Magadi
has produced a thick (~ 40 m) accumulation of trona and minor nahcolite (Baker, 1958;
Surdam and Eugster, 1976; Eugster, 1980). Trona is actively precipitating at Lake Magadi
today, which leaves behind a surface crust covered by expansion polygons upon
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desiccation of the lake. At Nasikie Engida, a surface crust of trona occurs at the southern
end of the lake during dry periods, and a bottom crust of nahcolite is present near the centre
of the lake that remains year round.
Baker (1958) was the first to report on the Evaporite Series. Four boreholes were drilled
near the centre of Lake Magadi to determine the thickness and extent of the evaporites, as
well as the underlying Pleistocene lake deposits. Crystalline trona interbedded with clays
and silts were found to depths of ~40 m (Baker, 1958). Baker noted that at a depth of ~2.43 m the abundance of mud layers increased as did their thickness. Nahcolite was recorded
in Borehole B at ~25 m and 46 m (Baker, 1958).
Ogola and Behr (2000) analyzed trona collected from the surface and two shallow cores.
They describe the upper 11 m of trona as horizontally bedded “sparry crisscrossing crystals
and blades”. The lower beds are described as massive dark grey trona, with relics of
radiating crystals (Ogola and Behr, 2000). However, a detailed sedimentological study of
the modern and Holocene evaporites of the Magadi Basin to better understand
paleoenvironmental conditions has not been done.
1.1b Hydrochemistry
The chemistry of the brines in the Magadi Basin has been studied by Eugster (1970), Jones
et al. (1977), Eugster & Jones (1979), and Eugster (1980, 1986). Table 2 shows the
chemical compositions of inflow waters and brines from Lake Magadi and Nasikie Engida.
The brines are dominated by Na, CO3, Cl, and HCO3 with minor K, F, SO4, and SiO2, (Jones
et al., 1977). Inflow to Lake Magadi and Nasikie Engida comes from two main sources:
(1) perennial springs that percolate up through the ancient lake deposits and the alkali-
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trachytes beneath the lake-surface, and (2) ephemeral storm/rain runoff from the
surrounding basin during wet periods. The chemical composition of spring inflow to the
Magadi Basin varies between locations (Table 2). The source of the springs is uncertain,
but probably involves mixing of surface waters with recycled lake brines (Eugster, 1970).
The spring waters are also dominated by Na, Cl, CO3, HCO3, with lesser amounts of K, F,
and SO4 (Table 2). The dilute inflow waters brought in during floods contain mostly Na,
Cl, and HCO3, with lesser amounts of SiO2, SO4, Ca, Mg, and K (Jones et al., 1977;
Eugster, 1986). Mixing of these dilute waters with recycled brines could be responsible for
the variability in spring chemistry.
1.1c Conditions favoring trona precipitation
Precipitation of trona is controlled by the bicarbonate quotient: gHCO3/gHCO3 + gCO3,
with trona forming when the quotient is low and nahcolite when it is high (Jones et al.,
1977). The precipitation of trona and nahcolite is also influenced by atmospheric CO2.
Degassing of CO2 from brines can be shown by the reaction: 2HCO3-(aq) ↔ CO32-(aq) +
CO2(g) + H2O. Degassing increases the amount of CO32- in solution, simultaneously
decreasing the HCO3- concentration, which lowers the bicarbonate quotient and favors the
precipitation of trona. The relationship between sodium carbonate mineral precipitation
and CO2 is also shown by the following reactions from Jagniecki et al. (2015):
3NaHCO3 (nahcolite) + H2O(l) = Na2CO3.NaHCO3.2H2O (trona) + CO2 (gas) (1)
2NaHCO3 (nahcolite) + 9H2O(l) = Na2CO3.10H2O (natron) + CO2 (gas) (2)
2Na2CO3.NaHCO3.2H2O (trona) + 25H2O(l) = 3Na2CO3.10H2O (natron) + CO2 (gas) (3)
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Figure 2: pCO2 vs temperature phase
diagram showing the relationship of the
mineral phases trona
(Na2CO3.NaHCO3.2H2O), nahcolite
(NaHCO3), and natron (Na2CO3.10H2O) in
the system Na2CO3 - NaHCO3 – NaCl
(Jagniecki et al., 2015)

The relationship of PCO2 to the
precipitation of trona, nahcolite and
natron has been studied by Eugster
(1966),

Lowenstein

&

Demicco

(2006), and Jagniecki et al. (2015).
Trona is stable at modern atmospheric
PCO2 levels at standard temperature
(25-40°C), (Figure 2). Nahcolite has
been determined experimentally to be stable at elevated PCO2 (>780 ppm), (Figure 2)
(Jagniecki et al., 2015.). This suggests that the presence of nahcolite at Nasikie Engida is
linked to elevated CO2. As atmospheric CO2 levels are too low to induce precipitation of
nahcolite, another source of CO2 must exist at Nasikie Engida. In volcanically active
regions of the EAR, magmatic CO2 is transported through the sediments beneath the
surface of Nasikie Engida, locally raising pCO2 (Lee et al., 2016).
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EVR2

West
Magadi
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25

1.209
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1.95

0.08

182200

47500

1010
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EVR4
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Magadi,
East Lagoon

9.65

33.4

1

1.013

7688

98.18

0.43

0

12000
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79.59

68.13

EVR5

Nasikie NW
mixing zone

-

-

0.8

1.024

12060

224

0.45

0

18250
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Mid Lake
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36.6

16.5

1.146
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North hot
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0.8

1.022

11340
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0.36

0

17500

5412
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EVR15

South
Nasikie
trona zone

9.57

-

calculated
(not field)
-16.36

1.203

123400

3235

1.12

0.40

164100

66150

1743

1788

EVR16

Magadi
Causeway
South side

9.82

36.5

>32

1.295

193800

3823

1.12

0.22

276700

94380

2673
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EVR18

Northwest
Lagoon
west side

8.55

44.9

<1

1.019

9797

139

0.55

0.05

15250

5005

268

91.22

WSMP
3

Magadi
evaporatio
n ponds

10.42

32.9

>32%

1.306

189700

4686

1.33

0.02

234300

109800

3702

905
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3

Magadi NE
Lagoon

9.9

28.7

29%

1.223

112300

1902

0.14

0.16

188100

47260

1621

1626

WSN2

Nasikie
Engida, N.
mixing zone

9.16

43.9

4.0

1.024

13670
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1.21

0.15

21000

6606
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Nasikie
Engida S.
off shore

-

-

-

1.126

67940

1395

3.99

0.24

93000

27220

872
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NASW
S1

S. Nasikie
(algal
bloom)

9.46

33.8

8

1.085

45890

899

2.49

0.23

63000

19670

742

517

NASW
S3

S. Nasikie

9.76

25

19.6

1.147

80460

1633

3.67

0.30

111500

32960

1162

794

2011

2013

2014

Table 2: The chemical composition of Lake Magadi and Nasikie Engida inflow waters and brines from
the years 2009, 2011, 2013, and 2014.
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1.2 Results
1.2a Modern Sodium Carbonates of the Magadi Basin
Between 2009 and 2014, lake levels varied at Lake Magadi and Nasikie Engida. During
the summers of 2009 and 2011 the surface of Lake Magadi was ~70% covered by a crust
of trona (Figure 3B). At the southern end of Nasikie Engida, a similar crust of trona was
present (Figure 3D). These dry periods are marked by evaporation and concentration of the
brines, precipitation of trona, and finally, desiccation.
A crust of trona was present along the shores of Lake Magadi in July 2011, but not in 2013.
A partially dissolved crust of nahcolite was observed between the southern shore and centre
of Nasikie Engida in 2011 and 2013 at brine depths up to half a meter. In July of 2013,
both lakes were filled with brine, up to ~1 meter in depth (Figure 3A, C). The transition
from a dry period in 2011 to a wet period in 2013 involved increased inflow to the basin
produced by precipitation which reactivated ephemeral streams and fed freshwater into the
lakes.
Such dilute inflow water caused the brines in Lake Magadi to become undersaturated with
respect to trona and to partially or completely dissolve the surface crusts of trona. The wet
period of 2013 was followed by a dry period in June and July of 2014 during which time
Lake Magadi desiccated and developed a buckled surface crust of trona. No trona,
however, formed at Nasikie Engida in 2014.
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Figure 3: Images of the flooding stage and desiccation stage at Lake Magadi and Nasikie Engida (see
Figure 1 for locations). A. Wet period at Lake Magadi (July 2013)- photo taken from the centre of the
causeway looking north. B. Dry period at Lake Magadi (July 2014); photo taken at same location as in
A. C. Wet period at Nasikie Engida (July 2013); photo taken from the south shore, looking north. D. Dry
period at Nasikie Engida (July 2011), photo taken from same location as C.

Crusts of trona at Lake Magadi contain evidence for periods of dissolution, crystal growth,
and desiccation. During wet periods, the brines are undersaturated with respect to trona,
which produces solution surfaces on the bottom growth crystals of trona. This is the
undersaturated stage (Figure 4). During the evaporative concentration stage (Figure 4),
trona grows on the surface of the brine as thin sheet-like rafts (Figure 5A, B), and on the
bottom of the lake as upward radiating needles (Figure 5C, D). Growth continues until the
brines have evaporated completely, at which point the lake enters the soda pan stage
(Figure 4). Continued evaporation of interstitial brines causes expansion and buckling of
the crust along with formation of a variety of cements.

19

20

Figure 4: Diagram showing the three stages of the Soda Lake Cycle: (1) undersaturated stage, (2)
evaporative concentration stage, and (3) soda pan stage. Stage 1: Undersaturated waters are transported
into the basin, due to increased precipitation reactivating ephemeral streams. This water partially
dissolves the surface crust on the soda pan. Stage 2: Evaporation concentrates the brines to
supersaturation, which leads to precipitation of trona as surface rafts and upward-radiating bottom growth
crystals. Stage 3: Complete evaporation of the brines exposes trona crystals at the surface. Evaporation
of interstitial brines causes growth of diagenetic trona, which leads to expansion and buckling of the
surface crust. Diagenetic trona also forms displacively within mud layers.

At Nasikie Engida, the cycle of dissolution, crystal growth, and desiccation differs because
most of the lake is perennial, except for the south end, which periodically dries out. Inflow
from the northern hot springs creates a salinity gradient from the north to south shore of
Nasikie Engida, and keeps the northern portion of the lake consistently undersaturated with
respect to trona. During the undersaturated stage, Nasikie Engida is flooded with fresh
water which undersaturates the brine with respect to trona and completely dissolves the
crust of trona at the southern shoreline (Figure 3C). Nahcolite, however, persists as a
crystalline crust beneath the brine surface. During the evaporative concentration stage, a
crust of trona composed of surface rafts and radiating shrubs precipitates at the southern
end of Nasikie Engida. The crust then becomes subaerially exposed and buckled by
expansion during the desiccated soda pan stage (Figure 3D).
The sediments of Lake Magadi and Nasikie Engida repeatedly cycle through the three
stages of the soda lake cycle; undersaturation, evaporative concentration and desiccation.
This produces layered deposits of upward radiating trona or nahcolite, with solution
surfaces and thin mud layers.
1.2b Features produced during the undersaturated stage
During periods of increased inflow into the Magadi basin, Lake Magadi and Nasikie
Engida are both flooded with fresh water which dilutes the brines and causes the lakes to
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Figure 5: Surface images of modern trona Lake Magadi. A. Photograph of the northwest shore of Lake
Magadi, facing south. The surface of brine is covered in meter sized sheets of pink trona rafts (black
arrow). Pink coloration is caused by halophilic archaea in the brine. B. Rafts of trona washed onto the
northwest shore of Lake Magadi. C. Upward-radiating growth of trona, with surface rafts resting on top.
The photograph was taken 1-2 meters offshore along the western side of Lake Magadi. D. Upwardradiating growth of trona from the Southwest Lagoon of Lake Magadi, covered by a layer of interlocking
trona rafts, which settled on top of the crystals. The locations where photographs were taken are indicated
on figure 1. Lens cap measures 6 centimeters.

rise. Undersaturation causes dissolution of the existing trona and nahcolite crusts at Lake
Magadi and Nasikie Engida. Exposure of trona and nahcolite crusts to dilute floodwaters
produces horizontal solution surfaces, in trona at Lake Magadi and in nahcolite at Nasikie
Engida, which truncate vertical growth crystals. Settling of fine sediments from the flooded
lake later produces a thin layer of mud above dissolution surfaces in trona or nahcolite
crusts.
Nahcolite from the southern end of Nasikie Engida occurs as 1-5 cm thick crystalline layers
that display upward growth of blade-shaped crystals (Figure 6A, B). Layers which have
been in contact with undersaturated waters, show further evidence of dissolution,
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Figure 6: Features produced during the undersaturated stage preserved in nahcolite from Nasikie Engida
(See Figure 1). A. Hand sample of nahcolite showing layers of upward-radiating nahcolite (brown
crystals), with centimeter thick layers of fine dark mud, which overlie solution surfaces. B. Hand sample
of nahcolite showing a solution surface in nahcolite crystals, indicated by the white arrow. C. Thin section
image of sample from B which shows growth of nahcolite blades through the solution surface. D. Close
up thin section image of rounded dissolution truncations on nahcolite blades (1). (2) Outline of the
horizontal solution surface in nahcolite blade. Dashed white lines indicate fluid inclusions below the
solution surface (marked by solid white line) which were produced by dissolution along cleavage planes
Above the solution surface, nahcolite growth resumed, but was later dissolved again, indicated by the
solutional rounding at the top of the nahcolite blade (1). (3) Fine randomly oriented cumulate crystals of
nahcolite are commonly concentrated above solution surfaces.

23

such as solutional rounding of nahcolite blades (Figure 6C, D). Individual nahcolite
crystals may contain tube-shaped fluid inclusions just below dissolution surfaces that are
aligned in bands parallel to crystal growth direction (Figure 6D). During dissolution,
undersaturated brines penetrate the cleavage planes of nahcolite, producing long narrow
dissolution tubes. Upon later supersaturation of the brine, these tubes are partially sealed
by renewed nahcolite growth, trapping fluid in the crystals. Fluid inclusions are observed
only below the solution surface (dashed lines in figure 6D), indicating their association
with the undersaturated stage.
Trona from the West Magadi Transect (see location: Figure 1), contains solution surfaces
similar to those observed in nahcolite (Compare Figure 7A and 6A). Trona needles, like
the nahcolite blades, contain abundant brine filled tubular fluid inclusions (dissolution
cavities produced along cleavage planes) associated with horizontal solution surfaces
(Figure 7C, D). Suspended sediment derived from floodwaters then settles on top of the
truncated crystals of trona (Figure 7A, B).
1.2c Features produced during the evaporative concentration stage
As the brines in the lake evaporate and dissolve pre-existing trona crusts, they are
concentrated and eventually reach trona saturation at Lake Magadi or trona and nahcolite
saturation at Nasikie Engida, at which point precipitation begins (Stage 2: Figure 4).
Crystallization of trona begins at the air/brine interface, where sub millimeter to millimeter
scale needles precipitate and float on the surface of the brine (Figure 5). Individual floating
trona crystals coalesce to form larger rafts that vary from centimeter to meter scale in size
(Figure 5A, B and 8C, D, E). Trona crystal rafts continue to precipitate at the
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Figure 7: Hand sample and thin section photographs of trona showing features of the undersaturated
stage, collected from near the western shore of Lake Magadi (see West Magadi Transect Figure 1). A.
Hand sample of trona crust showing upward radiating growth with a near-horizontal thin layer of dark
mud representing a solution surface. B. Thin section image from sample in A. Colour has been enhanced
to highlight the horizontal layer of dark mud. Note trona crystals appear to grow through the mud layer.
This is re-activation of trona growth after dissolution, once supersaturation with trona has been reached
during the evaporative concentration stage C. Thin section image from B. of fluid inclusions in trona
associated with solution surface. Small black arrow indicates a band of fluid inclusions (1) parallel to
growth direction (indicated by the dashed black line). D. Large (500 µm) fluid inclusion (1) in trona
parallel to crystal growth direction (dashed line).

