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T h e 2 0 0 5 L a k e M al a wi d e e p s ci e nti fi c drill c or e i s t h e l o n g e st a n d m o st c o nti n u o u s hi g h-r e s ol uti o n r e c or d fr o m 

t h e  c o nti n e nt al  tr o pi c s,  e xt e n di n g  t o  ~ 1. 3 8  M a.  W hil e  e xt e n si v e  s et s  of  p al e o cli m at e  pr o x y  d at a  h a v e  b e e n 

g e n er at e d fr o m t hi s c or e, a g a p i n dir e ctl y d at e d s e di m e nt, b et w e e n ~ 7 4 k a a n d ~ 5 9 0 k a ( 2 8 – 1 6 7 m b el o w l a k e 

fl o or), h a s li mit e d t h e u n d er st a n di n g of cli m ati c dri v er s i n t hi s s y st e m. Pr e vi o u s a g e m o d el s fill t h e g a p i n dir e ct 

d at e s b y t u ni n g t o t h e gl o b al δ 1 8 O st a c k a n d i nt er pr eti n g p al e o m a g n eti c e x c ur si o n s, b ut t h e s e m et h o d s a n d t h e 

r e s ulti n g m o d el s r e m ai n di s p ut e d. W e fill t hi s g a p i n c hr o n ol o g y u si n g l u mi n e s c e n c e d ati n g, wit h 3 1 s a m pl e s 

c oll e ct e d  at  ~ 4  m  r e s ol uti o n  i n  t hi s  s e cti o n  of  t h e  c or e.  L u mi n e s c e n c e  d ati n g  c a n  s o m eti m e s  b e  li mit e d  b y 

r el ati v el y l ar g e u n c ert ai nti e s (t y pi c all y ~ 7 %) a n d dif fi c ult y e sti m ati n g t h e w at er c o nt e nt hi st or y of s a m pl e s. W e 

o v er c o m e t h e s e li mit ati o n s b y e m pl o yi n g a hi g h s a m pli n g d e n sit y a n d u si n g t h e s e di m e nt r e c or d t o u n d er st a n d 

c h a n g e s  i n  w at er  c o nt e nt  d uri n g  t h e  b uri al  p eri o d.  T hi s  yi el d s  a  v a stl y  i m pr o v e d  a n d  r o b u st  a g e  m o d el  t h at 

i n di c at e s c h a n g e s i n s e di m e nt ati o n r at e s n ot di s c er ni bl e i n pri or a g e m o d el s.   

1. I nt r o d u cti o n 

E a st er n Afri c a w a s a k e y sit e of h o mi ni n e v ol uti o n a n d d e v el o p m e nt, 

wit h  t h e  r e gi o n al  e n vir o n m e nt  li k el y  pl a yi n g  a  r ol e  i n  e v ol vi n g 

m or p h ol o g y, lif e hi st or y, s o ci al b e h a vi or, a n d mi gr ati o n ( M a sli n et al., 

2 0 1 5 ). T h e s a m e r e gi o n t o d a y i s h o m e t o ~ 4 0 0 milli o n p e o pl e, wit h t h e 

p o p ul ati o n  e x p e ct e d  t o  m or e  t h a n  d o u bl e  b y  2 0 5 0  ( U nit e d  N ati o n s, 

2 0 1 9 ).  T hi s  r a pi dl y  gr o wi n g  p o p ul ati o n  i s  e s p e ci all y  v ul n er a bl e  t o 

cli m at e c h a n g e, wit h d e p e n d e n c e o n r ai n-f e d a gri c ult ur e, l o w a d a pti v e 

c a p a cit y,  pri v ati z ati o n  of  r e s o ur c e s,  c o n fli ct,  a n d  di s e a s e  p utti n g  i n -

h a bit a nt s at p arti c ul ar ri s k ( Fi el d s, 2 0 0 5 ; T h o m a s a n d Ni g a m, 2 0 1 8 ). T o 

u n d er st a n d  t h e  c o nt e xt  a n d  c a u s e s  of  e arl y  h u m a n  d e v el o p m e nt  a n d 

pr ot e ct h u m a n p o p ul ati o n s t o d a y, w e n e e d t o u n d er st a n d w h at dri v e s 

l o n g-t er m c h a n g e s i n cli m at e i n t hi s k e y r e gi o n. 

S e v er al diff er e nt h y dr o cli m ati c dri vi n g m e c h a ni s m s h a v e b e e n pr o -

p o s e d  o v er  m ulti mill e n ni al  s c al e s.  M o st  oft e n  di s c u s s e d  ar e  r e gi o n al 

i n s ol ati o n (Tr a ut h et al., 2 0 0 3 ; I v or y et al., 2 0 1 6), hi g h l atit u d e f or ci n g 

(Ti er n e y et al., 2 0 0 8 ; C a st a ñ e d a et al., 2 0 1 6 ), or a c o m bi n ati o n of t h e 

t w o (Tr a ut h et al., 2 0 0 7 ; L y o n s et al., 2 0 1 5 ; C al e y et al., 2 0 1 8 ; L a m b 

et al., 2 0 1 8 ; O w e n et al., 2 0 1 8 ; F o er st er et al., 2 0 2 2 ; L u pi e n et al., 2 0 2 2 ). 

