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P al e ol a k e s of E a s t e r n A f ri c a: 
Z e oli t e s, Cl a y Mi n e r al s, 
a n d  Cli m a t e

I N T R O D U C T I O N A N D B A C K G R O U N D

T h e e a st e r n b r a n c h of t h e E a st A f ri c a n Rif t S y st e m ( E A R S), 
w hi c h bi s e c t s e a st e r n A f ri c a f r o m Et hi o pi a s o ut h t h r o u g h 
K e n y a  a n d  i nt o  T a n z a ni a,  h a s  h o st e d  pl e nti f ul  l a k e s  
t h r o u g h t h e Pli o c e n e t o t h e p r e s e nt ( Fi g . 1), v a r yi n g f r o m 
f r e s h t o hi g hl y s ali n e – al k ali n e ( hi g h p H a n d v e r y s alt y) 
( e. g., Tr a ut h et al. 2 0 0 7 ). P al e ol a k e s, w hi c h a r e l a k e s t h at 
e xi st e d i n t h e p a st b ut a r e c u r r e ntl y d r y, p r e s e r v e a r e c o r d 
of p a st cli m at e a n d t e c t o ni c c h a n g e s t h at c a n h el p r e c o n -
st r u c t h o w t h e e n vi r o n m e nt e v ol v e d d u ri n g t h e p a st f e w 
milli o n y e a r s ( Tr a ut h et al. 2 0 0 7; C a m pi s a n o et al. 2 0 1 7). I n 
e a st e r n A f ri c a, t hi s r e c o r d i s of p a r ti c ul a r i nt e r e st b e c a u s e 
it c oi n ci d e s wit h l o c al f o s sil a n d st o n e t o ol e vi d e n c e f o r 
h o mi ni n e v ol uti o n ( e. g., C a m pi s a n o et al. 2 0 1 7 ). St u d yi n g 

t h e s e p al e ol a k e d e p o sit s c a n t h u s p r o vi d e i n si g ht i nt o t h e 
e n vi r o n m e nt s i n w hi c h h o mi ni n s li v e d a n d h el p e v al u at e 
h y p ot h e s e s i n w hi c h cli m at e d y n a mi c s a n d i nf e r r e d h a bit at 
t r a n sf o r m ati o n s  m a y  h a v e  a ff e c t e d  t h ei r  p h y si c al  a n d  
c ult u r al e v ol uti o n ( e. g., C a m pi s a n o et al. 2 0 1 7 ).

T h e p al e ol a k e s of t h e e a st e r n b r a n c h of t h e E A R S d o c u m e nt 
d r a m ati c s hif t s i n cli m at e d u ri n g t h e Q u at e r n a r y, i n di c at e d 
b y  i nt e r v al s  of  d e e p  f r e s h w at e r  l a k e s  a n d  s h all o w  l a k e s 
wit h hi g h e r al k ali nit y ( p H > 9) a n d s ali nit y ( e. g., L y o n s et 
al. 2 0 1 5). S h all o w s o d a l a k e s i n t h e r e gi o n t y pi c all y h a v e 
p H r a n g e s of 1 0 – 1 0. 5, a n d s ali nit y f r o m 5 % t o s at u r ati o n 
( G r a nt a n d J o n e s 2 0 0 0). S o m e c h a n g e s a r e li k el y d u e t o 

t e c t o ni c s (f o r mi n g b a si n s f o r l a k e s 
t o  fill),  b e c a u s e  f a ulti n g,  u pli f t,  
a n d  v ol c a ni s m  c a n  a ff e c t  b a si n  
g e o m e t r y,  o r o g r a p h i c  e f f e c t s,  
a n d t h e i nt e r c o n n e c ti vit y of l a k e 
s y st e m s o v e r ti m e ( e. g., Tr a ut h et al. 
2 0 0 7; Fi s c h e r et al. 2 0 2 0). R ai nf all 
i n e a st e r n A f ri c a i s h e a vil y i n fl u-
e n c e d b y I n di a n O c e a n m o n s o o n s, 
w hi c h  t e n d  t o  v a r y  i n  i nt e n sit y  
o n o r bit al ti m e s c al e s ( e. g., W a n g 
e t  a l.  2 0 1 7 ).  O r bi t a l  p r e c e s -
si o n,  m o d ul at e d  b y  e c c e nt ri cit y,  
c o nt r ol s  t h e  p a ci n g,  e x t e nt,  a n d  
i nt e n sit y of m o n s o o n al m oi st u r e 
( Tr a ut h et al. 2 0 0 7). Ot h e r c h a n g e s 
c o ul d r el at e t o l o c al, r e gi o n al, o r 

e v e n  gl o b al  cli m at e  at  ti m e s  w h e n  o r bit all y  c o nt r oll e d  
i n s ol ati o n i s l e s s p r o n o u n c e d ( Tr a ut h et al. 2 0 0 7 ).