25

Figure 8: A. and B. Field photographs of sedimentary structures in trona, showing imbricated surface
rafts, produced along the mid-western shore of Lake Magadi (see West Magadi Transect Figure 1). A.
Shoreline levels preserved in imbricated trona rafts. B Rounded island-like accumulations of trona rafts.
C, D, and E. Hand samples of imbricated flake-like trona rafts showing pore-filling, upward, and
downward radiating trona shrubs, which nucleated from the sunken rafts. F, G, and H. Hand sample (F)
and thin section (G, H) images of rafts (indicated by white lines) from the southern shore of Nasikie
Engida. F stacked rafts, with abundant pore space filled by downward- and upward- radiating trona
shrubs. G. Thin section made from hand sample in F shows the large amount of pore space. H. Close up
image of thin section G. Pore spaces between rafts now contain upward and or downward-radiating
growth of trona, which has nucleated from the sunken surface rafts. Arrows indicate downward radiating
growth.
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Figure 9: West Magadi Transect; Mapped area on the western shore of Lake Magadi (see Figure 1)
showing variations in trona from the shore to open lake. A. The western shore of Lake Magadi facing
south. Puddles are spring seeps. Thin layer of trona rafts (pink) along shoreline. Gravels along shoreline
are dominated by pumice clasts. B. Imbricated trona rafts on the shoreline, viewed from the top C.
Imbricated trona rafts in cross section. D. Imbricated rafts aligned along shoreline (facing south)
produced as the brine level dropped. E. 1-2 centimeter scale bottom growth trona with surface rafts
(outlined in black) resting on top of them. F. Upward radiating trona capped with radiating shrub “hats”.
G. Trona crust shows polygonal expansion cracks as well as rounded islands composed of imbricated
rafts, which formed from accumulation around an obstruction on the brine surface. H. Buckled crust of
trona, showing 90° rotation of the upturned crust. I. Close up of trona crust shows layers of upward
growth trona separated by thin dark mud layer. J. Close up of trona showing two layers of upwardradiating, bottom growth crystals, cemented by intercrystalline growth of trona (see section 1.5d, figure
12F). K. Surface crust shows polygonal buckling and tepee structures in trona.
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surface until they become too heavy and sink to the lake bottom, where they support
nucleation of bottom growth trona. Sunken rafts also provide nucleation sites for downward
radiating growth of trona into void spaces on their undersides (Figure 8E, G, and H). Along
the shores of Lake Magadi and the southern end of Nasikie Engida (Figure 1) trona rafts
accumulate as layers. Surface winds produce currents that carry the rafts to the lake shores,
where they form imbricated deposits (Figure 8C-E). For example, a 100 m wide zone of
imbricated rafts occurs along the western shore of Lake Magadi (Figure 9). The deposits
are ~50% pore space (Figure 8G, H), with individual pores up to 1 cm in diameter. With
the rafts acting as the nuclei, trona needles grew upward and downward into pore spaces
(Figure 8D, E, & F). The dominant growth direction was downwards and outwards, as
small radiating splays of needles (Figure 8G, H).
Where rafts accumulated on the shoreline, they formed layers (Figure 8A), which prograde
into the lake. These layered deposits record changes in brine depth as the lake evaporated.
Rafts were also deposited as ring-like islands (Figure 8B), formed around isolated high
points.
Crystal growth also occurrs at the brine bottom, forming upward radiating competitive
growth fabrics. This is the most common form of trona at Lake Magadi (Figure 10).
Individual trona crystals vary in size depending on brine depth. Near the shore of Lake
Magadi, trona needles are 1-2 cm in length. They are commonly overlain by centimeter
scale rafts which came to rest on top of them (Figure 5C, 9E). Trona needles may also be
capped by mm scale outward radiating shrub “hats” which nucleated from the bottom
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Figure 10: Hand samples (A, B, D) and thin section (C, E) images of bottom growth trona (A, B, C) and
nahcolite (D, E). A. Upward growth of trona from the southern lagoon of Lake Magadi (see Figure 1) B.
Close up of the upward-radiating trona needles, C. Thin section of trona in A. D. Nahcolite collected
from the lake bed at Nasikie Engida, 500 m off-shore (see Figure 1 for location). E. Thin section made
from nahcolite in D shows the blade-like habit of nahcolite crystals. Compare to the trona needles in C.

growth crystals and formed on the surface of the shallow brine, once brine levels dropped
low enough to expose the tip of the bottom growth crystals (Figure 9F). Deeper brines near
the centre of Lake Magadi precipitate larger trona crystals (2-5 cm long, 2 mm wide),
because they grow within the confines of the brine depth (Figure 10A). Bottom growth
crystals nucleate from a common point and radiate upwards and outwards (Figure 10B, C).
Upward growth of nahcolite occurs at Nasikie Engida (Figure 10D). The habit of nahcolite,
typically as bladed crystals, differs from trona needles (Compare Figures 10C and E).
Nahcolite blades are 1 millimeter to 1 centimeter wide, and 1 to 5 centimeters in length.
Thin mud layers associated with solution surfaces are commonly the site of nucleation of
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Figure 11: Nahcolite and trona showing an outer coating of microcrystalline trona. Images A (hand
sample) and B (thin section) show bottom growth nahcolite with a thin outer coating of microcrystalline
trona (the contact between the two layers is indicated by the black arrow). South shore of Nasikie Engida
(see Figure 1). C. Thin section image of rounded truncations on nahcolite blades (white line) overlain by
trona coating, indicating dissolution of nahcolite before precipitation of trona. D. Thin section image of
trona coating above rounded truncation in C., composed of upward-radiating shrubs, outlined in white.
E. and F. Hand samples of trona from the south lagoon of Lake Magadi (see Figure 1), with ~centimeter
thick coating of radiating trona shrubs, and puffy trona efflorescence. F. Close up of the coating,
highlighting the upward radiating shrubs (1) and puffy white efflorescence (2).

nahcolite as upward competitively-grown radiating crystal shrubs, and larger bladed crystal
sprays (Figure 6A, B, and C). Syntaxial growth of nahcolite blades through solution
surfaces and overlying mud layers is also commonly observed (Figure 6C).
1.2d Features produced during the Soda Pan stage
During the evaporative concentration stage, surface brines at Lake Magadi evaporate to
near dryness. At that point, early diagenetic features are produced including efflorescent
crusts, expansion polygons, intercrystalline cements, and wind eroded surfaces. These
30

features are associated with the desiccated pan stage of the soda lake cycle. Some of these
features, such as intercrystalline cements, may also form during the evaporative
concentration stage.
At the South Lagoon of Lake Magadi, trona crusts consisting of fine radiating crystal
shrubs are observed overlying upward-radiating bottom growth trona (Figure 1, 11E). The
layer of fine radiating crystal shrubs is 1-2 cm thick and formed at the end of the
evaporative concentration stage, when the brine levels were 2-3 centimeters deep. Surface
rafts come to rest on the bottom growth crystals, and as evaporation continues small
radiating shrubs of trona grew above the raft, forming a 1-2 centimeter thick layer. A white
puffy efflorescence caps the shrub layer and fills spaces between crystals (Figure 11F).
This efflorescence forms during subaerial exposure from evaporation of interstitial brines.
Nahcolite crusts from the south end of Nasikie Engida (Figure 1) are coated with a thin (12 mm) layer of fine radiating trona crystal shrubs, nucleating from the underlying nahcolite
blades (Figure 11A, B, C). A solution surface between the nahcolite blades and trona shrubs
indicates the trona crystallized after partial dissolution of the underlying nahcolite (Figure
11D). The occurrence of trona rather than nahcolite suggests changes in brine composition
occurred at Nasikie Engida, perhaps due to variations in dissolved CO2 in the brines.
Efflorescent coatings and crusts are produced on almost all surfaces around Lake Magadi
during the soda pan stage. Supersaturated groundwaters “wick” upwards through
sediments and pore spaces by capillary action to produce a puffy white microcrystalline
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Figure 12: Features produced during the desiccation phase at Lake Magadi. A and B show a thin crust
of trona with a flat horizontal surface, collected 2-3 m out from the east shore of the South Lagoon (see
Figure 1), interpreted to have formed from wind erosion after the crust was subaerially exposed. C.
Polygonal expansion cracks and tepee structures covering the trona pan (backpack in upper right for
scale). D. Close up of the underside of buckled crust showing downward radiating trona crystal growth
(arrow). E. Crust of cemented trona from the West Magadi transect area (see Figure 1, 9). View of the
surface shows dark trona crystals (white arrow) and white efflorescent intercrystalline cement (black
arrow). F. Close up of the intercrystalline cement (1) between trona needles (2) outlined in white. Lines
highlight the radiating shrubs nucleating from the crystal edges. The arrow in the upper right indicates
up.
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coating of trona (Figure 11F). The trona pan surface at Lake Magadi shows evidence of
expansive growth following desiccation (Figure 3B, D). This is the result of precipitation
by evaporation of intercrystalline brines. Expansive growth causes the crust to buckle, and
eventually form tepee structures (Figure 12C). Trona may continue to crystallize beneath
these tepee structures, growing downward from the upturned crust (Figure 12D). These
polygonal expansion cracks cover most of the surface of Lake Magadi and the south end
of Nasikie Engida during the soda pan stage.
Near the centre of Lake Magadi, where groundwater brines remained just below the surface
for prolonged periods, originally porous trona crusts become dense due to cementation.
Trona cements consist of intercrystalline white puffy efflorescence, suggestive of rapid
growth from interstitial brines following complete evaporation of surface brines (Figure
12E). This efflorescent cement is made of fine radiating needles of trona that nucleate from
the sides of trona framework crystals (Figure 12F). On the margins of the lake, brine levels
dropped too rapidly for large volumes of cement to form. No finely crystalline cements
occur in the subaqueous nahcolite crusts from perennial Nasikie Engida, which suggests
the sub-aqueous nahcolite has not been exposed.
Trona crusts from the south end of Lake Magadi are sharply planed off into horizontal
surfaces by wind erosion during the soda pan stage (Figure 12A, B). Such wind erosion is
aided by trona fragments carried across the soda pan surface which produce a well-known
“tinkling” sound. Truncated surfaces show no evidence of dissolution, such as rounded
voids in the underlying trona crust, nor are they associated with mud layers deposited by
floodwaters. In addition, no trona is found above the truncation, which indicates the
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surface was not produced by dissolution during flooding where a mud layer and a fresh
trona crust normally overlie the dissolution surface (Figure 4).
A 2 km transect from west to east was studied in detail to examine the changes in crystal
textures, moving from the shore to the lake center (Figure 9A). The map shows a transition
from: (1) imbricated trona rafts (Figure 9B, C, D) (2) cm thick trona crusts composed of
upwardly grown crystals (Figure 9E, F), and (3) thicker trona crusts (1-5 cm) with solution
surfaces and intercrystalline cement (Figure 9J, K). Upon desiccation, the entire surface of
Lake Magadi develops polygonal cracks and tepee structures (Figure 9G, H, and K). The
different textures of trona appear to be controlled by water depth. For example, shallow,
near-shore areas are covered by imbricated rafts, or 1-2 centimeter scale upward-radiating
bottom growth crystals. Deeper, more central areas are covered by a crust of 2-5 centimeter
scale bottom growth crystals, that may be cemented by trona.
1.3 Application of the Soda Lake Cycle to Lake Magadi shallow core
A shallow (16 m) trona-mud core from northern Lake Magadi (Location: DDHNL 3Fi
Figure 1) was examined to document which sedimentary features observed in the modern
deposits of Lake Magadi and Nasikie Engida are preserved in the subsurface evaporites.
The trona from this core is described and interpreted below in the context of the Soda Lake
Cycle.
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Ephemeral

Perennial

Perennial

Figure 13: Stratigraphic column of core DDHNL 3Fi from Lake Magadi (see Figure 1). Scale in the
upper left corner refers to grain size: Cl=clay, M=mud, Sl=silt, S=sand, Tr=trona. Many of the mud layers
were not recovered. The sediments in the core show evidence for the evolution of paleoenvironments
from perennial hypersaline lake (15.5 m to 5.6 m) to a soda pan, similar to the modern ephemeral system.
Thick mud layers and the absence of solution surfaces in trona layers at depths of 6.3 meters to 6.8 meters
are indicative of a perennial hypersaline lake environment. The appearance of cumulate layers at 11 m
may indicate a perennial environment as the crystals are interpreted to have formed on the surface of a
brine and settled through to the bottom where they were aligned sub-horizontally. Above 6 m the core is
composed almost entirely of bedded upward radiating trona with similar characteristics to the modern
trona deposits at Lake Magadi.
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Figure 14: Thin sections of trona from core DDHNL 3Fi. A. Thin section of trona through a thin mud
layer, showing abundant 5 millimeter scale dissolution vugs. (depth 5.25-5.4 m) B. Close up of thin
section from A, showing solutional rounding on trona crystals, related to dissolution vugs C. Photograph
shows a dissolution surface, overlain by a thin layer of mud separating layers of upward growth trona.
The layer beneath the solution surface is more porous than the later above, and contains more dissolution
vugs and fluid inclusions. (depth 0.7-0.75 m) D. and E. Show examples (indicated by short black arrows)
of some of the long fluid inclusions in crystals below the solution surface. The dashed arrows indicate
up, and the direction of cleavage. Fluid inclusions formed along cleavage planes, which is common below
solution surfaces in modern samples, indicating dissolution of the trona.

1.3a Features produced during the undersaturated stage
Features produced during the undersaturated stage, include solution surfaces capped by
thin mud laminae (compare figures 7A, B and 14A, C). Rounded irregular cavities
produced by solutional rounding occur below solution surfaces (Figure 14B). The layer
below a solution surface commonly contains trona crystals with large fluid inclusion tubes
parallel to cleavage and crystal growth direction (Figure 14 D, E). These tubular fluid
inclusions are interpreted to form by preferential dissolution of trona crystals along
cleavage planes, followed by trona growth and re-sealing during the evaporative
concentration stage. These observations suggest that the trona in the upper 5.6 m of core
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DDHNL 3Fi was deposited in an ephemeral lake similar to modern Lake Magadi. The
absence of the solution surfaces below 5.6 m in core DDHNL 3Fi suggests that the lake
bottom was permanently saturated with respect to trona. This can only be realized in a
perennial lake environment, deep enough to allow stratification of the brines. Such density
stratification protects trona at the brine bottom from dissolution by undersaturated waters.
1.6b Features produced during the evaporative concentration stage
Evidence of subaqueous precipitation of trona during the evaporative concentration stage
occurs as, upward growth of trona needles, downward growth of trona (which can also
form in the soda pan stage), rafts and cumulate layers (Figure 13). Trona rafts are rare in
the core (Figure 15A, E). Imbricated trona raft structures, common in modern Magadi
shoreline samples, were not observed in core DDHNL 3Fi, probably because the core site
was a more central region of the lake, not a shoreline (Figure 1). Where rafts do occur, they
are composed of fine trona needles aligned oblique to bedding (Figure 15E, F), because of
the uneven, crystal-covered surface on which they fell. Modern rafts from Lake Magadi,
in contrast, are horizontal or near horizontal in figure 8G. Cumulate layers, 5-15 mm thick,
composed of stacks of horizontally aligned, very fine (200-500 μm x 50 μm) trona needles,
interlaminated with mud (Figure 16A, B), occur at depths of 11 to 16 m (Figure 16).
Upward growth of trona was observed at all depths (Figure 15A, B), most commonly as
fine needles (0.5-2 cm long and 2-3 mm wide) with pointed terminations as in modern Lake
Magadi trona (compare Figure 10B, C and 15A). In places, upward growth of trona
penetrated through solution surfaces (compare Figures 6B, D and 15 B, & C), indicating