O n d e c a d al t o s u b- c e nt e n ni al ti m e s c al e s, c h a n g e s t o t h e bi p ol ar s e e s a w, 

El Ni ñ o – S o ut h e r n O s cill ati o n, tr o pi c al r ai n b elt mi gr ati o n, I n di a n O c e a n 

Di p ol e, C o n g o Air B o u n d ar y mi gr ati o n, a n d s u n s p ot c y cl e s h a v e all b e e n 

i n v o k e d t o e x pl ai n a n d d e s cri b e cli m ati c v ari a bilit y (L e a n et al., 1 9 9 5 ; 

Br o w n  et  al.,  2 0 0 7 ; R u s s ell  a n d  J o h n s o n,  2 0 0 7 ; Ti er n e y  et  al.,  2 0 1 1 , 

2 0 1 3 ; W olff et al., 2 0 1 1 ). 

D et er mi ni n g cli m ati c dri v er s i n t h e r e gi o n h a s b e e n hi n d er e d b y a 

l a c k of l o n g- d ur ati o n hi g h-r e s ol uti o n r e c or d s (Tr a ut h et al., 2 0 0 5 ; S c h ol z 

et al., 2 0 0 7 ; L u pi e n et al., 2 0 2 1 ). T h e ~ 1. 3 8 M a s e di m e nt c or e c oll e ct e d 

fr o m L a k e M al a wi i n 2 0 0 5 e x hi bit s pr o mi n e nt cli m ati c si g n al s, w hi c h 

h a v e b e e n wi d el y p u bli s h e d ( Fi g. 1 ) (S c h ol z et al., 2 0 0 6 ; St o n e et al., 

2 0 1 1 ; L y o n s et al., 2 0 1 5 ; J o h n s o n et al., 2 0 1 6 ; I v or y et al., 2 0 1 6, 2 0 1 8 ). 

A s t h e l o n g e st c o nti n u o u s r e c or d c oll e ct e d fr o m t h e c o nti n e nt al tr o pi c s 

t o d at e, it s h o ul d h el p r e s ol v e t h e d e b at e o n cli m ati c dri v er s i n t h e r e -

gi o n.  T h e  u s e  of  t hi s  r e c or d,  h o w e v er,  h a s  b e e n  li mit e d  b y  a  l a c k  of 

dir e ctl y d at e d s e di m e nt s b et w e e n ~ 7 4 k a a n d ~ 5 9 0 k a ( 2 8 – 1 6 7 m c or e 

d e pt h) ( Fi g. 2 ). H er e w e u s e l u mi n e s c e n c e d ati n g of f el d s p ar gr ai n s t o 

a d dr e s s t hi s o ut st a n di n g pr o bl e m. 

L u mi n e s c e n c e d ati n g h a s b e e n s u c c e s sf ull y a p pli e d t o a wi d e r a n g e of 

ar c h a e ol o gi c al  a n d  g e ol o gi c al  s e di m e nt ar y  d e p o sit s  ( J a c o b s  a n d  R o b -

ert s,  2 0 0 7 ; Wi ntl e,  2 0 0 8 ).  E arl y  w or k  w a s  m o stl y  a p pli e d  t o  a e oli a n 

m at eri al w h er e s uf fi ci e nt s u nli g ht e x p o s ur e c o ul d b e a s s u m e d, t y pi c all y 

*  C orr e s p o n di n g a ut h or. 
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m e a s uri n g q u art z fr o m s a m pl e s < 1 0 0 k a ( D ull er, 2 0 0 8 ). M or e r e c e ntl y, 

t h e a p pli c a bl e a g e r a n g e of l u mi n e s c e n c e d ati n g h a s b e e n e x p a n d e d vi a 

t h e u s e of n e w f el d s p ar m e a s ur e m e nt pr ot o c ol s (T h o m s e n et al., 2 0 0 8 ; Li 

et  al.,  2 0 1 4 )  a n d  t h e  t e c h ni q u e  h a s  b e e n  s u c c e s sf ull y  a p pli e d  t o  a 

br o a d er r a n g e of e n vir o n m e nt s, i n cl u di n g l a c u stri n e r e c or d s ( B u yl a ert 

et al., 2 0 1 3 ; R o b ert s et al., 2 0 1 8 , 2 0 2 1 ). 

U ntil  t h e  l a st  d e c a d e  pr oj e ct s  u si n g  l u mi n e s c e n c e  d ati n g  o n  l a k e 

c or e s w er e l ar g el y e x pl or at or y a n d d e si g n e d t o t e st f e a si bilit y. U s e of t h e 

t e c h ni q u e  i n  t hi s  s etti n g  h a s  b e e n  li mit e d  b y  f e ar s  a b o ut  p arti al 

bl e a c hi n g of s e di m e nt s, li g ht e x p o s ur e d uri n g s a m pli n g, a n d o bt ai ni n g 

a c c ur at e w at er c o nt e nt hi st ori e s ( R o b ert s et al., 2 0 1 8 ). T hr o u g h ti m e, 

t h e s e c o n c er n s h a v e pr o v e n t o b e l ar g el y u nf o u n d e d. E arl y w or k s h o w e d 

t h at l u mi n e s c e n c e d ati n g w a s f e a si bl e i n l a k e c or e s, t h o u g h t h er e w er e 

d o u bt s t h at it c o ul d b e a p pli e d t o all s e di m e nt s wit h i n s uf fi ci e nt s u nli g ht 

e x p o s ur e  ( p arti al  bl e a c hi n g)  pri or  t o  d e p o siti o n  b ei n g  t h e  pri n ci p al 

c o n c er n  ( B er g er  a n d  E a st er br o o k,  1 9 9 3 ; B er g er  a n d  A n d er s o n,  1 9 9 4 ; 