P al e ol a k e s c a n p r e s e r v e m a n y di ff e r e nt li n e s of e vi d e n c e 
f o r l a k e c o n diti o n s a n d p a st cli m at e. P h y t olit h s, di at o m s, 
p oll e n, s p o n g e s pi c ul e s, pl a nt w a x e s, a n d a q u ati c f o s sil s 
c a n all p r o vi d e a di r e c t r e c o r d of o r g a ni s m s t h at r e si d e d i n 
a n d n e a r a l a k e, a n d c h a n g e s i n t h ei r m a k e u p c a n t ell u s 
a b o ut p al e o e c ol o g y. H o w e v e r, s ali n e – al k ali n e p al e ol a k e s 
a r e m o r e di ffi c ult t o st u d y. Fi r st, f e w e r o r g a ni s m s m a k e 
t h e s e l a k e s t h ei r h o m e s, w hi c h li mit s t h ei r a b u n d a n c e a n d 
di v e r sit y i n t h e s e d e p o sit s. S e c o n d, s ali n e – al k ali n e l a k e 
w at e r a n d g r o u n d w at e r a r e h o stil e t o m a n y m at e ri al s, a n d 
m a n y of t h e s e p r o xi e s ( e. g., p oll e n) a r e n ot p r e s e r v e d ( e. g., 
D e o c a m p o et al. 2 0 0 9). I n t h e s e t y p e s of d e p o sit s, alt e r n a -
ti v e m et h o d s m u st b e e m pl o y e d t o c o nti n u o u sl y r e c o n st r u ct 
p a st e n vi r o n m e nt s. O n e p r o x y t h at c a n h el p r e c o n st r u c t 
p al e ol a k e e n vi r o n m e nt s e v e n u n d e r h a r s h c o n diti o n s i s t h e 
r e c o r d of a ut hi g e ni c mi n e r al s t h at f o r m wit hi n a l a k e a n d 
it s s e di m e nt s ( a s o p p o s e d t o d et rit al mi n e r al s, w hi c h f o r m 
el s e w h e r e a n d a r e t r a n s p or t e d i n). Z e olit e s, c a r b o n at e s, cl a y 
mi n e r al s, a n d e v e n a ut hi g e ni c K-f el d s p a r a n d al bit e c a n 
f o r m i n l a k e s e di m e nt s u n d e r s ali n e – al k ali n e c o n diti o n s, 
a n d t h e s p e ci fi c mi n e r al s f o r m e d p r o vi d e i n si g ht i nt o t h e 
c o n diti o n s at t h e ti m e of f o r m ati o n ( e. g., H a y a n d K y s e r 
2 0 0 1; V el d e a n d M e u ni e r 2 0 0 8). C h a n g e s i n t h e a s s e m -
bl a g e s of t h e s e mi n e r al s o v e r ti m e c a n h el p d e fi n e b ot h 
o n e -ti m e a n d c y cli c al c h a n g e s i n t h e e n vi r o n m e nt ( e. g., 
D e o c a m p o et al. 2 0 1 7 ).

Z e olit e s
Z e olit e s a r e a g r o u p of p o r o u s f r a m e w o r k al u mi n o sili c at e 
(t e c t o sili c at e) mi n e r al s, u s e d wi d el y i n i n d u st r y f o r t h ei r 
c ati o n  e x c h a n g e  p r o p e r ti e s.  T h e y  a r e  c o m p o siti o n all y  
c o m pl e x mi n e r al s t h at f o r m e xt e n si v e s oli d s ol uti o n s, wit h 
t h e d o mi n a nt c ati o n i n di c at e d b y a s u ffi x ( e. g., p hilli p sit e -
N a, p hilli p sit e - K ), alt h o u g h w h e n a mi n e r al i s n ot s p e ci fi -
c all y i d e nti fi e d o n c o m p o siti o n al g r o u n d s, t h e n a m e f or t h e 

T
 h e e a s t e r n b r a n c h o f t h e E a s t A f ri c a n Ri f t S y s t e m h o s t s m a n y s h all o w 

m o d e r n  l a k e s  a n d  p al e ol a k e s,  w hi c h  c a n  b e  s e n si ti v e  r e c o r d e r s  o f  

c h a n gi n g cli m a t e c o n di ti o n s ( c o m pli c a t e d b y t e c t o ni c s ) d u ri n g t h e p a s t 

f e w milli o n y e a r s.  H o w e v e r, m a n y o f s u c h l a k e s a r e s ali n e – al k ali n e ( s al t y a n d 

hi g h p H ), a n d t h e s e c o n di ti o n s d o n o t e a sil y p r e s e r v e p oll e n a n d o t h e r bi ol o gi -

c all y d e ri v e d p al e o cli m a t e i n di c a t o r s. F o r t u n a t el y, s o m e p r e s e r v e d mi n e r al s 

t h a t f o r m e d i n t h e s e e x t r e m e e n vi r o n m e n t s r e fl e c t s u b tl e s hi f t s i n l a k e w a t e r 

c h e mi s t r y ( c o n t r oll e d b y c h a n g e s i n cli m a t e c o n di ti o n s ) a n d t h e r e f o r e p r o vi d e 

a c o n ti n u o u s r e c o r d o f l o c al a n d r e gi o n al cli m a t e c h a n g e. W e p r e s e n t t w o 

di ff e r e n t mi n e r al p r o xi e s ( z e oli t e s a n d cl a y s ) f r o m t w o di ff e r e n t p al e ol a k e 

b a si n s ( Ol d u v ai G o r g e, T a n z a ni a, a n d C h e w B a hi r, E t hi o pi a ) a s e x a m pl e s.