37

Figure 15: Thin section images from core DDHNL 3Fi. A. Upward radiating growth of trona. The arrow
indicates an isolated trona crystal raft which settled between upward growth crystals. (depth 5.60-5.65
m) B. shows upward growth of trona, also a horizontal solution surface (indicated by dashed white line).
Note the layer of higher porosity below the solution surface (Close up C. shows incorporative growth of
trona through the mud layer). (depth 0.70-0.75 m) D. Interlocking, downward growth of trona needles
and upward growth (directions of growth indicated with arrows). (depth 5.05-5.25 m) E. Porous upward
growth trona crust, and a cross section through a trona raft (now vertical) composed of interlocking fine
trona needles which formed at the air/brine interface, and were later coated in radiating trona shrubs.
(depth 3.37-3.57 m) F. Close up of raft in E, composed of millimeter scale outward radiating trona
needles. Scale: Width of thin section slide is 5 cm.
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Figure 16: A. Thin section from DDHNL 3Fi, showing layers of fine trona cumulates with thin mud
layers, displaying diagenetic, displacive growth of trona, as upward growth fabrics at the top (depth 9.87
m) B. Bottom of the cumulate layer from A (indicated by the black arrow). Fine trona needles are oriented
sub-horizontally (outlined in black). Diagenetic growth of centimeter scale trona crystals can be seen
growing through the cumulate layer (diagenetic crystals outlined with white dashed lines), incorporating
the sub-horizontal trona needles into their structure. At the bottom of the image the crystals can be seen
growing displacively into the mud layer below. C. Thin section through a cumulate layer (outlined in
black) that shows the same pattern of diagenetic incorporative trona growth. Diagenetic trona crystals
are outline with dashed white lines. The crystals appear to grow displacively through the mud at the top
and bottom of the image (depth 12.92-12.98 m).

reactivation of crystal growth following a period of dissolution. Downward growth of trona
was also commonly observed (Figure 13, 15D). In the modern sediments at Lake Magadi,
downward growth occurs in pore spaces between imbricated rafts, or on the undersides of
tepee structures (Figures 9G, H and 12D).
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Figure 17: A. Thin section from DDHNL 3Fi of an 8 centimeter mud layer showing displacive diagenetic
growth of trona. B. Trona crystals that grew displacively within the mud. C. Radial and sub-horizonal,
displacively grown trona crystals that grew in the mud during early diagenesis. (depth 12.85-12.92 m)

1.3c Features produced during the soda pan stage
Early diagenetic features formed at the end of the evaporative concentration stage or during
the soda pan stage include trona cements and displacive-incorporative growth of trona
within muds. Such diagenetic precipitation of trona reduces porosity in core DDHNL 3Fi
from 50-60% in the top 8 m to 1-5% from 8 to 16 m. Fine radiating shrubs of trona,
interpreted to have formed from evaporation of pore waters, were commonly observed in
the top 5.6 m of core. Diagenetic growth of trona in mud layers was common at depths
below 6 m. Trona crystals, with or without incorporated sediment (incorporative versus
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displacive growth) are radially or sub-horizontally oriented within mud layers (Figure 17D,
E, F).
1.4 Conclusions
The modern sodium carbonates of Lake Magadi and Nasikie Engida display evidence for
three stages of deposition and diagenesis outlined in the soda lake cycle. The deposits
record an undersaturated stage of partial dissolution, an evaporative concentration phase of
precipitation and crystal growth, and a soda pan stage of surface exposure and desiccation.
Application of the soda lake cycle model to ancient sodium carbonate evaporites allows
identification

of

these

different

stages,

and

reconstruction

of

depositional

paleoenvironments. Core DDHNL 3Fi is marked by a transition from trona formed in a
perennial, stratified alkaline lake in the lower 10 m, to trona deposited in a shallower
ephemeral environment (0-5.6 m), much like modern Lake Magadi.
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Chapter 2: MAG14 core stratigraphy and interpretation of paleo-environments
The Lake Magadi basin was one of six paleolake basins drilled in the East African Rift
Valley (EAR) as part of the Hominin Sites and Paleolakes Drilling Project (HSPDP),
(Cohen, et al., 2016). The goal is to provide paleoenvironmental data from each site, for
significant time periods which correspond to major evolutionary changes or events in the
mammalian and hominin fossil record. These records, when combined, span the last 4
million years (Cohen, et al., 2016).

The proximity of Lake Magadi (~20 km) to

Olorgesailie, an extensively studied hominin fossil site, (Potts et al., 1999; Sikes, et al.,
1999; Behrensmeyer, et al., 2002; Owen, et al., 2008), and the Koora Graben, a terminal
sump for the Olorgesailie basin, made it an excellent location for core extraction. Dating
of the Olorgesailie formation indicates that it was deposited between 0.992-0.493 Ma
(Behrensmeyer, et al., 2002). Deposition in Lake Magadi began approximately 1.08
million years ago, (Deino, et al., in progress) and continues today, suggesting that the
deposits of Olorgesailie and Lake Magadi overlap in age by almost 500 thousand years
before lacustrine deposition stopped at Olorgesailie. Comparative analysis of the Lake
Magadi cores and the detailed sedimentary and archaeological record from Olorgesailie,
and the Koora Graben, will facilitate the distinction between regional climatic and tectonic
signals. This is possible because the deposits of Lake Magadi and Olorgesailie formed in
different sedimentary basins, but under the same local climate conditions. Correlations
between the two core records may then be interpreted to represent climatic events.
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2.1. Modern Surface Environments
The modern depositional environments of Lake Magadi are outlined in Figure 1. They
include: alluvial fans, saline pans (described in detail in chapter 1), ephemeral streams and
mudflats, evaporation ponds, perennial saline lakes (discussed in chapter 1), and springfed perennial ponds. The shorelines of Lake Magadi are coarse gravel beaches containing
abundant >1 centimeter sized pumice clasts, as well as chert clasts and trachyte clasts and
boulders (Figure 18A), which are derived from surrounding alluvial fans and the steep
trachyte fault scarps on the western side of the basin. The beaches are also associated with
subsurface spring seeps that feed the lake. The western shoreline of Lake Magadi is
dominated by steep normal faults in the basement trachyte. The bases of these faults are
generally associated with the discharge of subsurface springs (Figure 18B). The springs
seep onto muddy shorelines, which are commonly colonized by microbial mats, burrowing
organisms, and flies. These muddy shores are also commonly littered with trachyte
boulders and coarse gravels which have fallen from the steep fault scarps.
Upslope from the coarse trachyte and pumice beaches, coarse alluvial fan gravels are
observed (Figure 18C). Alluvial fans are rare around the shores of Magadi, (Figure 1).
Where the alluvial sediments reach Lake Magadi, they form a coarse fan delta (Figure
18B), and are associated with sub-surface springs that feed into perennial ponds (Figure
18D). These perennial ponds collect brines and slowly evaporate, concentrating the major
ions (HCO3-, CO32-, Na+, and Cl-), as they evolve toward the precipitation of trona (Figure
18G). Where subsurface springs are farther away from the basin centre, they commonly
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Figure 18: Modern depositional environments at Lake Magadi. (A) West shore of Lake Magadi, north
of causeway. Springs seep from beneath coarse beach deposits composed of pumice and trachyte clasts.
Geologists are standing on trona crust composed of upward radiating needles and surface rafts. (B)
Western shore of the NW Lagoon, (Figure 1) facing north, shows steep trachyte fault scarps on the left,
and trachyte boulders and coarse gravels of trachyte and pumice derived from the surrounding trachyte
fault scarps. Beneath these boulders and gravels are subsurface springs which feed the N.W. Lagoon. (C)
Alluvial fan gravels, composed mostly of trachyte boulders and clasts; upslope, 1-2 km from the west
shore of the N.W. Lagoon. (D) Lake Magadi, N.W. Lagoon, view east, 2014 (distance to far shore is 0.4
km). The foreground shows perennial springs and seeps along the western shore of the lagoon, and
trachyte boulders. These springs feed a series of streams that fill a perennial lagoon, undersaturated with
respect to trona. (E) Saline mudflats and perennial and ephemeral streams, northern Lake Magadi,
looking north from the horst block separating Lake Magadi and Nasikie Engida. Ephemeral and perennial
streams cut across the mudflat depositing silt and sand. (F) Surface of the saline mudflat is covered with
polygonal desiccation cracks. The cracks are commonly covered by a thin crust of diagenetic trona in the
mud which grew preferentially over the cracks. (G) Evaporation ponds on the eastern side of Lake
Magadi. Evaporation of brines pumped from Lake Magadi into the ponds produces trona and eventually
halite. Trona commonly forms meter-scale surface rafts in these stagnant ponds. (H) Perennial saline
lake Nasikie Engida, view looking NE (distance from the western to eastern shore is 1.5 km). Trona
precipitates at the southern end of the lake during dry periods forming an ephemeral crust. (I) Trona crust
covering Lake Magadi July 2014, facing northeast. Note the buckling of the crust due to displacive
growth of trona within the mud, producing a polygonal pattern of teepee structures. Insert shows sample
of bedded upward growth trona crust collected from this location.

feed, ephemeral streams (Figure 18E), which is observed in the northern saline mudflats of
Lake Magadi (Figure 18E). The saline mudflats display a polygonal desiccation crack
pattern due to drying out of the mud. Evaporation causes displacive growth of trona in the
top surface of the mud, which causes expansion of the top crust and forms small tee-pee
like structures over the desiccation cracks (Figure 18F).
Spring fed perennial streams and ephemeral streams eventually feed Lake Magadi, and
Nasikie Engida, (Figure 18H). During wet periods, increased inflow reactivates ephemeral
streams, and Lake Magadi becomes 1-2 m deep. During dry periods, these brines evaporate
and the lake becomes covered with a crust of trona (Figure 18I). The trona is bedded in
cross section, and composed of upward radiating needles of trona and thin (<1 cm) mud
horizons (insert Figure 18I). This is the most common type of evaporite deposit at Lake
Magadi today.
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2.2. Core stratigraphy
Observations of the sedimentary deposits and their structures, from MAG14 cores 2A, 1A
and 1C are illustrated in the detailed stratigraphic sections shown in Figures 19a and 19b.
A stratigraphic column was not produced for core 1B, due to poor recovery. Sediment types
were classified in terms of grain size (clay to gravel), mineralogy, and sedimentary
structures. Cores 1A and 1C contain abundant bedded sand and silt, as well as coarse
gravels. Laminated or massive detrital muds are also common. Core 2A is dominated by
laminated to massive detrital muds, with abundant zeolites including analcime, erionite and
phillipsite, and K-feldspar (Table 3). Bedded silts and sands are also common in core 2A.
All cores contain abundant diagenetic chert, which is observed as nodules, laminae, or thin
beds. The most abundant minerals in all the cores are diagenetic zeolites (analcime, erionite
and phillipsite), which are interpreted to have formed from the alteration of trachyte glass.
Diagenetic minerals, such as chert, pyrite, and calcite, are also common in cores 1A, 1C
and 2A (Table 3). They were recognized based on crystal habit, and their relationship to
primary bedding (i.e. crosscutting features). Diagenetic minerals observed in the core, have
been recorded separately from primary minerals, as the two represent different times of
formation, and the later diagenetically formed minerals may obscure the primary
mineralogy and depositional features. For example, diagenetic calcite crystals (0.5
centimeters) in black laminated muds, cross-cut primary bedding and compaction features,
indicating a diagenetic origin. Nine different sediment types were observed, as well as the
basement trachyte (Tr): fossiliferous grainstone (FG), clast
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Figure 19a: Stratigraphic section of core MAG14-2A from 197m to the surface. Sediment types are shown in figure 19c. Sediment column width scale is as
follows: C = clay, M = mud (clay + silt), Sl = silt, S = sand, G = gravel, Evap. = evaporites. Symbols for primary features are shown in the stratigraphic section;
diagenetic features are shown to the right of each stratigraphic section.
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Figure 19b: Stratigraphic sections of cores MAG14-1A and 1C from 139.2 m to the surface. Sediment types are shown in figure 19c. Sediment column
width scale is as follows: C = clay, M = mud (clay + silt), Sl = silt, S = sand, G = gravel, Evap. = evaporites. Symbols for primary features are shown in the
stratigraphic section; diagenetic features are to the right of each measured section.

Figure 19c: Sediment types and symbols used for the stratigraphic sections in figures 19a and 19b.

supported gravel (Gr), silt/siltstone and sand/sandstone (SS), laminated mud/mudstone
(LM), massive mud/mudstone (MM), pyroclastic sediment (PS), chert (Ch), bedded trona
(BT), efflorescent trona and nahcolite (ET).
2.2a Trachyte (Tr)
The trachytes at Lake Magadi have been dated by Baker et al. (1977), Crossley (1979), and
Guth & Wood (2014). Baker et al. (1977) reported an age of 1.3-0.9 Ma, Crossley (1979)
reported 1.4-0.7 Ma, and Guth & Wood (2014) reported 1.4-0.8 Ma. The Plateau Trachytes
or Magadi Trachyte is predominantly composed of alkali feldspars (anorthoclase, sanidine
and minor albite). Phenocrysts of anorthoclase (6 - 8 millimeters long), and smaller
phenocrysts (1.5 - 2 millimeters) of anorthoclase and sanidine are surrounded by a
groundmass (0.1 -0.3 millimeters) of alkali-feldspars which make up 60-70% of the rock
(Baker, 1958). Microphenocrysts of aegerine-augite, augite, and fayalitic olivine also occur
(Crossley, 1979), and the groundmass contains rare olivine, quartz, and glass (Crossley,
1979).
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Table 3: Mineral compositions of 52 samples from MAG14 cores 2A and 1A. Abbreviations: Corr. MBS=Corrected meters below surface, T=Top, B=Bottom,
Q=Quartz, Mog=Moganite, Mag=Magadiite, Ke=Kenyaite, Ca=Calcite, Mg-ca=Mg-Calcite, Tr=Trona, Nah=Nahcolite, Ha=Halite, Pir=Pirssonite,
Fl=Fluorite, Gy=Gypsum, T/N=Thermonatrite/Natrite, Er=Erionite, Ph=Phillipsite, Mor=Mordenite, Cli=Clinoptilolite, An=Analcime, Al=Albite,
An=Anorthoclase, Sa=Sanidine, Py=Pyrite, Amph=Amphibole. X= rare, XX = common, XXX = abundant

Figure 20: Photographs of bedrock trachyte from cores MAG14-1C and MAG14-2A. Core diameter is
6.6 cm. (A) 2A-102Q-1 (193.51-193.81 m) core photograph of top of trachyte showing irregular contact
with the overlying fossiliferous ostracod grainstone at 64-61 cm. (B) Close-up of core 2A-102Q-1 at
193.99-194.04 m. Trachyte shows vesicular texture (indicated by white arrows) and feldspar phenocrysts
at 108-107 cm. White vesicles are filled with diagenetic chert, e.g. 106.0-106.2 cm. (C) Reflected light
thin section photograph of calcite cement inside trachyte vesicle surrounded by pyrite from 2A-102Q-1
(194.01-194.21 m). (D) 1C-16Y-1 (135.82-135.92 m) core photograph of trachyte breccia, containing
sub-angular trachyte clasts (1) and pumice (2).