B er g er  a n d  D or a n,  2 0 0 1 ).  L at er  w or k  s h o w e d  t h at  p arti al  bl e a c hi n g, 

w hil e still a c o n c er n, i s n ot a s pr o hi biti v e a f a ct or a s i niti all y t h o u g ht a n d 

i s oft e n o nl y a s eri o u s i m p e di m e nt f or s a m pl e s y o u n g er t h a n ~ 1 k a (J ai n 

et al., 2 0 0 4 ; D ull er, 2 0 0 8 ). Ot h er s h a v e s h o w n t h at w hil e c ar e m u st b e 

t a k e n t o m e a s ur e or c al c ul at e w at er c o nt e nt, it i s n o m or e of a c h all e n g e 

i n l a c u stri n e s etti n g s t h a n i n ot h er e n vir o n m e nt s w h er e l u mi n e s c e n c e 

d ati n g i s m or e wi d el y a p pli e d ( L u k a s et al., 2 0 1 2 ; R o b ert s et al., 2 0 1 8 ). 

Li k e wi s e, li g ht  e x p o s ur e d uri n g s a m pli n g h a s al s o  pr o v e n n ot t o b e a 

li miti n g  f a ct or,  wit h Ar mit a g e  a n d  Pi n d er  ( 2 0 1 7) d e m o n str ati n g  t h at 

o nl y t h e o ut er ~ 1 m m of s e di m e nt i n a s plit c or e i s e x p o s e d t o s uf fl ci e nt 

li g ht  t o  pr o d u c e  a g e  u n d er e sti m at e s.  I n  r e c e nt  y e ar s  l u mi n e s c e n c e 

d ati n g h a s pr o d u c e d r o b u st l a c u stri n e a g e m o d el s wit h e v er-i n cr e a si n g 

m a xi m u m a g e r a n g e s ( B u yl a ert et al., 2 0 1 3 ; R o b ert s et al., 2 0 1 8 , 2 0 2 1 ). 

C hr o n ol o g y  i s  a  w ell- k n o w n  c h all e n g e  f or  s e di m e nt  r e c or d s,  wit h 

d at e d e n sit y a n d a g e m o d eli n g t e c h ni q u e s oft e n n ot s uf fi ci e nt f or m a ki n g 

r o b u st i nt er pr et ati o n s a b o ut cli m ati c dri v er s or  r el ati o n s hi p s b et w e e n 

r e c or d s fr o m diff er e nt l o c aliti e s ( Bl a a u w et al., 2 0 1 8 ; Zi m m er m a n a n d 

W a hl,  2 0 2 0 ).  W hil e  l u mi n e s c e n c e  d ati n g  h a s  li mit ati o n s,  n a m el y  a 

r el ati v el y hi g h a g e u n c ert ai nt y of 5 – 1 0 %, it i s w ell s uit e d t o h el p s ol v e 

t hi s  pr o bl e m.  T h e  m ai n  g a p s  l eft  b y  ot h er  f or m s  of  d ati n g,  i n cl u di n g 

li mit e d  a g e  r a n g e s  ( e. g., 1 4 C,  p al e o m a g n eti c  d ati n g),  li mit e d  m at eri al 

(1 4 C, A r – A r, t e p hr a fi n g er pri nti n g, U – T h), a n d r eli a n c e o n a s s u m pti o n s, 

p arti c ul arl y  t h at  of  u ni nt err u pt e d  d e p o siti o n  ( p al e o m a g n eti c  d ati n g, 

t u ni n g  t o  pr e s u m e d  dri v er s),  c a n  b e  fill e d  b y  l u mi n e s c e n c e  d ati n g. 

L u mi n e s c e n c e d ati n g c a n b e p erf or m e d o n u bi q uit o u s q u art z a n d f el d -

s p ar gr ai n s, i s i n d e p e n d e nt of ot h er m et h o d s, a n d c a n b e eff e cti v e o n 

s a m pl e s a g e d l e s s t h a n 1 k a t o gr e at er t h a n 6 0 0 k a ( T h o m s e n et al., 2 0 0 8 ; 

B u yl a ert et al., 2 0 1 2 ; Ar n ol d et al., 2 0 1 5 ). Wit h r e c e nt i m pr o v e m e nt s i n 

m e a s ur e m e nt t e c h ni q u e s, l u mi n e s c e n c e d ati n g i s w ell s uit e d t o d at e t h e 

l o n g s e di m e nt r e c or d fr o m L a k e M al a wi a s w ell a s si mil ar r e c or d s. 