K e y w o r d s : z e oli t e s; cl a y mi n e r al s; p al e ol a k e; cli m a t e; e a s t e r n Af ri c a

Li n d s a y J. M c H e n r y 1 , V e r e n a F o e r s t e r2 , a n d D a ni el G e b r e gi o r gi s3

1  D e p ar t m e nt of G e o s ci e n c e s  
U ni v er sit y of Wi s c o n si n- Mil w a u k e e  
Mil w a u k e e, WI, U S A  
E- m ail: l m c h e nr y @ u w m. e d u

2  In stit ut e of G e o gr a p h y E d u c ati o n 
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S c a n ni n g el e ctr o n mi cr o -
s c o p e i m a g e of p hilli p sit e 
(l o n g ) a n d c h a b a zit e 
( bl o c k y ) cr y st al s f r o m 
a n alt er e d t u ff f r o m t h e 
Ol d u v ai p al e ol a k e. I m a g e i s 
3 0 mi cr o n s a cr o s s.  P h o t o: 
L. M c H e n r y.
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series (e.g., phillipsite) can be used (Coombs et al. 1997). 
While natural zeolites form in many environments, they 
form in the greatest concentrations in saline–alkaline lakes, 
especially where volcanic ash is abundant (e.g., Hay and 
Sheppard 2001). Extensive volcanism in the EARS provides 
this starting material. Volcanic glass and minerals alter into 
zeolites and clays in these closed-basin lakes, and the exact 
zeolites formed depend on both the original composition 
of the volcanic ash (e.g., rhyolitic versus basaltic) and the 
conditions within the lake and its sediments, including 
the pH, salinity, activity of water and aqueous silica, and 
relative abundances of alkali (Na+, K+) and alkaline earth 
(Ca2+, Mg2+) cations (Hay and Sheppard 2001). During 
wetter intervals, closed-basin lakes tend 
to be more dilute and may not form 
zeolites; while during drier intervals, 
the remaining fluids are more saline 
and the pH is higher, thereby providing 
the conditions needed for zeolite forma-
tion. Particularly saline–alkaline condi-
tions can result in the zeolite mineral 
analcime, or even authigenic K-feldspar 
or albite. These mineralogical differ-
ences will manifest both over time (e.g., 
between different layers in a paleolake 
core, deposited under changing condi-
tions at the same position) and space 
(e.g., between the margins and center of 
a paleolake deposit). One caveat when 
using zeolites as proxies for lake condi-
tions is that these sediments continue to 

interact with groundwater after deposi-
tion, and thus the zeolite signal might 
lag conditions within the lake itself or 
be overprinted by later alteration (e.g., 
Hay and Kyser 2001). See Table 1 for a 
list of zeolites common in the EARS.

In the EARS, the presence and compo-
sition of zeolites in paleolakes have 
been extensively used to identify inter-
vals of exceptional aridity. The zeolite 
analcime has been used as an indicator 
of more arid conditions in records 
from across the region, including 
Chew Bahir, Ethiopia (Arnold et al. 
2021; Gebregiorgis et al. 2021), the 
Pleistocene Naivasha Basin, Kenya 
(Trauth et al. 2001), and the Pliocene–
Pleistocene Chemeron Formation of the 
Baringo Basin, Kenya (Minkara 2017). 
Analcime indicates more saline condi-
tions because it is favored by a higher 
Na/K ratio, typical of more saline condi-
tions overall, though analcime can also 
form at the expense of other zeolites 
over time or if conditions change. 
Fluctuations in salinity (and thus 
Na/K ratios) can result in fluctuations 
in phillipsite and analcime in saline–
alkaline deposits (e.g., Chemeron 
Formation; Minkara 2017). Trauth et al. 
(2001) used a succession of zeolites as 
indicators of changing alkalinity (pH) 
in the Late Pleistocene Naivasha Basin, 

with analcime indicating the highest alkalinity followed 
by clinoptilolite, phillipsite (pH ~9), chabazite, and finally 
smectite clays with decreasing pH.

Clay Minerals
Clay minerals are hydrous phyllosilicates (layered silicates) 
that typically have a fine grain size (Moore and Reynolds 
1997; Velde and Meunier 2008). We differentiate between 
clay minerals and the clay size fraction (<2.0 μm), which 
can also contain other (fine-grained) minerals such as 
quartz, carbonates, or zeolites (Moore and Reynolds 
1997). Common clay minerals found in eastern Africa 
paleolake basins are kaolinite, illite, and smectite group 
minerals, with montmorillonite being the most common 
in that group (Table 2) (Deocampo et al. 2009; Foerster 
et al. 2018). Phyllosilicate structures consist of two types 
of layers, referred to as tetrahedral and octahedral sheets, 
based on the number of oxygens coordinated with different 
cations (Velde and Meunier 2008). These two-dimensional 

Figure 1 (A) Map of eastern Africa showing the positions of 
Chew Bahir and Olduvai. (B) Chew Bahir Basin (CHB) 

in southern Ethiopia, showing the coring sites mentioned in the 
text. (C) Olduvai Gorge (after Hay (1976)) with the extent of 
Pleistocene paleolake Olduvai as updated by Stanistreet et al. 
(2020a).