X-ray diffraction analysis indicates the dominant minerals are anorthoclase and sanidine,
with minor albite (Table 3, samples 2A-104Q-2, 2A-104Q-3). Trachyte recovered in cores
1C and 2A contains anorthoclase phenocrysts, commonly 2-5 millimeters long (Figure
20B). The Magadi Trachyte has vesicles ranging from 1-5 millimeters in diameter (Figure
20B). Many vesicles are coated with a sub-millimeter thick layer of pyrite or chert and may
have a calcite fill (Figure 20C). The contact between the trachyte and the first lake
sediments, which are fossiliferous grainstones, is erosional in core 2A (Figure 20A). The
surface of the trachyte bed has been eroded and rip-up clasts of the trachyte have been
incorporated into the ostracod grainstone above. This represents a period of subaerial
exposure of the trachyte before deposition of lake sediments.
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Several conglomerates occur between trachyte in the MAG14-1C core (Figure 20D).
Poorly sorted, clast supported conglomerates composed of sub-angular, 1-2 millimeter to
2 centimeter clasts of trachyte, pumice, and mudstone occur between vesicular trachyte
deposits at 135.82-135.92 m (Figure 20D). The poor sorting and angular nature of the
grains, suggests they were likely deposited on an alluvial fan between trachyte flows.
2.2b Fossiliferous grainstone/packstone (FG)
Fossiliferous grainstones/packstones occur directly above the Magadi trachytes, in cores
2A, 1A and 1C. The thickness of the fossiliferous grainstone beds ranges from 5 to 30 cm.
There are two main types of fossiliferous grainstone, an ostracod grainstone in core 2A
(Figure 21A), and a gastropod packstone (Figure 21D) in cores 1A and 1C. Fossiliferous
grainstones are commonly associated with laminated and massive mudstones and bedded
sandstones.
The ostracod grainstone is well sorted and composed of fractured ostracods, with rare
whole ostracods (Figure 21B, C). Many of the fractured and whole ostracods are coated
with a thin (10 micron) layer of micrite, which has been eroded. This suggests the coating
formed on the ostracods prior to transport and deposition. The ostracods were deposited
along with peloids (composed of micrite), and calcite crystals, up to 1 mm in size. The
fractured nature, and good sorting of the ostracods, suggests they were transported before
deposition. The bed was later cemented by chalcedony (Figure 21C). The evidence
suggests the ostracod grainstone was deposited above wave base, allowing sorting of
grains, in a shallow lacustrine environment, (see section 2.3a).
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Figure 21: Core photographs from MAG14-1C and 2A cores, showing fossiliferous grainstones. (A)
Ostracod grainstone from 2A-102Q-1_193.42-193.59 m. Ostracods are aligned along vague beds, with a
thin green detrital mud layer at 52 cm. Larger dark grains are trachyte. (B) Close-up of ostracod grainstone
from 55-60 cm in core 2A-102Q-1_193.50-193.55 m, showing fractured ostracods and trachyte clasts.
(C) Thin section image shows close-up of ostracod grains from 2A-102Q-1, surrounded by chalcedony
cement, indicated by black arrow. White arrow indicates ostracod shell fragment with micritic coating.
(D) Thin section image of gastropod fossils from core 1C-13Y-1_131.56-131.63. Gastropods are poorly
sorted and surrounded by carbonate matrix of peloids, ostracod fragments and micrite. The white arrow
shows gastropod shell with a geopetal fill. The geopetal fill is composed of detrital carbonate mud. (E)
Cross-polarized thin section image of gastropod shell with geopetal fill. The gastropod has been replaced
by chalcedony, which gives it a bright birefringence. The geopetal fill is composed of peloids, shell
fragments, and angular micrite grains. The chalcedony cement grew above the geopetal fill, into open
pore space. (F) Cross-polarized thin section image of the finer sediment in the gastropod packstone from
(D). The sediment is composed of well sorted peloids, ostracod and gastropod fragments and has been
cemented by calcite. (G) Cross-polarized thin section image of “dog tooth” calcite cement (outlined in
white) growing from the outer surface of gastropod shells into open pore space. (H) Transmitted light
thin section photograph of mixed siliciclastic and fossiliferous grainstone from 2A-101Q-1 (192.23192.88 m). Dark grains are trachyte with pyrite. (I) Transmitted light photograph of peloidal grainstone
from 2A-93Q-1, depth of 186.92-186.95 m. Peloids are bedded on centimeter scale with detrital plant
material and micrite. (J) Close-up of peloidal grainstone from (I) shows alignment of peloids within
centimeter scale beds.

The gastropod packstone occurs in cores 1C and 1A, but is better preserved in 1C. The
packstone contains gastropod and ostracod fossils, peloids and micrite, but gastropods
dominate (Figure 21D, E, and F). The gastropods make up the largest grains, measuring 3
mm to 1 cm in diameter. They are poorly sorted, (Figure 21D) and are commonly partially
filled with a peloidal sediment (Figure 21E). Pore spaces between gastropods or within the
shells, are commonly filled with “dog tooth” textured calcite cement (Figure 21G). Many
gastropod shells were later replaced and partially filled by chalcedony cement (Figure
21E). The finer grained sediment between gastropods, composed mostly of peloids and
small ostracod fragments, is well sorted (Figure 21F). The sorting of peloids and ostracods,
with fractured gastropods suggests the packstone was deposited in a lacustrine
environment, above wave base. (see section 2.3a) (Gierlowski-Kordesch et al., 1991; Platt
and Wright, 1991, 1992; Bertrand and Sarfati et al., 1994; Casanova, 1994; Renaut and
Gierlowski-Kordesch, 2010).
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Mixed siliciclastic and fossiliferous grainstones and conglomerates are also observed
(Figure 21H), more commonly in core 2A. They are composed of trachyte clasts (1-5 mm),
mudstone clasts (<1 mm-5 mm), silt sized feldspars, and fractured ostracods and
gastropods with micritic coatings. The beds are massive, clast supported (with sub-angular
grains), and well sorted. The mixed fossiliferous grainstone was deposited in a shallow
lacustrine environment, above wave base (see section 2.3a) (Gierlowski-Kordesch et al.,
1991; Platt and Wright, 1991, 1992; Bertrand and Sarfati et al., 1994; Casanova, 1994;
Renaut and Gierlowski-Kordesch, 2010).
A unique bed in core 2A consists of laminated (5 mm-1 cm) well sorted peloids, which
have been compacted and partially cemented by chert (Figure 21I, J). Peloids are the
dominant grain type, but angular micrite grains, ostracod fragments, and feldspar grains
also occur. Peloids are compacted as evidenced by their ovoid shapes and horizontal
alignment (Figure 21I). These grainstones were deposited in shallow lacustrine
environment, above wave base, with enough wave action to cause sorting of the grains
(Gierlowski-Kordesch et al., 1991; Platt and Wright, 1991, 1992; Bertrand and Sarfati et
al., 1994; Casanova, 1994; Renaut and Gierlowski-Kordesch, 2010)
The grainstones are lithified, which is common for deposits below 170 m in core 2A. The
first-formed cement in the grainstones is calcite, with a later generation of chalcedony
replacing many gastropod fossils (Figure 21C, F).
2.2c. Clast supported gravel (Gr)
Clast supported gravels are most abundant in core 1A (Figure 19b), between 89.4-99.4 m,
55.5-60.5 m, and 20.5-34.9 m, where they are interbedded with sands and laminated muds.
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Figure 22: Photographs of clast supported gravels from cores MAG14-1A. (A) Core drive 1A-59Y-2,
96.07-96.34 m shows 5 cm (1) trachyte clast, (2) pumice clast, and (3) mudstone clast. The deposit is
poorly sorted and clast supported. (B) Close-up of trachyte clast with micritic coating. (C) Core drive
1A-59Y-2, 95.51-95.57 m showing grading from gravel to bedded sand. (D) Poorly sorted, lithified,
conglomerate from core drive 1A-54Y-2, 84.32-84.45 m shows sub-angular clasts of (1) trachyte, (2)
mudstone, and (3) chert. (E) Close-up of grains from (D) shows poor sorting and angularity of clasts.

In core 2A gravels occur at 186.9-187.1 m, 125.5-126.3 m, 83.5-83.7 m, and 49.9-50.4 m.
The gravel beds vary in thickness from 3 centimeters to 2 meters, and are commonly
massive but graded beds also occur (Figure 22C).
Grains commonly consist of sub-angular to rounded trachyte clasts, pumice, chert,
mudstone fragments, anorthoclase, and quartz. Grain sizes range from 1 mm to 6 cm
(Figure 22A). Fragments of plant material (1-2 millimeter size) are also abundant. The
coarsest clasts are trachyte or pumice (Figure 22A, D, E). Some trachyte clasts are coated
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by micrite (Figure 22B). Clast supported gravels are generally not lithified, and are poorly
sorted, excluding rare graded beds (Figure 22D). Gravels are also observed grading into
bedded sands (Figure 22C). These un-sorted gravel beds may have been deposited as sheet
floods on an alluvial fan (Blair, 1999, 1999a).
2.2d Silt/Siltstone and Sand/Sandstone (SS)
This sediment type is characterized by thin to thick (0.5 cm to 10 cm) bedded silts or
siltstones and sands or sandstones. The beds are composed of anorthoclase, sanidine,
quartz, and analcime, and 1-2 millimeter size fragments of plant material. Grain sizes range
from coarse sand (2 millimeters) to silt (0.002 millimeters). Bedded silt/siltstone and
sand/sandstone (SS) is more common in core 1A than core 2A (Figure 19a and 19b).
Lithified layers are indicated with diagenetic chert on figure 19a and 19b, (e.g., 120-130 m
and 184.5-197 m in core 2A). In core 1A, SS is most common from 103.5-116.9 m, 73.875.1 m, 57.8-60.5 m, 44.9-47.5 m, 36.4-36.8 m, 33.5-34.9 m, and 28.3-29.1 m, interbedded
with gravel (Gr) and laminated mud (LM). In core 2A, SS is less common, and occurs from
190.1-191.7 m, 186.4-186.9 m, 175.0-174.8 m, 120.3-128.9 m, 116.8-118.5 m, 110.2110.9 m, 83.4-83.6 m, 57.9-58.1 m, 65.5-65.7 m, and 62.5-62.6 m.
Sandy layers are commonly well sorted and grains are sub-rounded. Sedimentary structures
are rare, but some sands and sandstones are thinly bedded (Figure 23A) and one crossbedded sand was observed (Figure 23B). In the lower 30 m of core 2A there are several
mixed siliciclastic and carbonate sandstones containing fractured or whole ostracods
(Figure 23C) and micrite grains. Silty layers are well sorted and grains are sub-rounded.
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Figure 23: Photographs of bedded silts/siltstones and sands/sandstones from cores MAG14-1A, 1C and
2A. (A) Core photograph from 2A-58Y-2_124.08-124.18 m, of thin bedded sands and silts, showing
faulting marked by the dashed white lines. At 133.5 cm, sand bed contains diagenetic pyrite. From 132
cm down, sand layers contain abundant millimeter scale diagenetic calcite crystals, which formed in pore
spaces. (B) Core photograph from drive 1A-41Y-2_60.74-60.81 m, of sand bed with small scale cross
stratification between 133 and 135 cm. Some clasts composed of chert and trachyte are up to 4 millimeters
in diameter. The coarse grain size suggests deposition by a high velocity flow. (C) Core photograph of
drive 1C-13Y-1_130.82 -130.98 m shows bedded sandstone containing a mixture of detrital siliciclastics
and carbonate fossil grains. Siliciclastics include trachyte, chert, and mudstone. Carbonate grains include
ostracod fragments, peloids and angular micrite. (D) Bedded dark green sands from core 2A-57Y2_122.03-122.28 m, with abundant diagenetic calcite (1) and pyrite (2). Sand shows grading from 120
cm to 117 cm (indicated by white arrow) with chert nodule (3) exhibiting an outer reticulate crust. (E)
Bedded silt (1) with minor sand (2), from core 2A-58Y-2_123.52-123.79 m, showing erosional surfaces
at 88.5 cm, 83.5 cm, and 78-79 cm. Diagenetic pyrite in sandy layer (2) and abundant diagenetic calcite
crystals (3).

Layers are vaguely bedded and may show colour grading, which is related to the abundance
of detrital quartz in the layers, with light blue-green silts containing higher quantities of
quartz than dark green or brown silts (Figure 23D, E). The bedded sands may have been
deposited in a sandflat or ephemeral stream environment, and the silts were deposited in
the distal region of the sandflat where it transitions to a mudflat (Smoot and Lowenstein,
1991) The association of the (SS) deposits with mudcracked muds and coarse gravels
further supports this interpretation (see section 2.3c).
2.2e. Laminated mud (LM)
Laminated mud is the most common sediment type in all cores (Figure 19a and 19b) but is
most common from 104.5-119.5 m in core 1A and 129.2-166.5 m in core 2A. Two basic
types of laminae occur. (A) Laminites: including detrital and chemical lamina, and (B)
Mudcracked detrital laminites.
A. Laminites:
Detrital laminae occur as black, brown, and light and dark green muds composed of detrital
siliciclastics, dominated by K-feldspars and quartz as well as diagenetic analcime and
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Figure 24a: Core photographs of laminated muds from MAG14-1A and 2A. (A) Core 1A-62Y-2, 105.85106.05 m, photograph of (1) organic rich black muds with (2) fine pyrite concentrated in light brown
laminae. Large pyrite cube at 100.2 cm and pyrite aggregate at 100.3 cm. (B) Core image of green-brown
laminated mud from drive 1A-24Y-2, 37.76-37.98 m. Light and dark green layers (1) are laminated with
sub-millimeter chert layers (2). (C) Core 2A-67Y-1_147.07-147.30 m photograph of green detrital muds
laminated with white chert laminae. The section shows abundant micro-faults, indicated by dashed black
lines. The faulting must have occurred after the siliceous lamina had started to lithify. (1) chert nodule
with a reticulated outer crust associated with a microcrystalline quartz lamina. The chert nodule appears
to have formed within the chert lamina causing deformation of the sediment around it upon compaction.
(D) Core 2A-78Q-1_162.12-162.17 m, showing (1) Fe-sulphide rich laminae, interlaminated with 1
centimeter scale dark brown silt (2) containing Fe-sulphide rich mud chips, which are normally graded
within each bed. The centimeter scale beds are clast supported and are interpreted as turbidite deposits.
(E) Core 1A-51Y-2_77.74-77.80 m, showing laminated black and green muds containing abundant
flattened mud clasts (<1 mm to 3 mm). These include brown and green mud clasts (1) as well as 3
millimeter size chert clasts (2). Deposits are matrix supported and are interpreted to have been produced
by sub-aqueous debris flows.