1. 1.  Drill c or e fr o m t h e l a k e M al a wi s ci e nti fl c drilli n g pr oj e ct 

T h e  2 0 0 5  L a k e  M al a wi  S ci e nti fi c  Drilli n g  Pr oj e ct  a c q uir e d  a  c o m -

p o sit e c or e t h at e xt e n d s t o 3 8 0 m b el o w l a k e fl o or ( m blf), wit h a b a s al 

a g e of ~ 1. 3 8 M a, w hi c h i s e xtr a p ol at e d fr o m t h e i d e nti fi c ati o n of t h e 

C o b b M o u nt ai n p al e o m a g n eti c r e v er s al ~ 3 4 5 m blf ( S c h ol z et al., 2 0 0 6 ; 

L y o n s et al., 2 0 1 5 ). W hil e e xt e n si v e s et s of p al e o cli m at e pr o x y d at a h a v e 

b e e n g e n er at e d f or t hi s c or e, G L A D 7- M al 0 5- 1, t h er e i s a g a p i n dir e ctl y 

d at e d  s e di m e nt s,  r o u g hl y  b et w e e n  7 4  k a  a n d  5 9 0  k a  ( 2 8 – 1 6 7  m blf) 

(Fi g.  2 ).  A n  i niti al  a g e  m o d el  cir c u m v e nt e d  t hi s  g a p  i n  a g e  d e -

t er mi n ati o n s b y li n e arl y i nt er p ol ati n g b et w e e n t h e Y o u n g e st T o b a T uff 

Fi g. 1. A: S urr o u n di n g el e v ati o n a n d l a k e b at h y m etr y of L a k e M al a wi, wit h t h e 

c ori n g sit e i d e nti fi e d a s a y ell o w st ar. B: R e gi o n al o v er vi e w wit h L a k e M al a wi 

hi g hli g ht e d i n y ell o w. B at h y m etr y i s fr o m S c h ol z a n d L y o n s ( 2 0 2 2) , ri v er s ar e 

fr o m W orl d  A gr of or e str y  C e ntr e  ( 2 0 1 4) ,  a n d  t o p o gr a p h y  i s  fr o m F arr  a n d 

K o bri c k ( 2 0 0 0) . 

Fi g.  2. A  c o m p o sit e  str ati gr a p hi c  c ol u m n  of  c or e s  G L A D 7- M al 0 5- 1 B  a n d 

G L A D 7- M al 0 5- 1 C wit h all d at e s i n cl u d e d i n t h e a g e m o d el m ar k e d. B e si d e t h e 

c ol u m n  i s  t h e L y o n s  et  al.  ( 2 0 1 5) c ali br at e d  l a k e  l e v el  c ur v e  t h at  utili z e d 

pri n ci p al c o m p o n e nt a n al y si s ( P C A) o n C a, t ot al or g a ni c c ar b o n ( T O C), ẟ 1 3 C, 

s at u r at e d b ul k d e n sit y, a n d li g ht n e s s of c ol or d at a s et s. 

L. C. Str ei b et al.                                                                                                                                                                                                                                 
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(28.09 mblf, 73.7 0.3 ka) and paleomagnetic excursion 15a (167.5 
mblf, ~575 ka) and a nearby Ar Ar age of volcanic tephra (166.6 mblf, 
590 20 ka) (Lane et al., 2013; Lyons et al., 2015; Mark et al., 2017). 
Alternative models fill the gap using paleomagnetic excursions and 
paleointensity data (Ivory et al., 2016) or tuning Tex86-based tempera
ture to the global 18O stack (Johnson et al., 2016). The excursion and 
intensity-based model utilizes a noisy paleomagnetic record and re
quires significant changes in sedimentation rate that are not supported 
by changes in sediment composition or the adjacent seismic strati
graphic framework (e.g. Lyons et al., 2011). In noisy paleomagnetic 
records, errors can occur where an excursion is absent or misidentified, 
which then produces an age offset between the modelled and true age 
for all deeper levels in the core. The TEX86 

18O tuned age model as
sumes that regional temperatures follow global trends, which may be the 
case, but then invokes a circular argument when using the record to 
determine climatic drivers. Using the Tex86 

18O correlation in
corporates additional uncertainty into the model since lake surface 
temperatures must be corrected for the dry adiabatic lapse rate, because 
lake level fluctuates hundreds of meters over the course of the record. 
Moreover, all the published age models are based on lines of best fit 
through dates and do not use Bayesian methods to quantify and mini
mize uncertainties in the models. Presenting known uncertainty is 
necessary to quantitatively assess potential drivers of climatic change 
(Blaauw et al., 2018; Zimmerman and Wahl, 2020). We solve this 
outstanding set of problems using luminescence dating and a Bayesian 
age model to fill the gap in chronology. 