B

A

C

Table 1 COMMON ZEOLITES IN EASTERN AFRICAN SALINE-ALKALINE 
PALEOLAKES

Mineral series Example Formula DEC* Environment

Analcime Na(AlSi2O6)·H2O Na, Minor K High salinity (Na+ > 
K+)

Chabazite Ca2[Al4Si8O24]·13H2O Ca, Na, K Less alkaline, high 
Ca2+

Clinoptilolite Na6(Si30Al6)O72·20H2O Na, K, Ca High Si activity

Erionite K10[Si26Al10O72]·30H2O K, Na, Ca Glass alteration

Heulandite (Ca,Na,K)5(Si27Al9)
O72·26H2O 

Ca, Na, K, Ba, 
Sr

Mordenite (Na2,Ca,K2)4(Al8Si40)
O96·28H2O Na, Ca, K

Phillipsite K6(Si10Al6)O32·12H2O K, Na, Ca High K+

* DEC = Dominant extraframework cations
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sheets can be packed into different combinations to form 
layers. The way in which these sheets are organized into 
layers determines the layer charge, which helps determine 
the capacity of the mineral to accept specific cations. Each 
“layer” in illite and smectite consists of a single octahedral 
sheet sandwiched between two tetrahedral sheets. These 
layers stack to form the overall clay structure, differing 
largely in what occupies the interlayer space (K, in the case 
of illite). The spacing between these layers is a major distin-
guishing feature in the X-ray diffraction (XRD) patterns of 
clay minerals. The precise identification of clay minerals, 
especially smectite, is challenging in part because of the 
overlap of very similar peaks in the diagnostic diffrac-
tion patterns, such that sample pre-treatment is required 
to distinguish the overlapping reflections (e.g., Fig. 5). 
Typically for the XRD analysis of clay minerals, three 
diffractograms are measured following air-drying, ethylene 
glycol solvation, and heating of samples, which results in a 
diagnostic shift of the smectite peak, whereas the illite peak 
remains the same under all sample pre-treatment variants. 
Another diagnostic tool for clay mineral identification is 
the 060 reflection, which can help determine whether the 
octahedral layer is occupied by three divalent cations (e.g., 
Mg2+ in trioctahedral clays) or two trivalent cations (e.g., 
Al3+ in dioctahedral clays) (e.g., Fig. 6; Moore and Reynolds 
1997).

Most clay minerals are weathering products, which means 
they are of detrital origin, such that the clay mineral 

composition within deposited sediments in terrestrial 
basins typically reflects the mineralogy of the source 
catchment. Under certain conditions, so-called authigenic 
clay minerals can also form as direct precipitates from 
lake water or at low temperatures via the transformation 
of precursor minerals. Such starting or precursor material 
can be derived from weathered volcanic material (e.g., tuff, 
lava), which is abundant in the EARS. A common example 
of such an alteration product is low-temperature authigenic 
illite. The conditions of the available water in the depos-
iting environment (e.g., pH, salinity), the availability of 
precursor materials, and the saturation of the water with 
specific cations such as Mg, K, and Fe determines the 
mineral suite that can form through authigenic processes. 
Clay minerals rich in Al, or zeolites rich in Ca or K, have 
been shown to produce Mg-rich authigenic clay minerals in 
many eastern African alkaline, saline lakes (e.g., Moore and 
Reynolds 1997; Deocampo et al. 2009). During wetter inter-
vals, associated with freshwater conditions in closed-lake 
basins, heavily weathered silicates like smectite or kaolinite 
dominate the mineral suite, and are typically rich in Al. 
Dry-climate intervals, with a reduced moisture influx and 
correspondingly concentrated saline and alkaline brines, 
are rich in authigenic clay minerals like illite. In closed-
basin lake deposits not overly diluted by detrital or biogenic 
sediments, authigenic clay minerals formed under such 
conditions allow us to reconstruct the prevailing climatic 

conditions during the time of deposition (e.g., Deocampo 
2009, 2017; Gebregiorgis et al. 2021). For example, in the 
saline, alkaline, and silica‐rich waters of many eastern 
African lakes, the crystal chemistry of authigenic minerals 
is shown to be influenced by prevailing climate conditions 
where authigenic clay minerals typically become enriched 
in Mg in their octahedral layers relative to Al during 
periods of intensifying brines (Foerster et al. 2018; Arnold 
et al. 2021). Similarly, as clay minerals form in isotopic 
equilibrium with ambient water at the time of crystalli-
zation, the oxygen isotopic signature of authigenic clay 
minerals can help reconstruct the isotopic composition of 
paleolake waters and provide a record of the paleosalinity 
(Gebregiorgis et al. 2020).