calcite (see section 2.3k.). Brown and green lamina are commonly sub-millimeter to 1-2
centimeters thick. Chemical laminae are 0.5-1 mm thick, white, and composed of
microcrystalline quartz. At some depths (49.6 m in core 1A, Table 3) magadiite lepispheres
are observed. Common features include flat parallel lamination, continuous lamination
across the 5 cm width of the cores, and absence of mudcracks.
The most common laminites occur in core 2A from 129.2-166.5 m. They are millimeter
scale laminated black and dark brown muds (Figure 24aA), as described above. Silt sized
detrital feldspar crystals in the black and dark brown laminae, as well as the parallel
lamination suggest deposition of sediment by settling out of suspension. Fe-sulphide
(pyrite) is concentrated in golden lamina with plant fragments (Figure 24aA). The
abundance of fine grained pyrite in the lamina could be related to anaerobic sulphate
reducing bacteria in the sediments post deposition. Sulphate reducing bacteria live in
anoxic habitats using sulphate (SO42-) as their electron donor and consequently producing
high concentrations of sulphide (S-), which may react with Fe (II) in the pore waters, to
produce pyrite FeS2 (Muyzer and Stams, 2008; Konhauser, 2007). The association of pyrite
with abundant plant material is further evidence for anoxic conditions. If conditions had
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been oxic the organic carbon would be consumed by heterotrophic organisms which use
organic carbon to produce energy (Konhauser, 2007). All laminae lack evidence of
disturbance by wave action or burrowing activity, and so were likely deposited below wave
base in a perennial stratified lake (Smoot and Lowenstein, 1991). Evidence for a stratified
lake rather than a completely anoxic lake comes from the association of these laminites in
core 2A with burrowed muds in core 1A (see section 2.3b.).
The last variety of laminites are chemically formed. Layers are composed of chert, and
laminated with the green-brown detrital muds as described above (Figure 24aC). The
siliceous laminae are commonly 0.5-2.0 millimeters thick and detrital laminae are
commonly 0.5-5.0 millimeters thick. Sediment surrounding the siliceous lamina is
commonly lithified, indicated by the diagenetic chert symbol in figures 19a and 19b. The
siliceous laminae contain rare magadiite-like lepispheres. Some of these laminae (e.g. 1A34Y-1_49.54-49.55 m) have been identified as magadiite using x-ray diffraction (Table 3).
Magadiite has been described from Lake Magadi outcrops (Eugster, 1967; Jones et al.,
1967) and interpreted to form as a lake-wide precipitate in a hyperalkaline lake, which
suggests these laminae represent a siliceous chemical precipitate, deposited in a perennial,
alkaline lake.
Green siliciclastic laminae may contain chert nodules, 1-2 centimeters thick and up to 4
centimeters wide, with a jagged, reticulate white crust surrounding them (Figure 24aC, 3940 cm). Rare fish bone fossils are preserved in chert (Figure 25). The chert likely nucleated
on the bone fragment and the nodule continued to grow around it.
Commonly associated with the dark brown and black laminites are 1-2 centimeter thick,
clast supported beds containing flattened, angular, mud clasts of identical composition to
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the surrounding laminites. The clast supported beds grade upward into laminated muds
(Figure 24aD). The sequence of laminated mud, to clast supported bed, and back to laminite
is repeated multiple times within core drives. These sediments are similar to modern
lacustrine turbidites from Pyramid Lake, Nevada, described in Smoot and Benson, (1998)
and ancient lacustrine turbidite deposits described in Dyni and Hawkins (1981). Another
type of dark brown or black lamina also contains abundant flattened mud clasts. These
deposits, however, are matrix supported, poorly sorted, and laminated on a 0.5-1 centimeter
scale. The dark brown matrix is composed of anorthoclase, sanidine, and plant material)
(Figure 24aE). Mud clasts are rounded and are composed of medium to light green-brown
mud (anorthoclase, sanidine, quartz, and minor plant material). These conglomerates were
likely deposited rapidly, and sub-aqueously. These deposits are similar to debrites in oil
shales, deposited by sub-aqueous debris flows, (Schieber et al., 2013; Schieber, 2016;
Jagniecki and Lowenstein 2015).
B. Mudcracked laminites
At least 25 (13 in core 1A and 12 in core 2A) green, laminated mud sections have been
disturbed by vertical mudcracks (1 millimeter wide and <1 centimeter to 10 centimeters
long) filled with quartz-rich sediment, and lighter in color than the surrounding material
(Figure 24bA). The cracks are unlined and have sharp contacts with the surrounding
sediment. Vertical cracks crosscut laminae and may taper downward from a common
bedding plane. The sinuous nature of these mudcracks is the result of compaction of the
sediment, post-burial. These mudcracks formed during subaerial exposure and desiccation
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Figure 24b: Core photographs of laminated muds and mudstones with mudcracks. (A) Photograph of
core 2A-40Y-1_86.37-86.60 m shows laminated light green muds with mudcracks cross cutting laminae.
Multiple generations of shallow (1) mudcracks and deep (2) mudcracks suggests a mudflat environment
where mud layers were repeatedly and extensively dried out and cracked. (B) Core photograph of
mudcracks in mudstone from drive 2A-93Q-1_186.62-186.66 m. Mudcracks are less common than in
(A). There is evidence for only one cracking event, suggesting infrequent exposure events. The contorted
nature of the cracks is due to compaction after burial. The light green crack fill is composed mostly of
quartz. (C) Laminated green mudstone from drive 2A-102Q-1_193.09-193.13 m showing two compacted
mudcracks, with a light green quartz-rich fill, tapering down from a common bedding plane. (D) Core
photograph of medium to light green mudcrack brecciated, laminated mud from drive 1A-52Y-2_80.2880.35 m. Lamination preserved between 98 and 99 cm with large crosscutting mudcrack from 95-99.5
cm. (1) White clasts are remains of brecciated chert, which were disrupted by repeated cracking.
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Figure 25: Core and thin section photographs of drive 2A-102Q-1 at 193.19-193.25 m. (A) Transmitted
light thin section photograph of chert nodule (1) in light green laminated mudstone containing fish bone
fossils (2), preserved in chert. Compaction (3) around the chert nodule suggests it formed early in the
burial history of the sediment. (B) Thin section photograph showing close-up of bone fragments with
internal structures preserved (1). The bone was likely the nucleation point for the chert nodule. White
patch (2) to the left of bone is chert cement.

of water-saturated mud (Smoot and Lowenstein, 1991, Renaut and Gierlowski-Kordesch,
2010) Mudcracked laminae may contain one or more generations of mudcracks (Figure
24bA). Laminae containing only one generation of mudcracks (Figure 24bB, C) are rare in
the cores and represent one exposure event. Such extensive mudcracking suggests repeated
exposure. Thin (millimeter scale) mud layers deposited by flood waters, cracked upon
drying before another flood deposited a mud layer, which then subsequently cracked when
desiccated (Smoot and Lowenstein, 1991). These mudcracks commonly penetrate through
multiple laminae. Some of these mudcracked beds have been so extensively cracked that
they appear brecciated (Figure 24bD).
2.2f. Massive mud (MM)
Massive muds are characterized by a lack of internal bedding structures. They share the
same detrital and diagenetic mineralogies as the laminated muds (anorthoclase, sanidine,
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quartz, diagenetic analcime, pyrite and calcite) but have lost all primary bedding. Plant
material is not as abundant as in laminated black-brown mud. Thickness of beds varies
from 2-3 centimeters to >7 meters.
Many massive mud layers, particularly in core 1A, show evidence of bioturbation (e.g.
120.5 m, 92.5 m, and 86.2 m). Burrow-like structures are commonly vertical to oblique,
rarely horizontal, and up to 10 centimeters long and ~1 centimeter thick (Figure 26aA, B,
and C). The structures are unlined, branching, and non-branching, and generally filled with
coarser material than the surrounding sediment (Figure 26aB, C). Burrow fills contain
diagenetic calcite and analcime in the lower 30 m of Core 2A. These burrows likely belong
to the Scoyenia lacustrine ichnofacies, which form in a moist to firm substrate (Owen et al.
2009). This ichnofacies is associated with lake margin deposits (Buatois et al., 1998, 2009
and Scott et al., 2009).
Massive black muds, up to 7 m thick, with centimeter scale displacive crystals of diagenetic
trona occur in the upper 28 m of Core 2A and the upper 14 m of core 1A (Figure 26aD, E).
All evidence of primary bedding has been lost. These muds contain detrital K-feldspar,
plant material, a variety of zeolites (erionite, phillipsite and analcime), and trona nodules.
Trona nodules are composed of fine (millimeter scale) randomly oriented radiating needles
which have grown displacively within the mud from supersaturated pore waters (Figure
26aD). Individual displacive crystals of trona (1-2 millimeter scale) are also observed
scattered throughout the mud (Figure 26aD). These individual crystals likely grew in the
mud from supersaturated groundwater. These massive muds likely formed in a saline
mudflat environment, where intra-sediment evaporites and surface efflorescent crusts form
from the evaporation of groundwater brines (Smoot and Lowenstein 1991).
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Figure 26a: Core photographs of massive muds from MAG14-1A and 2A. (A) Massive medium to light
green mud from core 1A-68Y-1 at 119.58-119.90 m showing vertical, 1 millimeter to 1 centimeter thick,
un-lined, burrow features (1), filled with chert-rich sandy silt (2). Surrounding mud is soft, but light green
fills are cemented by chert. The variability in thickness is likely due to cutting through different parts of
the burrow as it was moving in and out of the plane of view. Burrows were produced by insects, likely
dung beetles or termites (Owen et al., 2009; Scott et al., 2009). (B) Possible termite burrow (1) in massive
green mud, drive 1A-68Y-1 at 119.97-120.07 m, filled with light green sandy silt cemented by chert (2).
(C) Backfilled insect burrows in massive light green mud from drive 1A-58Y-1 at 92.48-92.66 m.
Extensive bioturbation has made distinction of individual burrows difficult. The walls of the burrows
have been outlined in black. Burrow fill (1) contains mud chips suggesting mud was dry and hard when
burrowed. (D) Massive green mud from drive 2A-13Y-1 at 25.10-25.20 m with (1) millimeter scale white
crystals of trona, and (2) a 1.5 cm nodule of trona at 40-42 cm. Core color is the result of oxidation of the
sediment after 4 months of storage at 4 degrees Celsius. The original color of the core matches that of
figure (E). (E) Massive black mud from drive 2A-13Y-1 at 25.42-25.59 m with two 3-4 cm trona nodules
(1) which have been partially converted to chert.
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Massive green zeolitic muds occur from 73.0-75.9 m in core 2A and 56.5-57.9 m in core
1A (Figure 19a, b and c). The true thickness of this unit is unknown due to poor core
recovery. The unit can, however, be clearly identified in both cores and so was used as a
marker bed for correlation. The overall color of the deposit is pale to medium green (Figure
26bA, B). The mud is composed of silt-sized K-feldspar (anorthoclase, sanidine, and
albite), phillipsite and analcime, minor glass shards, and fine (~ 1 µm) rounded, vitreous,
green grains showing no cleavage or crystalline structure, (identification of this mineral
was not determined). In core 2A the massive mud unit contains sub-vertical rusty-brown
downward branching structures (Figure 26bB) which contain pyrite, calcite, and abundant
plant material. These are root casts or calcite rhizoliths, which suggests vegetation may
have developed on the sediment while it was at the surface (Owen et al., 2009). In core 1A,
root traces are not evident, but instead the layer contains fragments of plant material (2-3
millimeter in diameter), with oxidation halos (Figure 26bA). The zeolites in the mud (Table
3) could represent altered volcanic glass (Surdam and Eugster 1976). If so, the major
component of this mud would have been volcanic glass, making it a volcanic or pyroclastic
sediment.
A black to dark brown, zeolite-rich, massive mud is observed between 29.3-35.9 m in Core
2A, and between 16.7-20.6 m in core 1A (Figure 19a). The deposit was initially black in
color (Figure 26bC) in January 2015, but changed to medium brown by June 2015 (Figure
26bD). The mud is composed of fine grained zeolites (erionite, clinoptilolite and
phillipsite), silt sized K-feldspars, and rare unaltered glass shards (Table 3). In core 1A
there is evidence of bioturbation (Figure 26bC). Unlined vertical traces ~1 centimeter in
diameter are common and filled with a coarser material than the surrounding sediment.
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Figure 26b: Core photographs of massive zeolitic muds from MAG14-1A and 2A. (A) Core photograph
of massive green zeolitic mud from core drive 1A-40Y-2 at 57.03-57.33 m, containing (1) patches or
nodules of fine pyrite, (2) fractures and (3) pale green halos around organic material and mudstone
fragments. However, some halos appear to have nothing in their center. (B) Core photograph of massive
green zeolitic mud from core drive 2A-33Y-2 at 75.23-75.36 m, shows (1) possible vertical root structures
outlined by concentrations of fine pyrite, and (2) possible burrow. (C) Core photograph of black-brown,
massive, zeolitic mud from core drive 1A-9H-1 at 20.09-20.26 m, the black color of the sediment was
the first color observed upon splitting the core. After 5 months, the core was the same color as in (D). (1)
indicates a possible vertical burrow or deep mudcrack. (D) Massive, black-brown, zeolitic mud from
drive 2A-18Y-2 at 35.27-35.60 m, containing randomly distributed, millimeter sized plant/root fragments
(1), now light brown in color. Photograph was taken 5 months after splitting and shows color change
from black to light brown, as was true for each drive through the massive black muds in cores 1A and
2A.
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These Scoyenia-like burrows are not observed in the equivalent bed in core 2A. If the
abundant zeolites in this deposit formed from alteration of volcanic glass, the primary
sediment was rich in volcanic glass, suggesting it was a pyroclastic deposit.
2.2g. Pyroclastic sediments (PS)
One pyroclastic deposit can be correlated between cores 1A and 2A (95.4-100.90 m in core
2A and 79.4-80.0 m in core 1A) (Figure 19a, b and c). The coarse, porous tuff is
considerably thicker in core 2A than in core 1A, but is unique, and has been used as a
marker bed for correlations. The deposit is grain supported (Figure 27A, B, C, D, E, and
F), and composed of fine to medium grained euhedral crystals of sanidine and anorthoclase,
coarse trachyte ash (0.25-4 mm) and trachyte lapilli (4-32 mm), pumice, and rare unaltered
glass shards (Fig. 27A, B). The most abundant component, however, is zeolite, which
formed from alteration of volcanic glass (see section 2.2k.). Erionite is the most common
zeolite in this tuff, observed as euhedral radiating needles directly replacing volcanic glass
in centimeter scale pumice clasts (Figure 27G). Clinoptilolite and phillipsite are also
common (Table 3).
This unit is interpreted to be a coarse pyroclastic tuff (Pettijohn et al. 1972, Bridge and
Demicco, 2008), due to the presence of pumice, volcanic glass shards, euhedral feldspar
crystals and trachyte rock fragments. It is likely a “pyroclastic flow” rather than a
“pyroclastic fall” due to the absence of bedding. Ash or lapilli falls characteristically show
bedding (Pettijohn et al. 1972) whereas pyroclastic flows are characteristically unsorted
and structureless (Bridge and Demicco, 2008). The deposit is similar to other pyroclastic
sediments described from the East African Rift Valley (Trauth et al., 2003; McHenry et
al., 2008).
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Figure 27: Core photographs of volcanic sediments from MAG14-1A and 2A. (A) Porous tephra deposit
containing 1-5 mm scale pumice clasts (1) from drive 2A-47Y-1 at 100.61-100.76 m. (B) Close-up of
tephra bed from 2A-47Y-1 at 100.63-100.66 m containing (1) light green to brown pumice clasts. (C)
Vesicular tephra deposit containing 1-5 millimeter rounded pores, from drive 1A-52Y-2 at 79.34-79.37
m. (D) Tephra deposit from drive 2A-46Y-1 at 98.41-98.74 m, shows porous texture from 101-113 cm.
Fractured chert nodule at 99-98 cm indicates reworking of the sediment after deposition. Above chert
nodule (97-86 cm) bed is composed of a sorted tuffaceous sand, further evidence of reworking. (E) Closeup of tephra from (D) 107-110 cm showing angular pumice clasts (1). (F) Close-up of reworked layer
from (D) at 97.0-100.5 cm showing fractured chert and mudstone clasts (1). (G) Top of the tephra bed
from 2A-45Y-1 at 95.5-95.63 m, containing 0.5-1.0centimeter sized pumice clasts (1) which are now
made of erionite. Pumice rich layers are separated by (2) laminated, dark brown, mud (107-104 cm),
showing no evidence of bioturbation or mudcracks, which represents a perennial lake period between
volcanic events.
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Laminated muds, at the top of the unit in 2A, which occur between massive mud layers
containing abundant pumice clasts (Figure 27G), likely represent a brief perennial lake
period where muds settled out of suspension. Massive pyroclastic sand layers, occur at
97.5-98.3 m in core 2A (Figure 27D, E). The composition of the sand is identical to that of
the tuff. Grains are sub-rounded and well sorted which may represent deposition by a
pyroclastic hyperconcentrated flow. Hyperconcentrated flow deposits are commonly well
sorted with rounded to sub-rounded grains of millimeter to centimeter scale with internal
stratification (Delcamp et al., 2016; Siebert, 1984; Ui et al., 2000; Vallance, 2000; and Van
Wyk de Vries and Delcamp, 2015). Reworking is indicated by the presence of a 3-4
centimeter thick, matrix supported layer containing a fractured chert clast (3 cm diameter)
and abundant 1-2 millimeter scale rounded mudstone clasts (Figure 27F). The matrix
supported conglomerate, may represent a pyroclastic debris flow deposit or debris
avalanche deposit, which are commonly massive, poorly sorted, containing rounded to subrounded clasts (Delcamp et al., 2016; Siebert, 1984; Ui et al., 2000; Vallance, 2000; and
Van Wyk de Vries and Delcamp, 2015).
2.3h. Chert (Ch)
Chert is a diagenetic mineral, but is so abundant in the Lake Magadi cores that it must be
considered a separate lithology. There are at least six different types of chert observed in
the cores. They are: (1) silicified mudstones, (2) replacement of a chemical precipitate (e.g.
magadiite), (3) cementation and replacement of trona, (4) replacement of calcite, (5)
replacement of siliceous gels, and (6) replacement of diatoms. The six types of chert occur
as white to grey, interstitial cements (type 1), or as a late-stage diagenetic void filling
cement (type 3 and 4), millimeter scale laminae (type 2 and 6), 1-5 centimeter thin beds
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(type 2 and 6), 1-2 centimeter nodules (type 2), or as massive >2 centimeter nodular beds
(type 5).
The most common type of chert observed is type (1) silicified mudstone (Figure 28A).
These are laminated siliciclastic mudstones, or in places, fine sandstones, which have been
cemented by chert. Silicified mudstones and sandstones are commonly associated with one
or more of the other types of chert (Figure 28A). This suggests that the chert nodule or bed
provided the nucleation site for the growth of the siliceous cement in the sediment (type
1).
Type (2) cherts are commonly laminated or nodular (Figure 24aC, Figure 28A, B), and
may contain v-shaped cracks (Figure 28C), and remnants of magadiite lepispheres. X-ray
diffraction analysis of unlithified, soft, white lamina at 49.54 m in core 1A, yielded
magadiite peaks (Table 3), whereas hard laminae at the same depth were identified as
quartz (Table 3). This suggests the laminae were originally magadiite and have since
converted to chert (Leet et al., 2016). Some chert nodules contain fish bone fossils at their
center (Figure 25). The mud surrounding the chert nodule commonly shows evidence of
soft sediment deformation (Figure 25), which would suggest that the nodule formed prior
to or during compaction of the sediments. However, many of these disturbed muds were
also silicified after they were deformed (Figure 28A), suggesting more than one
silicification.
Type (3) cherts are also commonly thin bedded and contain casts of trona crystals, many
of which are now pore space (Figure 28D). Others show evidence of dissolution before
being filled with chalcedony. The trona crystal casts preserved in this chert may represent
early evaporite growth in the basin.
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Figure 28: Core and thin section photographs of cherts from the MAG14-1A and 2A cores. (A) Core
photograph from 2A-92Q-1 at 185.62-185.74 m, showing silicified green mudstone and chert (gray).
Mudstone shows evidence of soft sediment deformation, indicated by black arrows, which suggests the
chert grew between unconsolidated muds. Subsequent silicification of the muds occurred after the growth
of the chert nodule. (B) Detrital green and brown laminites (2A-68Y-3 at 151.40-151.46 m) containing 1
centimeter scale chert nodules displaying a jagged reticulate outer crust. Laminites show evidence of soft
sediment deformation around the nodules. The laminae are not silicified. (C) Thin section photograph
(2A-65Y-1 at 143.65-144.29 m) in plane polarized light of chert nodule similar to one pictured in (B),
showing v-shaped cracking pattern, indicated with dashed white line, associated with the reticulate crust
around the nodule. (D) Thin section photograph (2A-21Y-1_ 41.91-42.01 m) of chert cementing trona in
cross polarized light. Crystal casts have a tabular habit, and no longer contain trona, but are filled with
purple epoxy. Crystal casts are sub-vertical and appear to be matrix supported. The surrounding matrix
is now composed of chert. (E) Core photograph (2A-32Y-1 at 70.61-70.70 m) of possible gel-type chert.
Chert is light to dark green and contains abundant floating detrital material, including plant fragments.
(F) Thin section photograph of plant fragment from 2A-32Y-1 at 71.37-71.45 m preserved in gel-type
chert. (G) Core photograph (1A-49Y-2 at 76.35-76.54 m), showing thin bedded dark green cherts with
yellow crusts. Bedded between cherts are debris flow deposits which are laminated. (H) Thin section
photograph from 2A-42Y-1 at 89.02-89.04 m, shows diatoms preserved in chert matrix.
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Type (4) cherts may be thin bedded or nodular, and are interpreted as the replacement of
calcite peloids, ostracod and gastropod fragments, and micrite (Figure 21C, F).
Replacement of calcite is observed only at the bottom of cores 1A, 1C, and 2A, commonly
in the fossiliferous grainstones (FG). Chert also occurs as a void filling cement, in the FGs.
Type (5) chert is thin (1-2 centimeters) to thickly (2-8 centimeters) bedded, with a matrix
composed of >90% chert (Figure 28E). This matrix supports abundant, uncompacted, and
randomly oriented detritus, including plant fragments (Figure 28F) and feldspar grains.
Void spaces and fractures are commonly filled with chalcedony cement. The excellent
preservation of the plant material within the chert indicates that it was not affected by
compaction. This suggests that the chert was lithified prior to compaction.
Type (6) cherts are thin bedded on a 1-2 centimeter scale (Figure 28G). In rare patches, the
chert has preserved 10-20 µm whole and partial diatoms, along with scattered detrital
grains of anorthoclase, zeolites, and plant material (Figure 28H). Well-preserved diatoms
(Figure 28H) suggest the primary deposits were diatomaceous sediments, likely deposited
during times of diatom blooms in a lake. The diatoms have since been altered to chert, and
void spaces filled with chert cement, leaving only patches of diatoms well preserved.
2.2i. Bedded trona (BT)
Bedded trona (BT) occurs at the top 21 m of core 2A and the top 6 m of core 1A. The
bedded trona deposits are up to 3 meters thick in core 2A, and 2 meters thick in core 1A
(Figure 19a, b and c). However, most of the trona was disturbed or dissolved during drilling
of core 1A, and recovery of this section in 2A was also poor, so this may not accurately
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represent the true thickness of beds. BT is best preserved in core 2A but is rare (e.g. 19.220.3 m and 3.0-6.0 m in 2A).
Trona beds are commonly 3-5 centimeters thick and composed of upward-radiating,
competitively grown, trona needles (1-2 millimeters wide and 1-3 centimeters long), which
are interbedded with thin (<1-2 cm) layers of black mud (Figure 29A). Upward growth of
trona indicates subaqueous precipitation at the bottom of a lake. The flat to wavy
dissolution truncations on the surfaces of some trona crystals indicate partial dissolution
by undersaturated water (Figure 29B). Mud layers are deposited on top of these dissolution
truncations during the undersaturated period and filter down into pore spaces between
crystals. The mud layers may contain fine randomly oriented needles of trona which grew
displacively in the sediment. Crystals of upward radiating trona may grow through mud
layers, continuing to the crystal layer above (Figure 29A). This is syntaxial growth of trona
from interstitial groundwater, nucleating from the existing upward radiating trona crystals.
Bedded trona indicates repeated cycles of trona precipitation and growth in a hyperalkaline
lake, followed by partial dissolution, due to influx of freshwater. The freshwater carries
mud in suspension which is deposited on top of trona crust layers.
2.2j. Efflorescent Trona and Diagenetic Nahcolite (ET)
Finely crystalline, massive to vaguely layered trona is the most common form of trona in
the cores. Beds are composed of fine (1 millimeter) trona crystals and blades of nahcolite
(1-5 centimeter), with minor interstitial muds. Deposits are generally non-lithified, but
some have been cemented by chert in Core 1A (e.g. Figure 29D). These massive trona beds
are observed only in core 2A except where they are silicified in core 1A (e.g. 52.5-58.7 m
in 2A and 37.0-37.9 m in 1A).
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Figure 29: Core photographs of evaporite beds from MAG14-2A. (A) Bedded trona from drive 2A-9Y1 at 19.58-19.97m. Trona beds show (1) upward radiating trona needles and (2) thin mud layers, resting
on irregular dissolution surfaces on bottom growth trona crystals. Mud layers represent periods of
undersaturation in the lake due to flooding. After evaporation and concentration of the brines, trona
crystals grow upward again into overlying mud beds. (B) Efflorescent trona bed from drive 2A-27Y-2
at 57.36-57.57 m. The trona is vaguely bedded, with (1) light patches of finely crystalline trona, deposited
as an efflorescent crust, along with (2) darker patches containing mosaics of larger millimeter to
centimeter scale crystals of trona and nahcolite, which filled voids in the porous efflorescent crust. (C)
Example of nahcolite cement texture from 2A-27Y-2 at 56.77-58.22m (1). Nahcolite crystals are likely
a diagenetic cement filling pore spaces between microcrystalline trona (2). (D) Efflorescent trona
cemented by chert from drive 1A-33Y-1 at 48.95-49.13 m. (1) Light patches are trona, and (2) dark
patches are chert cement. (E) Thin section photograph of trona crystals (1) in (D) cemented by chert (2)
at 49.08-49.22 m.