2. Regional setting 

Lake Malawi is one of the largest lakes in the world, covering 
~30,000 km2 with a present-day maximum depth of 700 m, and sits at 
the southern end of the East African Rift System (Fig. 1). The lake 
partially fills the Malawi Rift, a series of linked asymmetric half-graben 
basins that initially formed in the late Cenozoic (Scholz et al., 2020). 
Normal faulting and extension control the morphology of the basin, and 
sediment delivery and accumulation in some parts of the lake (Scholz 
et al., 2020). In the northern and central basins, major border faults 
produce steep slopes both onshore and within the lake, whereas the far 
southern and southwestern shorelines have more gradual bathymetric 
gradients (Eccles, 1974; Lyons et al., 2011; Scholz and Lyons, 2022). 
Today, the quantity and seasonality of precipitation is driven by the path 
of the tropical rain belt. Lake Malawi sits at the southern end of the rain 
belt track, at 9 14 S, such that it experiences a single rainy season in 
austral summer and one dry and windy season in austral winter (Eccles, 
1974; Owen and Crossley, 1992). 

Because of the vast size of the lake, precipitation varies greatly over 
its extent. Annual rainfall in southern parts of the lake is 65 cm/yr, while 
the central basin and northern extremity receive 200 and 250 cm/yr, 
respectively (Eccles, 1974). Direct evaporation accounts for 80% of 
water loss, and the remainder flows out from the Shire River through the 
southeastern arm of the lake (Owen and Crossley, 1992). Though near 
the equator, the region experiences some temperature changes 
throughout the year, varying several degrees Celsius between winter and 
summer months (Eccles, 1974). Localities near the northern and 
southern ends of the lake experience a wider range of annual tempera
tures than localities near the center of the basin, where the lake mod
erates climate (Eccles, 1974). Today the lake is permanently stratified, 
with the boundary between the oxic and anoxic layers at ~220 m 
(Vollmer et al., 2005). Annually, the windy dry season cools surface 
waters and increases physical mixing in the upper waters (Owen and 
Crossley, 1992; Pilskaln, 2004; Vollmer et al., 2005). These high winds 
blow from the south along the axis of the lake at speeds of 40 km/h for 
intervals of several days, resulting in surface waves of 3 4 m (Eccles, 
1974). 

3. Materials and methods 

3.1. Sample collection 

Subsamples from the archived drill core were collected under white 
light at the University of Minnesota Continental Scientific Drilling Fa
cility where the cores have been stored since collection (University of 
Minnesota National Lacustrine Core Repository, 1996). An initial set of 
six samples was collected as part of a blind trial (Lab ID s containing a 
single letter), with four of these overlapping with the 14C dated portion 
of the core and two within the interval of interest. The bulk of the 
luminescence samples (Lab IDs prefixed Mal- ) were collected at a ~4 
m resolution from 32 to 165 mblf, totaling 33 samples (Tables 2 and 3). 
Sample locations were selected to avoid changes in sedimentation rate, 
sections of apparent disturbance during coring, and cracks in the dried 
core face. Sample collection methods followed that of Armitage and 
Pinder (2017). Samples were collected by inserting 2.54 cm diameter 
copper tubes that had been stoppered with foam, into the split core face. 
The tubes were inserted until they made contact with the core liner, ~3 
cm deep, yielding sample volumes of ~15 ml. The full sample tubes were 
sealed with duct tape and wrapped in aluminum foil to prevent light 
penetration. 

Sample preparation and measurement were conducted at the Royal 
Holloway Luminescence Laboratory. Samples were extruded under 
subdued red light and the outer ~0.5 cm on both ends of each sample 
tube were removed. This removed both the light-exposed portion at the 
cut core face and any material that may have suffered from barrel smear 
during coring (Armitage and Pinder, 2017). 

3.2. Dose rate determination 

The light exposed portions removed from the cut core face end of 
each sample were reserved and used for U, Th, and K measurements via 
ICP-MS (Th and U) and ICP-AES (K) at SGS Canada Inc (Lab IDs prefixed 
Mal- ) or alpha and beta counting at the Royal Holloway Luminescence 

Laboratory (Lab ID s containing a single letter). Because samples were 
collected at core depths intended to avoid major stratigraphic changes, 
the material surrounding each sample was assumed to be homogenous 
with respect to gamma emitters, allowing gamma dose rates to be 
calculated from sample radioisotope concentrations. Given the modern 

Table 1 
The measurement protocols for quartz optically stimulated luminescence (OSL) 
(a) and polymineral post-infrared, infrared-stimulated luminescence (pIRIR) (b) 
samples. Test doses for steps a4 and b5 varied between 46.1 and 49.9 Gy.  

Step a) Quartz OSL b) Polymineral pIRIR 

1 Give regenerative dose, Di
a Give regenerative dose, Di

a 

2 Preheat 1 (220 C for 10 s) Preheat 1 (255 C for 60 s) 
3 Blue diode stimulation (125 C, 60 

s), Lx
b 

IR diode stimulation (60 C for 200 s) 

4 Give test dose, Dt (~50 Gy) IR diode stimulation (225 C for 200 
s), Lx

b 

5 Preheat 2 (160 C for 5 s) Give test dose, Dt (~50 Gy) 
6 Blue diode stimulation (125 C, 60 

s), Tx 

Preheat 2 (255 C for 60 s) 

7 Return to step 1 IR diode stimulation (60 C for 200 s) 
8  IR diode stimulation (225 C, 200 s), 

Tx
b 

9  IR diode stimulation (290 C for 150 
s) 

10  Return to step 1  

a In the first cycle, where the natural luminescence intensity is observed, Di 
0 Gy. 