CASE STUDIES: PALEOLAKE OLDUVAI 
AND CHEW BAHIR

Case Study: Paleolake Olduvai
The Olduvai Basin in northern Tanzania contains paleo-
lake sediments and tuffs deposited in a closed-basin lake 
during the Pleistocene. The seven Olduvai Beds known 
from outcrops are subdivided, from base to top, into Beds 
I–IV, Masek, Ndutu, and Naisiusiu (Hay 1976), and extend 
from 2.03 Ma to the Holocene (Deino et al. 2021). Outcrops 
expose clay and zeolite-rich lacustrine sediments in Olduvai 
Bed I and lower Bed II, between ~1.92 and 1.7 Ma (Hay and 
Kyser 2001), interfingering with lake margin sediments 

that contain archeological sites. In 
2014, the Olduvai Gorge Coring Project 
(OGCP) retrieved sediment cores from 
near the anticipated lake center, more 
than doubling the thickness of the lake 
record known from outcrops, down to 
~2.24 Ma (Deino et al. 2021). The older 
lake intervals, known only from cores 
and assigned to the recently defined 
Naibor Soit Formation (Stanistreet et 
al. 2020a), appear to be fresher than the 
well-studied saline–alkaline paleolake 
of Beds I and II, as revealed by zeolites 
and other proxies (McHenry et al. 2020).

The authigenic mineralogy of paleo-
lake Olduvai based on outcrop exposures has been studied 
extensively and used to reconstruct the changing lake 
conditions. Zeolites have long been identified as major 
minerals at Olduvai, and Hay and Kyser (2001) recog-
nized Mg-rich smectite; illite; calcite; dolomite; analcime, 
phillipsite, chabazite, clinoptilolite, and erionite zeolites; 
K-feldspar; chert; and pyrite among its authigenic minerals 
in the Pleistocene Bed I–II lake interval. The volcanoes 
Ngorongoro, Olmoti, and potentially Loolmalasin of the 
neighboring Ngorongoro Volcanic Highlands provided 
volcanic ash to the basin during this interval, facilitating 
the production of zeolites. Deocampo et al. used the compo-
sition of ultrafine clays (2009) and bulk samples (2017) 
in this interval to track changes in the lake chemistry, 
with higher Mg contents indicating more alkaline condi-
tions. While volcanic ash deposited and altered within the 
saline–alkaline lake may consist primarily of zeolite (often 
phillipsite), lake claystones also contain zeolites (Hay 1976; 
McHenry et al. 2020).

The lacustrine intervals of OGCP Core 2A, recovered from 
near the depocenter of the Olduvai Bed I/II paleolake, were 
sampled at 32-cm intervals for a variety of paleoenviron-
mental proxies, including with XRD. Zeolites and other 
minerals were identified using bulk powder XRD, with 
results reported by McHenry et al. (2020). Overall trends 
in the mineral assemblage are shown in Fig. 2. Analcime 

Table 2 COMMON CLAY MINERALS IN EASTERN AFRICAN SALINE-ALKALINE 
PALEOLAKES

Clay mineral General formula 
Adsorbed 
or absorbed 
cations

Environment

Kaolinite Al2Si2O5(OH)4
Less alkaline, fresh 
water lake

Montmorillonite (Na, Ca)0.33 (Al Mg)2 
(Si4O10) (OH)2 nH2O

Hydrated 
exchangeable 
cations

Low salinity

Illite (K,H)Al2 
(Si,Al)4O10(OH)2 XH2O K High salinity
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is the dominant zeolite in the oldest lake sediments from 
the core, shifting abruptly to phillipsite and chabazite 
at 2.199 (+0.016/−0.013) Ma (dates based on the core age 
model of Deino et al. 2021). Lacustrine deposition was at 
least locally disrupted by the eruption and emplacement 
of a volcaniclastic fan from the neighboring Ngorongoro 
Volcano (2.16–2.14 Ma), then resumed from 2.14 to 2.09 
Ma. Zeolites in this interval of fluviolacustrine sediments 
featured chabazite and erionite, which form under less 
saline–alkaline conditions than analcime or phillipsite, 
consistent with relatively fresher conditions. This is also 
the only interval in the core that preserves phytoliths 
(silica particles formed within plants), another indicator 
of fresher conditions (Rodríguez-Cintas et al. 2020). This 
paleolake was once again displaced by another, thicker fan 
of volcaniclastic materials. Tuffs within this fan preserve 
some fresh volcanic glass, which was altered to zeolite 
(principally chabazite and erionite) in some samples.

A disconformity separates the top of this fan from the 
overlying Bed I basalt (identified both in cores and 
outcrops) and Upper Bed I deposits in Core 2A, but a 

different core from the Olduvai Basin (Core 3A) records 
fresher conditions for this Lower Bed I interval (~1.90–2.00 
Ma), with claystone but no zeolites. The next section, Bed 
I/II, correlates to the well-studied Bed I/II lake record 
from outcrops. Directly above the Bed I basalt lies a short 
interval of lacustrine claystone lacking zeolites, consis-
tent with continued fresher conditions, ending at 1.870 
(+0.033/−0.037) Ma. Above this interval, as expected based 
on previous outcrop studies (e.g., Hay and Kyser 2001; 
Deocampo et al. 2009), the authigenic minerals vary, 
indicating different (and likely cyclical) levels of saline–
alkaline conditions (Deocampo et al. 2017). Within this 
section, prolonged, highly arid conditions are marked by 
authigenic K-feldspar (which replaced phillipsite and/or 
other zeolites), whereas less arid conditions are marked 
by phillipsite but no K-feldspar. Moderately arid intervals 
have both phillipsite and K-feldspar. Almost all samples 
from this interval contain zeolite (usually phillipsite) and/
or authigenic K-feldspar, indicating that, while conditions 
were variable, saline–alkaline conditions dominated. 
These interpretations are summarized in Table 3. One 
potential complication to this interpretation is mineral 
overprinting, when earlier-formed minerals are replaced 
as conditions change in the sediment. This can be assessed 
using scanning electron microscopy.