77

Finely crystalline trona beds show little to no layering, with rare thin (1-2 millimeter) mud
layers defining bedding. Finely-crystalline trona is commonly found in discontinuous
patches (Figure 29B). Trona crystals have an interlocking fabric, are randomly oriented,
with minor interstitial mud and have a needle-like habit. This interlocking fabric is
analogous to “mosaic textures” described from surficial efflorescent halite crusts and core
samples from Salar de Atacama, Chile (Bobst et al., 2001; Lowenstein et al., 2003).
Efflorescent halite forms sub-aerially by the evaporation of groundwater brines wicking up
to the surface by capillary action (Hardie et al., 1978; Smoot and Castens-Seidell, 1994).
Microcrystalline trona also formed subaerially by evaporation of supersaturated
groundwater.
Between 52.5 m and 58.7 m in Core 2A microcrystalline trona is crosscut by crystals of
nahcolite. Nahcolite crystals are randomly oriented and cross cut the interlocking trona
crystal fabric, indicating that they formed after the trona (Figure 29C). The nahcolite is
observed both replacing trona and as a cement, formed in dissolution vugs of the trona
crust. However, the exact timing of formation of nahcolite is not known.
Trona in cores 1A and 2A is also cemented by chert (Figure 29D). Thin sections of these
chert cemented sections shows crystals with a trona-like habit floating in a chert matrix.
The trona has been completely dissolved and is now preserved as casts (Figure 29E). The
trona crystals are preserved in a chert matrix which protected the crystals from compaction,
suggesting the chert cement formed before compaction. The trona crystals are interpreted
to have formed displacively in a soft sediment, which has since been replaced by chert.
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2.2k. Diagenetic overprints
Determination of primary vs diagenetic features in the Magadi basin cores is important for
interpretation of paleoenvironments, as diagenesis can alter the mineralogy and structure
of a sedimentary bed, replacing, or destroying the primary mineralogy and structure within
it. Distinguishing the diagenetic overprint from the primary depositional features is
necessary to interpret depositional environments. Diagenetic features are therefore
discussed separately here. Features were interpreted to be diagenetic (i.e. post-burial) due
to the presence of structures which disrupt, deform, or destroy primary bedding (Hardie et
al., 1983). The dominant diagenetic minerals in the cores are zeolites (e.g. analcime,
erionite, phillipsite, clinoptilolite). Other diagenetic minerals are Mg-calcite, Fe-sulphides,
and carbonate nodules. Diagenetic chert was discussed in section 2.2h., diagenetic trona in
section 2.2f., and diagenetic nahcolite in section 2.2j.
Erionite is the dominant zeolite above 100 m in core 2A and 80 m in core 1A, with minor
amounts of phillipsite, clinoptilolite and analcime. Below these depths in both cores the
only zeolite observed is analcime. Zeolite-rich muds are interpreted to have initially
contained volcanic glass (e.g. 16.8-20.5 m, 56.7-57.9 m, and 79.4-80.0 m in 1A and 29.335.9 m, 73.0-75.9 m, 95.5-100.9 m in 2A). “Authigenic” zeolites have previously been
reported in outcrop and core studies from the Lake Magadi area (Surdam and Eugster,
1976). The term “authigenic” suggests that the zeolites formed syn-depositionally. Surdam
and Eugster (1976) proposed that the variety of zeolites (erionite, chabazite, clinoptilolite,
mordenite, phillipsite, and analcime) at Lake Magadi is the result of the interaction of
trachytic glass with alkaline lake brines. Evidence of this was observed in core 2A where
pumice clasts were observed completely replaced by erionite needles (Figure 11G).
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Figure 30: Core photographs of diagenetic overprints from MAG14-1A and 2A. (A) Laminated Kfeldspar- and analcime-rich black mud from drive 2A-65Y-2 at 144.60-144.69 m, showing (1) diagenetic
calcite crystals aligned in black mud laminae, suggesting growth followed primary bedding. (B) Massive
K-feldspar- and analcime-rich mud from drive 2A-65Y-2 at 145.10-145.24 m, showing a 12-13
centimeter long, vertical feature which has been filled by diagenetic calcite crystals. Crystals are euhedral
to subhedral and 1-5 millimeters in size. The vertical feature which they are associated with has not been
positively identified, but could be a deep mudcrack, a fluid escape structure, or a burrow. (C) Dark browngreen to black laminated K-feldspar- and analcime-rich muds from core 1A-65Y-1 at 114.48-114.60 m,
containing (1) fine grained pyrite aligned in lamina between 135.5-138.0 cm, and (2) 1-3 millimeter size
pyrite cubes randomly scattered, crosscutting laminae. Mud lamina surrounding pyrite cubes show no
evidence of soft sediment deformation, suggesting they are a late diagenetic feature. (D) Vaguely bedded
green to black mud from core 2A-78Q-1 at 161.92-161.98 m, containing multiple 1-7 millimeter
randomly scattered calcite concretions. Calcite is microcrystalline and either filled a void space or grew
displacively in the mud.

Experimental and field studies of zeolites in alkaline/saline lake environments suggest that
alkaline brines can alter volcanic glass to zeolites (Hay, 1963, 1964, 1966, 1970, 1980;
Sheppard and Gude, 1968, 1969, 1973; Mariner and Surdam, 1970; Gude and Sheppard,
1978,1988; Donahoe and Liou, 1984; Genaro et al., 1999; Mees et al., 2005). X-ray
diffraction analysis of MAG14 core sediments indicates a similar zeolite mineralogy as
that reported by Surdam and Eugster (1976) (Table 3).
Crystals of Mg-calcite are abundant as a diagenetic phase below 104.5 m in 2A and 105.8
m in 1A. Crystals vary in size from 1-5 mm. Larger crystals commonly have a
rhombohedral habit (Figure 30A, B). The larger euhedral crystals are randomly distributed
within the mud, and the finer crystals appear to be concentrated in lamina (Figure 30A),
sandy patches, and sands and gravels. In places, Mg-calcite crystals are concentrated in
near vertical fluid escape structures or burrows (Figure 30B). The Mg-calcite disappears at
roughly the same depth in both cores, 103.9 m in 2A and 107.1 m in 1A, which is further
evidence that the calcite is a later diagenetic feature.
Carbonate nodules are rare in cores 1A and 2A. They are 1-6 millimeters in diameter,
rounded (Figure 30D), and composed of Mg-calcite. Small 1-2 mm nodules are commonly
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concentrated along lamina. Larger nodules occur in disturbed sections of core, so their
relationship to the surrounding sediment is not known.
Iron sulphide is abundant in the lower sections of the cores below 120 m in core 2A and
below 105 m in core 1A. The dominant Fe-sulphide is pyrite. Crystals of pyrite range from
sub-millimeter to 5 mm cubes (Figure 30C). Fine aggregates also occur, mostly replacing
carbonate nodules or filling burrows or root traces. Larger pyrite cubes are randomly
scattered in fine mud, whereas smaller crystals are concentrated in dark brown to black
lamina with abundant plant material (Figure 30C). Larger crystals and aggregates crosscut
primary bedding features and show little to no evidence of deformation due to compaction
around and them. This suggests that the larger pyrite cubes grew displacively in the mud
after compaction.
2.3. Facies associations and interpretation of paleo-environments
Each of the above described sediment types formed under unique depositional conditions,
both physically and chemically, within a closed lacustrine basin. Depositional
environments in closed lacustrine basins can be separated into sub-environments (i.e.
alluvial-fan