b For quartz, the luminescence signal (Lx or Tx) was that recorded during the 
first 0.32 s of stimulation, with a background signal from the last 10 s of stim
ulation subtracted; whereas for polymineral samples the signal was that recor
ded during the first 20 s minus a background signal from the last 20 s of 
stimulation. 
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depth of the coring site of 590 m lake depth, the cosmic dose rate was 
considered to be negligible and was not included in calculations (Pre
scott and Hutton, 1994). Based on the Lyons et al. (2015) lake level 
curve, the largest cosmic dose rate for any sample included in the age 
model was 0.01 0.001 Gy/ka on deposition and the mean for all 
samples was 0.001 0.0001 Gy/ka on deposition. After deposition, as 
each sample was buried by a growing sediment package, the cosmic dose 
rate declined further, thus the mean cosmic dose rate for the entire 
burial period of each sample is even lower than these values. 

An alpha efficiency (a-value) of 0.04 0.02 was assumed for both 
quartz and feldspar. Conventionally, a-values of 0.04 0.02 and 0.086 

Table 2 
This table provides the data used to calculate the total dose rate for each sample, 
including the corrected water content and the concentrations of K, U, and Th. 
Sample water content and composite depth are provided for reference.  

Lab ID Composite 
depth (mblf) 

Water content (%) Radioisotope 
concentrations 

Samplea Correctedb K 
(%) 

U 
(ppm) 

Th 
(ppm) 

Mc 8.31 210 211 1.7 

0.2 

1.2 
0.2 

9.0 
1.0 

Ac 13.55 205 206 1.6 

0.1 

1.8 
0.2 

7.1 
1.0 

Lc 19.78 213 215 1.5 

0.2 

1.6 
0.3 

9.3 
1.2 

Sc 26.14 207 209 1.3 

0.1 

1.5 
0.1 

2.8 
0.6 

MAL1 32.46 208 210 1.0 

0.1 

4.0 
0.2 

11.7 
0.6 

MAL13 36.60 191 193 1.4 

0.1 

4.2 
0.2 

18.0 
0.9 

MAL23 40.10 191 194 1.4 

0.1 

4.1 
0.2 

16.7 
0.8 

MAL2 43.61 219 222 1.2 

0.1 

5.4 
0.3 

13.7 
0.7 

MAL14 48.09 191 194 1.5 

0.1 

5.0 
0.2 

16.0 
0.8 

MAL24d 51.90 171 174 1.6 

0.1 

4.3 
0.2 

14.8 
0.7 

MAL3d 57.30 132 136 1.8 

0.1 

2.8 
0.1 

15.5 
0.8 

MAL15d 60.09 126 130 1.8 

0.1 

2.8 
0.1 

14.5 
0.7 

MAL25 64.93 152 156 1.4 

0.1 

6.4 
0.3 

15.2 
0.8 

MAL4 70.07 200 205 1.1 

0.1 

3.2 
0.2 

13.2 
0.7 

MAL16 72.64 194 199 1.4 

0.1 

3.3 
0.2 

12.7 
0.6 

E 74.43 171 177 1.2 

0.2 

4.6 
0.5 

11.5 
2.1 

MAL26 80.43 205 210 1.6 

0.1 

4.2 
0.2 

14.6 
0.7 

MAL5 83.86 176 182 1.4 

0.1 

4.2 
0.2 

14.8 
0.7 

MAL27 89.15 166 172 1.4 

0.1 

5.8 
0.3 

13.9 
0.7 

MAL6 91.99 171 177 1.5 

0.1 

4.1 
0.2 

15.6 
0.8 

MAL17 96.50 172 178 1.7 

0.1 

4.0 
0.2 

15.4 
0.8 

MAL28 101.05 208 216 1.3 

0.1 

3.6 
0.2 

12.9 
0.6 

MAL7 104.37 195 203 1.2 

0.1 

4.4 
0.2 

15.0 
0.8  

Table 2 (continued ) 

Lab ID Composite 
depth (mblf) 

Water content (%) Radioisotope 
concentrations 

Samplea Correctedb K 
(%) 

U 
(ppm) 

Th 
(ppm) 

MAL29 107.09 192 201 1.3 

0.1 

4.1 
0.2 

13.7 
0.7 

Pd 110.75 171 180 1.8 

0.2 

2.2 
0.4 

13.1 
1.6 

MAL18e 115.23 165 172 1.7 

0.1 

4.1 
0.2 

14.2 
0.7 

MAL8 118.54 185 193 1.5 

0.1 

4.5 
0.2 

14.4 
0.7 

MAL31e 123.49 160 168 1.6 

0.1 

4.0 
0.2 

14.2 
0.7 

MAL19 126.75 172 181 1.3 

0.1 

3.8 
0.2 

13.6 
0.7 

MAL9 130.71 193 203 1.0 

0.1 

3.7 
0.2 

12.4 
0.6 

MAL32 135.13 182 192 1.3 

0.1 

5.5 
0.3 

13.9 
0.7 

MAL20d 138.70 167 175 1.7 

0.1 

4.1 
0.2 

15.0 
0.8 

MAL10e 142.74 175 184 1.4 

0.1 

3.4 
0.2 

14.8 
0.7 

MAL33 146.72 191 201 1.2 

0.1 

3.7 
0.2 

11.7 
0.6 

MAL21 151.11 186 197 1.2 

0.1 

4.0 
0.2 

13.0 
0.7 

MAL11e 154.78 157 166 1.8 

0.1 

3.5 
0.2 

14.6 
0.7 

MAL34e 157.87 187 196 1.7 

0.1 

4.5 
0.2 

14.5 
0.7 

MAL22e 162.49 158 167 1.4 

0.1 

4.4 
0.2 

14.1 
0.7 

MAL12e 164.90 170 179 1.6 

0.1 

3.6 
0.2 

14.0 
0.7  

a Sample refers to the water content calculated for the individual sample using 
steps 1 5 from Section 3.6. 