Figure 2 Stratigraphic sections of Olduvai Gorge Coring Project 
cores 2A and 3A, highlighting the dominant zeolites 

as identified by X-ray diffraction for each interval. Modified from 
McHenry et al. (2020).
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At 62 m below the surface in Core 2A (1.667 +0.064/−0.068 
Ma, within Olduvai Bed II), analcime replaces phillipsite as 
the dominant zeolite, indicating an increase in the Na/K 
ratio (likely as a result of increasing salinity). Authigenic 
K-feldspar is also much less common above this level, 
consistent with lower K, likely related to a change in the 
detrital sediment source.

To demonstrate that these alternating intervals of zeolite 
and K-feldspar in Olduvai Bed I/II show changes in 
aridity versus humidity, the mineral-based record can be 
compared against other proxies from the same core. This 
pattern is consistent with the core scan X-ray fluorescence 
(XRF) record presented by Stanistreet et al. (2020b), in 
which Mg-rich intervals indicate more arid conditions 
while higher Al indicates more dilute fluids. Colcord et al. 

(2019) used biomarkers to define wetter 
and drier episodes for Core 2A within 
Upper Bed I, defining two wet (W1 and 
W2) and two dry (D1 and D2) episodes. 
Stanistreet et al. (2020b) used higher Ti 
concentrations in core-scan XRF data as 
a proxy for wetter conditions during this 
same interval and identified the same 
wet and dry episodes, adding a third 
dry episode (D3) below Tuff IF at the 
boundary between Beds I and II. The 
positions of these five episodes, relative 
to the zeolite and K-feldspar trends, are 
indicated in Fig. 3.

A caveat associated with using zeolites as 
proxies for short-duration climate inter-
vals is that zeolites continue to form in 
the sediments after deposition. Hay 
and Kyser (2001) noticed a difference 
in oxygen isotopes for different authi-
genic minerals (K-feldspar and chert), 
indicating that not all formed at the 
same time. Saline–alkaline lake fluids 
can infiltrate downward into under-
lying sediment, and can potentially 
overprint the earlier-formed record. Hay 
and Kyser (2001) attributed the zeolites 
of the underlying volcaniclastic fan to 
the downward flow of these lake-associ-
ated fluids. Larsen (2008) found similar 
mineral overprints in his study of the 
Lake Tecopa beds in California, USA.

Case Study: Chew Bahir
Chew Bahir site. The Chew Bahir Basin (CHB), at the southern 
end of the Main Ethiopian Rift (4.1–6.3° N, 36.5–38.1° E), 
is a deep, tectonically bound basin that today holds an 
extensive saline mudflat (~30 km wide and ~100 km long) 
and is located ~90 km east of the key paleoanthropological 
site Omo-Kibish (Foerster et al. 2012; Fischer et al. 2020; 
Gebregiorgis et al. 2021). Chew Bahir is a closed drainage 
basin but held an up to ~45-m-deep extensive paleolake 
during pronounced wet phases such as the last precession-
driven African Humid Period (~15–5 ky BP; Fig. 4), when 
paleolake Chew Bahir overflowed into Lake Turkana. The 
southern Ethiopian Rift Abaya and Chamo lakes and paleo-
lake Chew Bahir were likely connected hydrologically 
during such wet intervals based on paleoshorelines and 
lake balance modeling (Fischer et al. 2020). Otherwise, 
the CHB is a terminal sink for weathering products 
from its 32,400-km2 catchment, which is dominated by 
Miocene basalts in the east and Late Proterozoic gneisses 
in the west, including the Hammar Range (Foerster et al. 
2012). The Hammar Range, separating the CHB from the 
Omo-Turkana Basin to the southwest, is a major source 
of detrital deposits along the basin’s western margin, as 
extensive alluvial fans draining the graben shoulders 
are periodically activated during strong rain events and 
transport weathering products into the basin (Foerster et 
al. 2012). Other sources of the fluvial deposits in the CHB 
are the perennial Weyto and Segen rivers, which drain the 
northeastern and northwestern parts of the catchment, an 
area rich in younger volcanic material (Foerster et al. 2018; 
Gebregiorgis et al. 2021).

Beneath the modern playa surface, the CHB contains at 
least 3 km of sedimentary infill that provides an archive of 
global to regional and local environmental fluctuations at 
different timescales. Short sediment cores along a north-
west–southeast transect across the basin (<18.8 m; ~45 ky 

Figure 3 Olduvai Upper Bed I and Bed II stratigraphic sections, 
with ages (extrapolated from Deino et al. 2021), 

identified tuffs, and relative abundances (04) of analcime, phillip-
site, and K-feldspar. See Fig. 2 legend. Trends in zeolite and 
K-feldspar abundances are related to wet and dry intervals (W and 
D, respectively) identified based on other core climate indicators, 
including biomarkers (Colcord et al. 2019) and paleosalinity 
(Stanistreet et al. 2020b). Insolation curve from Stanistreet et al. 
(2020b) and references therein, showing precession-dominated 
cycles below Tuff IF and obliquity-dominated cycles above (Marine 
Isotope Stages (MIS) 61-64). Dates (in ka) derived from the Deino 
et al. (2021) age model. Modified from McHenry et al. (2020).