sub-environment,

shoreline

sub-environment,

saline-mudflat

sub-

environment, or perennial lake sub-environment, Smoot and Lowenstein, 1991). Subenvironments are closely associated with one another, because of their spatial distribution
within the basin. Walther’s Law states: “The various deposits of the same facies-area and
similarly the sum of the rocks of different facies-areas are formed beside each other in
space, though in a cross section we see them lying on top of each other. As with biotypes,
it is a basic statement of far reaching significance that only those facies and facies-areas
can be superimposed primarily which can be observed beside each other at the present
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time.” (Walther, 1894). For example, alluvial fans around the margins of lacustrine basins,
commonly deposit coarse gravels on sandflat or mudflat deposits which are all subenvironments within the greater lacustrine shoreline environment. This association of
alluvial fan, sandflat and mudflat deposits occurs repeatedly within the cores, and between
cores (e.g. alluvial fan gravels, sandflat and mudflat deposits are closely associated with
each other between 89.5 and 99.5 m in core 1A). This interval in core 1A is also associated
with sandflat and mudflat deposits and rare alluvial fan gravels between 119.5 and 130.5
m in core 2A (Figure 19a, 19b).
2.3a Shallow fresh water lake facies association (SFW)
This facies association consists of fossiliferous grainstones (FG), interbedded silt/siltstone
and sand/sandstone (SS), laminated (LM) and massive mud (MM), and chert (Ch). It
appears only once within the measured sections, between 166.8 m and 193.6 m in core 2A,
125.5-132.5 m in core 1C and 117.5-126.9 m in core 1A (Figure 19a and 19b, Figure 31).
Recovery of this section was very poor (<50%) in cores 2A and 1A (Figure 19a and 19b).
The SFW facies lies directly above the basement trachyte and is the first lake phase
recorded in the Magadi basin. Carbonate grains including calcite crystals, peloids, ostracod
and gastropod shells, and angular micrite, are characteristic of this facies association,
(Figure 21). The dominant mineral is calcite, but K-feldspar, and chert are also abundant.
The fossil assemblage, which includes fish bone fossils, suggests low salinities, as fish,
gastropods and most ostracods cannot survive in a high salinity environment, and there is
no evidence for evaporites.
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Figure 31: Stratigraphic sections from Magadi cores 2A, 1A, and 1C with overlays of
paleoenvironmental interpretations. Color key: Beige – Shallow freshwater lake facies association,
Purple – Perennial stratified lake facies association, Green – Alluvial fan- sandflat- mudflat facies
association, and Pink – Hypersaline lake- trona pan facies association. The full cores are displayed on
the far left of diagram. The grey box outlines the section of the cores that has been enlarged on the right
side of the diagram, indicated by an arrow. Box 1: Shows the base of the sedimentary sequence where
the fossiliferous grainstones are observed in contact with the bedrock trachyte at 193.6 m in core 2A. The
contact is not observed in core 1A or 1C. Instead the grainstones appear at 136.9 m and 132.5 m in core
1C. Above the fossiliferous grainstones, bedded silts/siltstones and sands/sandstones, and massive or
laminated green mudstones containing fractured ostracod and gastropod fossils occur. In 2A these reoccur
up to a depth of 166.8 m where the fossils are no longer present. These sediments are part of the shallow
freshwater facies association, highlighted by the beige overlay. Box 2: an enlargement of core 2A
between 194.5-179.3 m shows bedded fossiliferous silts/siltstones and sands/sandstones, and laminated
mudcracked muds, some containing fish bone fossils. The marker beds used to define the shallow
freshwater lake facies association was the bedrock trachyte (193.6 m in 2A and 132.5 m in 1C) and the
point in both cores, at which ostracod and gastropod fossils are no longer observed (166.8 in 2A and
117.5 m in 1A). Recovery was poor between 166.8 and 193.6 m in 2A and between 117.5 and 132.5 m
1A and 1C. At 166.8 m in 2A and 117.5 m in 1A, perennial stratified lake deposits are observed in both
cores, indicated by the purple overlay, discussed in Figure 32.

The most common sediment type in this facies association is the fossiliferous grainstone,
followed by siltstone and sandstone. The FGs represent deposition in a shallow lacustrine
environment above wave base (Renaut and Gierlowski-Kordesch, 2010; GierlowskiKordesch et al., 1991; Platt and Wright, 1991, 1992; Bertrand and Sarfati et al., 1994;
Casanova, 1994), These FGs are commonly interbedded with silt/siltstone and
sand/sandstone deposits (SS) that have also been interpreted to have formed in a shallow
lacustrine environment. (Renaut and Gierlowski-Kordesch, 2010; Gierlowski-Kordesch et
al., 1991; Platt and Wright, 1991, 1992; Bertrand and Sarfati et al., 1994; Casanova, 1994).
The ostracod grainstone (Figure 31A) from the bottom of core 2A is better sorted than the
gastropod packstone (Figure 31D) in core 1C which contains gastropods up to 1.5 cm in
diameter surrounded by finer grained (0.5 millimeter) peloids and shell fragments. Better
sorting in the ostracod grainstone suggests higher energy conditions indicating it was
deposited in a lacustrine shoal or beach environment (Renaut and Gierlowski-Kordesch,
2010; Gierlowski-Kordesch et al., 1991; Platt and Wright, 1991, 1992; Bertrand and Sarfati
et al., 1994; Casanova, 1994).
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Bedded mixed siliciclastic and carbonate sandstones (SS) and rare conglomerates (Gr) are
common in the bottom 20 m of core 2A. The sands are commonly bedded on a 1-2 cm
scale (Figure 23A) and are clast supported.

Deposition likely occurred in, shallow

lacustrine, or beach environment, where a mixture of the carbonate grains from the lake,
and siliciclastics from the surrounding basin are washed up onto the shoreline together
(Renaut and Gierlowski-Kordesch, 2010; Gierlowski-Kordesch et al., 1991; Platt and
Wright, 1991, 1992; Bertrand and Sarfati et al., 1994; Casanova, 1994). Rare clast
supported gravel beds, containing trachyte clasts, gastropods, and ostracod fragments,
occur with these bedded sands (Figure 21), which likely represents the progradation of an
alluvial fan or deposition in a near-shore or beach environment (Blair, 1999, 1999a).
Laminated (LM) and massive muds (MM) observed in the SFW facies contain minor
amounts of carbonate fossil fragments as well as micrite, and some fish bone fragments.
Laminated and massive muds containing carbonate fossils are rare in cores 1A, 1C, and 2A
and found only at the bottom of the measured sections. Sedimentary structures such as
mudcracks (Figure 24b) indicate exposure events. These are observed in core 2A at 193.3193.4 m and 186.5-186.7 m and in core 1A at 119.4-119.9 m and 118.4-119.0 m. Their rare
occurrence suggests infrequent exposure events in the lake. In core 1A the mudcracks at
119.4-119.9 m are accompanied by vertical terrestrial insect burrows (Owen et al. 2009;
Buatois et al., 1998, 2009 and Scott et al., 2009) (Figure 26A) which suggests a mudflat
environment, inhabited by burrowing insects such as dung beetles or termites.
Chert is mostly observed as silicified mudstones or sandstones in the SFW facies but rare
chert nodules are also present (Figure 28). The chert nodules show no evidence of having
formed from a siliceous gel or magadiite, so another origin must be investigated. One chert
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nodule from the SFW facies contains uncompacted, silicified fish bone (Figure 25), which
suggests early formation of the chert, before compaction. The fish bone fossil, in this case,
provided the nucleation point for the chert nodule that grew within and around the fish
bone. Continued intra-sediment growth of chert in the muds around the fish bone, produced
a nodule of chert cement allowing for good preservation of primary bedding features and
uncompacted fish fossils.
Important features of the SFW facies include gastropod packstones, ostracod grainstones,
laminated mudcracked muds, massive or burrowed muds, bedded silts and sands, gravels,
as well as fish bone fossils, which suggest a low salinity, shallow water lake, and, at times,
a dry mudflat environment. The variety of grain sizes, mudcracks, and burrows suggest
fluctuations from a shallow lake depositing mud, silt, and sand, to a mudflat environment.
2.3b. Perennial stratified lake facies association (PSL)
The PSL facies consists of laminated mud (LM), massive mud (MM), and chert (Ch).
Important sedimentary features include: sub-millimeter to millimeter scale undisturbed
laminae, rare fish bone fragments, fresh and saline diatom species (Owen et al., 2016),
plant material, and millimeter scale rounded, flattened mud clasts. Saline diatom species
are less abundant than freshwater species, and may represent periodic fluctuations between
fresh and saline water represented in the millimeter scale laminated muds (Owen et al.,
2016). Unique characteristics of this facies include the absence of bioturbation, mudcracks,
sands, and gravels, as well as the concentration of plant material and pyrite in the laminated
black-brown muds. The PSL facies association occurs in several sections of cores 1A and
2A (Figure 19, 32), and is the most common facies in the measured sections. In core 2A it
occurs between 130.4-166.8 m, 76.2-110.2 m, 65.9-73.0 m, 58.9-61.4 m, and 26.8-52.3 m,
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Figure 32: Stratigraphic sections from Magadi cores 2A, 1A, and 1C with overlay of paleoenvironmental
interpretations. Color key – see Figure 31 caption. This diagram shows a blown-up portion of the
stratigraphic sections containing sediments from the perennial stratified lake facies, highlighted in purple,
and sediments of the alluvial fan-sandflat-mudflat facies association, highlighted in green. Sediments
from the PSL facies occur from 130.5 m to 166.8 m in core 2A. In core 1A this correlates to a mixture
of PSL facies and ASM facies sediments between 105.6 m and 117.5 m. Core 1A is located closer to the
margins of the basin compared to 2A, and so lake level fluctuations are more commonly recorded in 1A.

and between 105.7-117. 5 m, 60.5-89.5 m, 48.7-56.5 m, 37.9-41.5 m, and 14.3-36.5 m in
core 1A.
Black laminites containing abundant plant material are common in the PSL facies. They
are laminated on a millimeter scale with concentrations of fine pyrite defining the lamina
(Figure 24aA). The detrital grains (feldspars, plant material, and volcanic glass which has
since altered to zeolites) are interpreted to have settled out of suspension in a perennial
lake. The deposits share common features (i.e. undisturbed laminae of fine mud to silt,
abundant plant material) with laminites described from Ngorora Formation of the Tugan
Hills, Kenya (Renaut and Gierlowski-Kordesch, 2010) and oil shale deposits of the Wilkins
Peak member of the Green River Formation (Smoot 1983; Bradley and Eugster, 1969;
Eugster and Surdam, 1973; Eugster and Hardie, 1975; Murphy, et al., 2014), for which the
criteria are thin, flat lamination, lack of scour and absence of mudcracks. Renaut and
Gierlowski-Kordesch, (2010), describe the different types of open water/offshore lake
facies deposits. They suggest that laminated siliciclastic muds and silts containing diatoms,
ostracods, and plant remains formed in a relatively deep perennial lake. In a shallow, unstratified, perennial lake, the entire lake bed is in the photic zone, which allows for
colonization by rooted plants, inhibiting the preservation of lamina (Renaut and
Gierlowski-Kordesch, 2010). Fine pyrite concentrated in laminated muds formed due to
the presence of sulphate reducing bacteria within anoxic sediments, producing large
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quantities of sulphide, which can easily bond with free Fe2+ in the water column to form
pyrite (Muyzer and Stams, 2008; Konhauser, 2007). The concentration of pyrite along
lamina is strong evidence to support the interpretation of a stratified perennial lake
depositional environment for these sediments. The absence of bioturbation and mudcracks
suggests these muds were never subaerially exposed, and the water in the benthic zone was
either anoxic or too saline (or both) to support burrowing organisms.
The light brown pyrite rich laminae are commonly interbedded with ~5 centimeter thick
beds of vaguely laminated or massive black muds containing rounded, flattened mud clasts
(Figure 24aE). The deposits are matrix supported and contain abundant inclusions of poorly
sorted, rounded mud clasts. The clasts are of similar composition to the matrix but lighter
in colour, and are likely derived from the erosion of a nearby bed; no evidence of erosion
exists in the lamina. These characteristics are comparative to observations of oil shale
breccias from the Green River Formation (Bradley 1931) and are interpreted to represent
deposition by subaqueous debris flows (Schieber et al., 2013; Schieber, 2016; Jagniecki
and Lowenstein, 2015).
Chert is common in the PSL facies as centimeter scale thin beds, millimeter scale lamina
or nodules. Thin bedded cherts are commonly 1-2 centimeters thick, and interbedded with
detrital brown-black muds (Figure 28G). A patch of well-preserved diatoms (species yet to
be identified - Figure 28H) suggest the origin of these deposits may have been
diatomaceous sediments deposited during diatom blooms in a perennial lake, which have
since been altered to chert, destroying much of the diatoms in the process.
Some laminated cherts were once laminae composed of magadiite with minor detrital
siliciclastics (Figure 24aB, C). Evidence of magadiite lepispheres in the chert suggest that
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these are type (2) cherts, replacing magadiite. As these laminae are observed in both cores
1A and 2A it is likely they formed as a lake wide precipitate similar to calcite or aragonite
“whitings” (Galat and Jacobsen 1985), observed in Pyramid Lake, Nevada. In Lake Magadi
this would occur at times of silica supersaturation in the lake when a drop in pH forces the
precipitation of silica (Jones et al., 1967; Eugster, 1967). The detrital mud layers represent
the periods of background deposition between whiting events.
Nodules of chert occur randomly in massive or laminated mud sections of the PSL facies,
and sediment around them shows evidence of compaction (Figure 28A). This indicates that
the chert formed early in the burial history, and was present before compaction. This is
likely a type (2) chert, replacement after a chemical precipitate such as magadiite. The
primary magadiite nodules likely formed by direct precipitation from an alkaline brine with
high SiO2 content (Jones et al., 1967; Eugster, 1967), which suggests that the pH of the
perennial lake varied at times from fresh to alkaline.
The dominance of laminated mud in this facies association indicates a perennial lake
environment (Figure 32). Well preserved laminae containing Fe-sulphides and abundant
plant material suggests that the lake was stratified at times. The repeated association of
laminated muds with subaqueous debris flow deposits suggests that the lake likely
experienced rapid sediment transport and deposition, possibly due to tectonic instability in
the rift basin. The mixture of fresh and saline diatom species suggests changes in lake
salinity, which is further supported by the laminated type (2) chert deposits which indicate
periods of high alkalinity.
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2.3c. Alluvial fan, sandflat, mudflat facies association (ASM)
The different sediment types within the ASM facies association are laminated mud (LM),
massive mud (MM), silt and sand (SS), and clast supported gravel (Gr). The sediments are
rarely lithified. The defining characteristics of this facies association are coarse grained
siliciclastics, including gravels with trachyte clasts, graded sands, mudcracked muds, and
terrestrial burrows. The sediments are composed of quartz, anorthoclase, chert fragments,
trachyte fragments, mudstone fragments, plant material and diagenetic zeolites, pyrite, and
calcite. The ASM facies association is significantly more common in core 1A than core 2A
(Figure 19, Figure 33). This is likely because drill site 1 (Figure 1, figure 35) is closer to
the modern alluvial fans around the margins of Lake Magadi compared to core 2A. The
abundance of alluvial fan gravels, and bedded sands suggests this was true in Paleo-Lake
Magadi also. The facies occur at 110.3-130.5 m, 82.9-87.6 m, 73.0-75.9 m, 61.9-65.4 m,
and 49.9-50.4 m in core 2A and 89.5-105.6 m, 56.5-61.5 m, and 41.6-58.4 m in core 1A.
The ASM facies also occurs interbedded with PSL facies between 117.6 and 106.4 m in
1A and again at 75.8-71.1 m, and 37.5-20.5 m. This suggests that during dry periods,
alluvial fans, sand flats and mudflats reached site 1 in Lake Magadi, but alluvial fans rarely
prograded as far as site 2, which would likely have been in a sandflat or mudflat subenvironment at the time.
The coarse siliciclastics of this facies association are an important defining feature. Clast
supported gravels (Gr) are common in core 1A, but are rare in core 2A. Gravel deposits
contain sub-angular grains (trachyte, pumice, mudstone, chert) which are generally poor to
moderately sorted (Figure 22, 23). The angularity of the grains suggests deposition
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Figure 33: Stratigraphic sections from Magadi cores 2A, 1A, and 1C with overlay of paleoenvironmental
interpretations. Color key – see Figure 31 caption. This diagram shows a portion of the measured sections
where the sediments alternate between the perennial stratified lake facies, the alluvial
fan/sandflat/mudflat facies, and the hypersaline lake/pan facies. This is observed as laminated muds
interbedded with bedded silt/siltstones and sand/sandstones as well as clast supported gravels,
mudcracked muds and efflorescent trona beds between 58.8-110.4 m in core 2A and between 37.9 m and
89.5 m in core 1A. At 95.4-100.9 m in core 2A and 79.4-80.0 m in core 1A, a tephra bed is observed,
that can be correlated across sections. Dating of K-feldspar from this deposit yields an age of 328±1.6ka
(Deino et at. in progress).