b Corrected refers to the water content calculated using steps 1 6 in Section 
3.6 and represents a temporal mean water content for the entire burial period. 

c Ages based on quartz measurements; all others are based on feldspar. 
d Dates representing reworked material that were removed from the age 

model. 
e Dates with equivalent doses 500 Gy included in the age model as minimum 

ages. 
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0.02 are used for quartz and feldspar, respectively (Rees-Jones, 1995). 
The a-value defines the efficiency with which energy imparted to a 
crystal by alpha irradiation results in trapped electrons and therefore 
luminescence. This efficiency is lower for alpha particles than other 
forms of radiation, since local saturation of electron traps occurs along 
the alpha track length. However, the a-value must decrease with 
increasing prior dose, since an alpha track through a region with no 
trapped electrons will be more efficient at trapping electrons than one 
through a region where a proportion of the traps are already occupied. 
Consequently, the a-value varies from a maximum in an unirradiated 
material, to zero in a saturated material. Rees-Jones (1995) measured 
a-values for low-dose samples ( 10 Gy) and hence their values are 
assumed to represent the maximum for each mineral type. Dated quartz 
samples presented in this study have equivalent doses 40 Gy, well 
below the saturation dose for this mineral. Consequently, Rees-Jones s 
a-value of 0.04 0.02 is appropriate, not least because it is consistent 
with zero (saturation) at two standard errors. Conversely, all the feld
spar samples reported here yield equivalent doses 100 Gy, with the 
majority between 200 and 700 Gy. Using the natural dose response 
curve curve (NDRC) defined in section 4.2, the mean NDRC value was 

calculated every 100 Gy from 200 to 700 Gy, and expressed as a pro
portion of the saturation level. An age-appropriate a-value was then 
calculated for each dose by scaling the 0 Gy value (assumed to be 0.86 
0.02) by the proportion of saturation, yielding a mean value of 0.04. This 
mean value, with an appropriately large standard error (0.04 0.02) 
was used for all feldspar samples, to avoid incorporating an age 
dependence into the age calculation. This value is consistent at one 
standard error with all calculated a-values for samples with equivalent 
doses between 200 and 700 Gy, and at two standard deviations with 
both saturation and an equivalent dose of ~40 Gy. 

3.3. Sample preparation 

The core is dominated by the silt and clay size sediment fraction with 
little sand. As such, all dating was done on the 4 11 m size fraction. 
Samples were treated with Na4P2O7 to prevent flocculation, then the 
fine silt size fraction was isolated using Stokes settling in deionized 
water. The organic and carbonate components were removed using 
simultaneous treatment with 30% H2O2 and 10% HCl, respectively. 
Samples were treated until the reaction stopped and were then rinsed 
three times in deionized water. Quartz-rich samples were produced by 

Table 3 
The dose rate for each type of radiation, total dose rate, equivalent dose, and calculated age of each sample. The reported errors represent 2 uncertainty. Most samples 
had six aliquots used for age determination. The exceptions, Mal1-Mal10, had nine aliquots. The number of aliquots was reduced from nine to six in later samples, 
because there was little variability between aliquots. No aliquots were removed because they failed screening tests. Equivalent dose is the arithmetic mean of the 
individual measurements of each aliquot. The youngest four samples M, A, L, and S are based on quartz measurements, all others are based on feldspar.  

Lab ID Composite depth (mblf) Dose rates (Gy/ka)a Total dose rate (Gy/ka) Equivalent dose (Gy) Age (ka) 