Table 3 BED I PALEOLAKE CONDITIONS, BASED ON 
ZEOLITES AND AUTHIGENIC K-FELDSPAR

Observation Interpretation 

K-feldspar (no zeolite) Driest

K-feldspar and phillipsite Dry

Phillipsite (and not K-feldspar) Intermediate

No zeolite or K-feldspar Wet
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BP; Foerster et al. 2012), a core from the center of the basin 
(~41 m; 116 ky BP; Foerster et al. 2022), and duplicate long-
cores from the western shore of the basin (~293 m; covering 
the last ~620 ky; e.g., Arnold et al. 2021; Foerster et al. 2022) 
have been studied. The results indicate that, in addition to 
fluvial-deltaic and lacustrine processes, the composition 
of the deposited sediments is significantly controlled by 
post-sedimentary processes, including authigenic mineral 
alteration. Determining the extent of mineral alteration 
is an important prerequisite for interpreting micro-X-
ray fluorescence datasets, but, foremost, the authigenic 
products themselves provide direct paleohydrological data 
(Foerster et al. 2018).

Potential of analyzing Chew Bahir’s authigenic mineral suite. 
Results from studies of the Chew Bahir cores show that 
sedimentary deposits are composed of a variety of lacus-
trine and silty clays (e.g., Foerster et al. 2012, 2022). Because 
clay minerals react to changes in hydrochemical conditions 
(e.g., Moore and Reynolds 1997; Velde and Meunier 2008; 
Deocampo et al. 2009) by adjusting their crystallographic 
composition, the Chew Bahir cores are perfectly suited to 
study authigenic phases and their evolution. Essentially, 
the mineralogy of the authigenic products, including clay 
minerals and zeolites (e.g., Hay and Kyser 2001; Deocampo 
et al. 2009), is a valuable and sensitive climate proxy for 
fluctuations in the water chemistry of paleolakes in closed 
basins, such as Chew Bahir or Olduvai (e.g., Moore and 

Reynolds 1997; Deocampo et al. 2009; Foerster et al. 2018). 
Analyses of XRD patterns of bulk samples and clay separates 
down individual cores (i.e., with time) document clearly 
defined variations between characteristic mineral groups 
downcore: a dry-climate group, a wet-climate group, and 
a transition group (Figs. 4 and 5). The marked shifts in the 
mineral assemblages are strongly controlled by an authi-
genic overprint.

Climate-characteristic mineral assemblages in Chew Bahir. 
Samples of the wet-climate group are characterized by 
Al-rich montmorillonite and kaolinite and lack analcime 
(Fig. 5). The clay minerals are likely the product of 
intense silicate hydrolysis under humid climate condi-
tions in a freshwater environment, with low salinity and 
low alkalinity. Under these deep-lake conditions, Al was 
preferred over Mg in the octahedral layer of the clays. 
The dominant clays in the wet-climate group are Al-rich 
montmorillonite, as determined by their 060 reflection 
XRD patterns (Fig. 6). The transitional group comprises 
mainly intermediate clay minerals that show various levels 
of authigenic alteration in both smectite-to-illite trans-
formation and Al-to-Mg substitution in the octahedral 
layer (Fig. 6). The dry-climate group is dominated by 
illite and abundant analcime. The illite identified in the 
dry-climate group is the result of enhanced K uptake in 
smectite structures, a process described as (low-temper-
ature) illitization or “reversed weathering“ (Deocampo 

Figure 4 (A) Aridity proxy K for Chew Bahir. Variations of 
potassium (K) content in sediment core CB-01 (last 

20 ky) on a reverse y-axis. Modified after Foerster et al. (2012). 
The most likely process responsible for the link between the climate 
and potassium concentrations in lake sediments of the CHB is 
authigenic mineral alteration (illitization) in clay minerals during 
periods of declining water level. (B) X-ray diffraction pattern 
(2 theta scale) of the corresponding section in CB-02 samples 

showing the transformation of mineral assemblages at the 
termination of the African Humid Period. Modified after Schulze 
(2016). (C) The gradual wet–dry transition is marked by the 
illitization of smectites and the formation of authigenic zeolites 
(mostly analcime, diagnostic peak at 15.8° 2Ө). Clay minerals are 
increasingly altered by progressive K-fixation into low-temperature 
authigenic illite (diagnostic peak at 8.8° 2Ө) at the expense of 
smectites (diagnostic peak at 7.1° 2Ө). After Foerster et al. (2018).

A

B C
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et al. 2009). This process is significantly controlled by 
paleohydrochemistry driving the illitization of smectite 
during periods of increased evaporation. The mineral 
assemblage for the dry-climate group also shows Al-to-Mg 
substitution in the clay octahedral layers and a discrete 
trioctahedral phase, which demonstrates the authigenic 
nature of the observed changes (Fig. 6). Interestingly, these 
Al-to-Mg substitutions in the octahedral sheet also cause an 
increase in the octahedral layer charge (Al3+ is exchanged 
for Mg2+) (Hay and Kyser 2001; Deocampo et al. 2009). This 
increasing layer charge likely fuels the progressive uptake 
of K+ observed in the illitization process (Deocampo et al. 
2009, 2017). This provides the opportunity to link miner-
alogy with geochemistry (Foerster et al. 2018; Arnold et al. 
2021; Gebregiorgis et al. 2021).