occurred relatively close to the sediment source. The poor sorting of the grains, and lack
of internal structure suggests that deposition was rapid, and likely took place in an alluvial
setting, similar to the sheet flood dominated Anvil Canyon fan described by (Blair, 1999,
1999a), who described clast-supported, poorly sorted conglomerates with angular grains.
Rare gravel beds show evidence of grading (Figure 22C) which is characteristic of river
dominated alluvial fan sediments (Renaut and Gierlowski-Kordesch, 2010; Bridge and
Demicco; Smoot and Lowenstein 1991).
Associated with the clast supported gravels are interbedded silts and sands. The sands are
commonly graded, but, many are structureless (Figure 23A, C). The beds are generally 34 centimeter thick but they may be up to 10 centimeters. Their composition is the same as
the clast supported gravels, but the sediments are well sorted and grain sizes range from
sub millimeter to 2 millimeters. The absence of internal structures, such as ripple cross
stratification, suggests these silts and sands were not deposited by waves, or a continuous
current, but possibly by sheet floods (Smoot and Lowenstein 1991), after the coarsest
sediments had been deposited in the alluvial fans (Blair, 1999, 1999a). Sheet flood deposits
in lacustrine settings have been studied by (Renaut and Gierlowski-Kordesch, 2010), who
describe them as decimeter scale packages of sandstone/siltstone or mudstone with massive
structureless textures to normally graded, as well as trough and planar cross stratification,
and ripple lamination. Cross-stratification was rare in the cores (Figure 23b) but all other
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criteria (i.e. 3-10 centimeter silt and sand beds, structureless to normally graded) suggest
the silt and sand beds were deposited by sheet floods in a sand flat environment.
The silt and sands are commonly interbedded with laminated or massive muds. The
laminated muds differ from those of the PSL facies in composition as well as preservation.
The ASM laminated muds are bluish-green in color, with the same composition as the
bedded silts and sands, and contain scattered plant material. The laminae are disturbed by
vertical, v-shaped cracks (Figure 24bA), which have been interpreted as mudcracks,
indicative of sub-aerial exposure. The frequency of these mudcracks in the lamina suggest
that the muds have been exposed and cracked repeatedly. This is characteristic of a dry
mudflat environment (Smoot and Lowenstein 1991). Some of the mudcracked layers have
been cracked so extensively that they appear brecciated (Figure 24bD) (Smoot and
Lowenstein 1991). Laminated and massive muds are also disturbed by vertical terrestrial
trace fossils (Figure 26). The burrows are interpreted to belong to the Scoyenia lacustrine
ichnofacies. They were likely produced by dung beetles or termites, on a firm substrate
suggesting the muds were exposed and then burrowed by insects. This is consistent with a
shallow lacustrine or mudflat environment that was colonized by burrowing organisms
(Buatois et al., 1998, 2009; Owen et al. 2009; Scott et al., 2009).
The different sediment types associated with the ASM facies represent at least three
different paleoenvironments in Lake Magadi (Figure 33). Clast supported gravels (Gr)
represent an alluvial fan subenvironment, bedded sands and silts (SS) represent a sandflat
environment, with silty layers representing the more distal regions where the sandflat
would transition to a mudflat. The laminated and massive mudcracked and burrowed muds
(LM), (MM), represent a dry mudflat subenvironment inhabited by burrowing organisms.
95

These three subenvironments represent times of subaerial exposure in the Magadi basin,
and so are grouped into the ASM facies association.
2.3d. Hypersaline lake/trona pan facies association (HLP)
This facies association is at the top of the Magadi basin cores 1A and 2A, and is
distinguished by trona and subordinate nahcolite. The facies first occurs at 65.9 m in 2A
and 48.6 m in 1A, it reoccurs at 52.5-58.8 m in 2A and 36.9-37.9 m in 1A, and again at
26.8 m in 2A and 14.3 m in 1A, and continues to the modern surface environment (Figure
34). The HLP facies association contains three main sediment types: bedded trona (BT),
efflorescent trona and diagenetic nahcolite (ET) and massive mud (MM). These sediments
represent three subenvironments: perennial alkaline lake, saline pan, and saline mudflat.
Bedded trona occurs from 19.3-20.2 m and 3.0-5.9 m in core 2A and 3.5-5.7 m in core 1A,
and represents deposition in a perennial alkaline lake. The best example of BT is at 19.320.2 m in 2A (Figure 29A). Upward growth of trona crystals represents precipitation at the
bottom of a supersaturated lake. The irregular truncations or dissolution surfaces of some
of these trona crystals represent periods of partial dissolution in an undersaturated lake.
This is likely due to increased inflow of freshwater into the basin, which will undersaturate
the brines in contact with the crystals at the lake bottom, partially dissolving them. It is
during the undersaturated period that thin mud layers are deposited, when an increase in
inflow carries fresh water and sediment into the lake, partially dissolving the underlying
trona and depositing a thin mud layer on top of the crystals as the sediment settles out of
suspension (Figure 29B). The excellent preservation of the trona beds, including
dissolution surfaces, is suggestive of a perennial hyperalkaline lake. Flooding in an
ephemeral pan environment would cause significantly more dissolution of the crystals,
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Figure 34: Stratigraphic sections from Magadi cores 2A, 1A, and 1C with overlay of paleoenvironmental
interpretations. Color key – see Figure 31 caption. This diagram shows a blown-up portion of the measured
sections where evaporite beds, of the hypersaline pan/lake facies, are first observed in the cores. The
evaporites occur as massive beds of finely crystalline trona and diagenetic nahcolite, formed at the surface
and phreatic zone of a saline pan. These finely crystalline beds are followed by thick massive muds
containing abundant diagenetic trona, interpreted to represent saline mudflat deposits. Above these massive
muds, more finely crystalline trona beds are observed (26.8 m in core 2A and 14.3 m in core 1A), followed
by more saline mudflat deposits in both cores. A bedded trona deposit occurs in core 2A at 19.3-20.2 m that
was not observed in core 1A. Instead core 1A contains saline mudflat deposits. The uppermost deposit in
both cores is bedded trona, which occurs at the same depth (5.9 m in core 2A and 5.7 m in core 1A) and
continues to the top of the core. The modern depositional environment of Lake Magadi is a trona pan.

creating voids and pore spaces which are not observed here. The beds also show no
evidence of expansion or buckling which is characteristic of an ephemeral pan deposit.
The first appearance of evaporites is at 65.9 m (2A) and 48.6 m (1A), and again at 52.558.8 m in 2A and 36.9-37.9 m in 1A. The beds are composed efflorescent finely crystalline
trona (ET), and nahcolite crystalline cements, which represent deposition in an ephemeral
pan environment. The fine grained trona crystals are interpreted to have formed at the
surface from the evaporation of groundwater brines wicking upwards due to surface
tension, or in some cases displacively in the sediment (Hardie et al., 1978; Smoot and
Castens-Seidell, 1994; Bobst et al., 2001; Lowenstein et al., 2003). While the water table
remains high, evaporites grow at the surface as finely crystalline efflorescence. This causes
expansion of the crust and eventually buckling into polygonal cracks, similar to the
polygonal cracks in the sub-aqueously grown trona crusts at modern Lake Magadi (Figure
18I). As these deposits are gradually buried, further growth of evaporites in pore spaces
continues, forming cements such as the nahcolite blades observed between 52.8 m and 58.5
m in 2A (Figure 29C).
The efflorescent trona deposits are interpreted to have formed in an ephemeral pan
environment, like modern Lake Magadi. The rarity of mud horizons suggest that the basin
was not regularly flooded during deposition of the ephemeral trona. Patches of mud in the
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ET are likely wind-blown sediment trapped in the irregular buckled surface of the trona
pan, it’s likely the efflorescent trona would have been dissolved had the sediment been
deposited by water. Which suggests that the ET beds represent a period of prolonged
exposure in the basin.
Saline mudflat deposits, as previously described in section 2.2f., occur between 25.0-25.6
m, 21.6-21.9 m, and 12.5-19.2 m in 2A and at 5.7-13.5 m in 1A. The massive muds contain
nodules of trona crystals and dispersed euhedral crystals, which grew displacively (Figure
26aD, F). The timing of growth cannot be precisely determined. It can be said, however,
that the mud was in the phreatic zone at the time of crystal formation. Evaporation of
groundwater causes displacive and incorporative growth of trona (Figure 26aE) (Smoot
and Lowenstein 1991). The evidence suggests these massive muds formed in a saline
mudflat.
The combination of perennial bottom growth trona, efflorescent trona, and saline mudflat
deposits in this section of the cores suggests Lake Magadi was a hypersaline environment.
At times, a perennial alkaline lake was present, when the BT was deposited, and at other
times the lake was exposed as an ephemeral trona pan or saline mudflat.
2.3e. Correlations
Correlations between stratigraphic sections of cores 1A, 1C, and 2A were made based on
unique sedimentary features which were common between cores. At least four unique
marker beds were observed, and used to correlate sections. They have been indicated by
the solid black lines connecting sections in Figure 19a and 19b. These marker beds are the
bedrock trachyte at the base of the cores at 193.6 m in core 2A, and 132.5 m in 1C, the
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Figure 35: Hypothetical cross section from east to west across the centre of Lake Magadi, highlighting
the locations of the cores within the basin. Core 1A was extracted from near the western shore of Lake
Magadi and so contains abundant deposits of the alluvial fan/sandflat/mudflat facies. Core 2A was
extracted 7 km northeast of core 1A much closer to the centre of the basin, and so it contains abundant
deposits of the perennial stratified lake facies, with lesser alluvial fan/sandflat/mudflat facies deposits.

thick pyroclastic unit at 95.4-100.9 m in 2A and 79.4-80.0 m in 1A, a thick massive zeolitic
mud bed at 73.0-75.9 m in 2A and 56.5-57.9 m in 1A, and a thick massive black mud unit
at 29.3-35.9 m in 2A and 16.7-20.6 m in 1A.
The lateral continuity of beds between cores is affected by the different locations of the
drill sites within the lake basin, and the sub-environments in which they formed (Figure
19). Site 1 is considerably closer to the modern lake margins compared to site 2 (Figure
35), which explains the abundance of coarse deposits in core 1A compared to 2A. The
gravels in 1A, suggest that during dry phases, alluvial fans prograded out to site 1, but their
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absence in 2A indicates they didn’t reach site 2. During deep lake phases both sites 1 and
2 have perennial lake deposits (e.g. 166.8 m in core 2A and 117.5 m in core 1A). During
dry lake phases, a perennial lake deposit observed in core 2A may correlate to an alluvial
fan, sandflat, or mudflat deposit in core 1A (e.g. 130.4-166.8 m in core 2A, and 103.5117.5 m in core 1A). Due to the poor recovery of the cores (<50%), a complete
reconstruction of the distribution of sub-environments and basin geometry, was not
possible.
2.4. Discussion: Evolution of paleo-environments
The sedimentary features from the described cores are assigned to four facies associations:
shallow freshwater lake facies, perennial stratified lake facies, alluvial fan/sandflat/mudflat
facies, and hypersaline pan/lake facies. Correlations using marker beds, and common
features, between cores 1A, 1C and 2A indicate that the lateral distribution of facies in
paleo-lake Magadi was similar to that of the modern lake. Drill site 1 is proximal to the
modern alluvial fans on the western side of the basin, whereas, site 2 is more central in the
basin (Figure 35). Therefore core 1A contains considerably more alluvial fan and shallow
lacustrine deposits than core 2A, which is dominated by perennial lake deposits.
The sequence of facies associations starting at the bottom of the cores (SFW), shows that
earliest Lake Magadi was relatively fresh (suggested by fossiliferous grainstones,
ostracods, and gastropods), and shallow (suggested by clast supported gravels, silt/siltstone
and sand/sandstone), with infrequent exposure events (indicated by mudcracks) (Figure 19,
31). The lake then became perennial (PSL), (indicated by laminated muds), and stratified
at times (suggested by the lack of burrowing and the concentration of organics and pyrite
in the lamina). This phase is recorded in the PSL facies association between 130.4-166.8
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m in 2A and 105.7-117. 5 m in 1A (Figure 32). However, the PSL facies association
deposits in 1A, are commonly interbedded with clast supported gravels and bedded sands
of the ASM facies association (Figure 32), suggesting that during this time site 1 was
proximal to the alluvial fans around the basin. Fluctuations in lake level allowed alluvial
fans to prograde into the basin as far as site 1, but not reach site 2, which remained a
perennial lake.
The perennial lake shallowed at 130.5 m in core 2A and 105.5 m in core 1A and alluvial
fan sediments (Gr), sandflat sediments (SS) and mudflat sediments (mudcracked laminites)
were recovered in both cores (Figure 32). Correlation of sandflat and mudflat deposits in
core 2A between 110.2 and 130.4 m with alluvial fan gravels and sandflat deposits in core
1A at 89.5 m to 105.5 m (Figure 32) suggests a period of subaerial exposure.
The lake became perennial again at 108.5 m in 2A and 89.5 m in 1A (Figure 33). This
perennial lake section is dominated by thin bedded or laminated siliceous sediments (chert),
interbedded with sub-aqueous debris flow deposits, and it is during this period that the
thick zeolite-rich tephra at 95.4-100.9 m in core 2A and 79.4-80.0 m in core 1A was
deposited. The PSL period continues to 88.0 m in 2A before it is interbedded with ASM
deposits (86.7-86.0 m and 82.9-83.6 m), which also appear at 73.7-74.1 m and 70.5-70.8
m in 1A, suggesting progradation of the shore-line and shallowing of the lake. The lake
was perennial between 76.1-82.8 m, and 65.5-73.0 m in 2A and 60.5-70.5 m and 48.6-56.5
m in 1A, producing laminated muds, before it became hypersaline at 65.6-65.9 m in 2A
and 48.4-48.6 m in 1A, evidenced by an efflorescent trona bed (Figure 33). This suggests
both sites were exposed.
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Lake levels continued to fluctuate between ASM facies deposits and PSL facies sediments
between 26.8-65.5 m in 2A and 14.4-47.6 m in 1A. However, a thick efflorescent trona
deposit at 52.5-68.8 m in 2A and 37.0-37.9 m in 1A, suggests another period of hyperalkalinity and evaporation in the basin, which produced a thick crust of efflorescent trona.
The lake became perennial above the evaporite bed indicated by abundant disturbed
siliceous lamina between 37.0 and 50.0 m in 2A, some of which contain magadiite.
However, in core 1A similar siliceous laminites are observed, but are interbedded with
clast supported gravel deposits (e.g. 22.0-25.9 m), indicating progradation of alluvial fans
to site 1, which did not extend out to site 2 (Figure 34).
The final lake phase recorded in the MAG14 cores is from the ELP facies association,
which includes the modern trona deposits of Lake Magadi. At 26.9 m in 2A and 14.4 m in
1A the lake dries out completely, evidenced by efflorescent trona beds and diagenetic
growth of trona and nahcolite in both cores (Figure 35). Thick massive mud deposits
containing large trona nodules and disseminated trona needles at 12.5-19.2 m in 2A and
5.6-13.5 m in 1A suggest times when the basin was covered by a saline mudflat, where
evaporation produced displacive and incorporative trona within a massive mud deposit.
Above the saline mudflat sediments lies bedded trona which extends to the top of both
cores. Competitively upward radiating trona is comparable to the bedded trona at Lake
Magadi today, and so can be associated with the modern surface environment.
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