Mineral alteration pattern during the African Humid Period 
Mid-Holocene wet–dry transition. Using the Mid-Holocene 
termination of the African Humid Period as an example of 
a major wet–dry transition in the eastern African climate, 
the degree of authigenic transformation in the Chew 
Bahir clay minerals during this interval demonstrates that 
mineralogy changes are a robust proxy for different hydro-
chemical environments (Foerster et al. 2018; Fig. 4). While 
the Chew Bahir K record shows lower values during the 
prevailing humid conditions around 7.15 ka, the increase 
in K content in the sediment mirrors the gradual eastern-
African aridification trend during the Holocene reaching 
dry conditions by ~5 ky BP (Foerster et al. 2012). The corre-
sponding shift documented in the mineral composition 
shows the advancing smectite-to-illite transformation 
associated with the increased K-uptake in smectite (Foerster 
et al. 2018; Figs. 4 and 5).

Mineral alteration during the last 620 ky. The model of 
authigenic illitization and observed changes in octahe-
dral composition controlled by hydrochemistry can be 
successfully applied to the Chew Bahir long core, covering 
the last ~620 ky (Arnold et al. 2021). Advanced hyper-

spectral analyses (0.25–17-μm wavelength range) show 
absorption features consistent with increasing Al-to-Mg 
substitution in clay minerals during arid episodes. The 
corresponding increase in the potassium concentrations 
during these drier phases during the last 620 ky matches 
the model of K-uptake through authigenic illitization and is 
in good agreement with the inverse relationship of identi-
fied smectite abundances and K concentrations (Arnold et 
al. 2021). The absorption band ratio at 1.16 μm confirms 
analcime occurrences during the driest intervals in the 
record (Arnold et al. 2021; Foerster et al. 2012, 2022).

A major challenge remaining in authigenic clay mineral 
studies is defining and understanding the hydrochemical 
“thresholds” that lead to the formation of specific clay 
mineral phases. Additionally, the specific precursor material 
has not yet been definitively identified, and the detrital 
versus authigenic origin of the clay minerals can only be 
assumed based on the Mg versus Al patterns observed in 
the 060 XRD reflections. A modern analog study helped 
constrain the transport processes, sedimentation, and later 
alteration in the CHB catchment (Gebregiorgis et al. 2021); 
however, distinguishing between detrital and authigenic 
phases has been a matter of debate for decades and will 
require further evidence (Foerster et al. 2018). A major 
caveat in authigenic clay mineral studies is that sample 
preparation and individual phase interpretation are time 
consuming, and therefore high-resolution datasets are not 
yet available.

SUMMARY AND CONCLUSIONS

Link to Hominins
To understand transformations in hominin habitats over 
time, it is important to understand changes in the hydrology 
and climate. On evolutionary timescales, mineral proxy 
records can contribute to a robust and well-preserved 
reconstruction of past environmental conditions, paral-
leling potential key transitions and events in human evolu-
tion. On sub-millennial timescales, mineralogical proxies 

Figure 5 Characteristic X-ray diffraction (XRD) patterns of 
<2 μm clay separates representative of the dry-climate 

group (red/pink) compared with wet-climate groups (blue) in 
Chew Bahir. Modified after Foerster et al. (2018). To distinguish 
potentially overlapping diagnostic peaks, the diffraction patterns of 
core CB-01 provide supporting evidence for authigenic illitization 
during episodes of higher alkalinity and salinity in the closed-basin 
paleolake. The oriented clay mineral samples were measured in the 
air-dried (N) and ethylene glycol (EG) solvated states to distinguish 
overlapping reflections. Smectites expand under glycol treatment 
to 5.2° 2Ө, whereas the illitic component remains unaltered with a 
diagnostic illite reflection at 8.8° 2Ө sharply evident in all 
dry-climate group samples.

Figure 6 The octahedral composition of the CHB clay minerals, 
determined by XRD analyses of powdered and 

randomly oriented clay aggregates, showing diagnostic patterns 
for samples of the wet- and dry-climate groups. With a decreased 
moisture influx, a change in paleohydrological conditions is 
assumed (increased salinity and alkalinity). The octahedral 
occupancy responds via Mg-enrichment and the development of a 
discrete trioctahedral phase. Samples of the wet-climate group 
reflect dioctahedral Al-rich phases. Modified after Foerster et al. 
(2018).
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such as zeolites and authigenic clays can help constrain 
environmental threshold conditions and the magnitude of 
specific climate events. Determining the degree of altera-
tion, especially in clay minerals, can enable the reconstruc-
tion of even subtle shifts in the paleohydrochemistry and 
related hydroclimatic variations. Where the resolution of 
the record allows, changes on timescales of human genera-
tions can be reconstructed, offering a unique opportunity 
to directly compare climate and archeological records from 
the same region.
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