Mb 8.31 0.09 0.03 0.49 0.04 0.29 0.02 0.87 0.06 12.8 0.5 14.7 1.1 
Ab 13.55 0.09 0.03 0.47 0.03 0.28 0.02 0.84 0.05 20.9 0.8 24.8 1.8 
Lb 19.78 0.10 0.04 0.45 0.04 0.29 0.02 0.85 0.06 37.7 1.3 44.6 3.5 
Sb 26.14 0.06 0.02 0.36 0.03 0.18 0.01 0.60 0.04 37.7 1.3 62.7 4.08 
MAL1 32.46 0.18 0.06 0.46 0.02 0.37 0.01 1.01 0.07 103 3 102 8 
MAL13 36.60 0.24 0.09 0.64 0.03 0.53 0.02 1.41 0.09 177 6 125 9 
MAL23 40.10 0.23 0.08 0.63 0.03 0.51 0.02 1.36 0.09 154 5 113 8 
MAL2 43.61 0.22 0.08 0.56 0.02 0.45 0.02 1.22 0.08 175 6 143 11 
MAL14 48.09 0.25 0.09 0.68 0.03 0.53 0.02 1.46 0.10 210 7 143 11 
MAL24c 51.90 0.24 0.08 0.72 0.03 0.54 0.02 1.49 0.09 405 14 272 19 
MAL3c 57.30 0.24 0.09 0.83 0.04 0.60 0.02 1.66 0.10 409 14 246 17 
MAL15c 60.09 0.23 0.08 0.85 0.04 0.59 0.02 1.67 0.10 387 14 232 16 
MAL25 64.93 0.33 0.12 0.83 0.04 0.65 0.03 1.81 0.13 337 12 186 15 
MAL4 70.07 0.17 0.06 0.47 0.02 0.38 0.02 1.03 0.07 192 6 186 14 
MAL16 72.64 0.17 0.06 0.55 0.03 0.41 0.02 1.14 0.07 203 7 179 12 
E 74.43 0.22 0.08 0.60 0.05 0.46 0.04 1.27 0.11 355 11 279 25 
MAL26 80.43 0.20 0.07 0.63 0.03 0.47 0.02 1.29 0.08 311 12 240 17 
MAL5 83.86 0.23 0.08 0.64 0.03 0.50 0.02 1.37 0.09 314 11 229 17 
MAL27 89.15 0.28 0.10 0.74 0.03 0.57 0.02 1.58 0.11 403 15 255 20 
MAL6 91.99 0.23 0.08 0.68 0.03 0.53 0.02 1.44 0.09 410 15 284 21 
MAL17 96.50 0.23 0.08 0.73 0.03 0.54 0.02 1.50 0.09 419 15 280 20 
MAL28 101.05 0.17 0.06 0.51 0.02 0.39 0.02 1.08 0.07 283 5 262 19 
MAL7 104.37 0.21 0.08 0.56 0.02 0.46 0.02 1.23 0.08 302 10 245 18 
MAL29 107.09 0.20 0.07 0.57 0.03 0.44 0.02 1.21 0.08 311 11 257 19 
Pc 110.75 0.16 0.06 0.65 0.06 0.44 0.04 1.25 0.09 542 18 432 35 
MAL18d 115.23 0.23 0.08 0.74 0.04 0.53 0.02 1.50 0.09 516 19 345 25 
MAL8 118.54 0.22 0.08 0.65 0.03 0.49 0.02 1.36 0.09 454 17 333 24 
MAL31d 123.49 0.23 0.08 0.72 0.03 0.53 0.02 1.48 0.09 527 20 357 26 
MAL19 126.75 0.21 0.07 0.60 0.03 0.46 0.02 1.27 0.08 392 14 309 23 
MAL9 130.71 0.18 0.06 0.47 0.02 0.38 0.02 1.03 0.07 314 11 304 23 
MAL32 135.13 0.24 0.09 0.64 0.03 0.51 0.02 1.40 0.10 489 18 350 27 
MAL20d 138.70 0.23 0.08 0.74 0.03 0.54 0.02 1.51 0.09 602 23 399 29 
MAL10d 142.74 0.20 0.07 0.61 0.03 0.47 0.02 1.28 0.08 558 21 436 32 
MAL33 146.72 0.17 0.06 0.51 0.02 0.39 0.02 1.07 0.07 414 15 385 28 
MAL21 151.11 0.20 0.07 0.54 0.02 0.43 0.02 1.17 0.08 494 18 423 32 
MAL11d 154.78 0.22 0.08 0.75 0.04 0.54 0.02 1.51 0.09 615 24 408 29 
MAL34d 157.87 0.22 0.08 0.69 0.03 0.51 0.02 1.42 0.09 642 25 451 33 
MAL22d 162.49 0.24 0.09 0.69 0.03 0.53 0.02 1.46 0.09 632 25 432 33 
MAL12d 164.90 0.21 0.07 0.67 0.03 0.49 0.02 1.36 0.08 597 23 438 31  

a Dose rates after correction for water content and, where relevant, attenuation due to grain-size, and an alpha efficiency of 0.04 0.02 (Rees-Jones, 1995). 
b Ages based on quartz measurements; all others are based on feldspar. 
c Dates representing reworked material that were removed from the age model. 
d Dates with equivalent doses 500 Gy included in the age model as minimum ages. 
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treating the resulting polymineral fraction with 35% H2SiF6 to remove 
feldspar grains. Samples were placed in H2SiF6 for 96 h, after which they 
were rinsed three times in deionized water and subsequently immersed 
in 10 % HCl for 12 h to remove fluoride precipitates. The resulting 
material was rinsed three times in deionized water and subsequently 
resettled to 4 m to remove partially dissolved grains. H2SiF6 was pre- 
saturated with silica by adding an excess of Honeywell 210 300 m 
silicon dioxide upon purchase. Silicon dioxide was removed immedi
ately prior to use with gravity filtration through Whatman 542 filter 
paper. Samples were deposited from suspension onto aluminum discs 
via drying at 50 C. Sufficient sample was added to each drying vessel to 
produce a monolayer of material on the disc; the sample volume 
required to achieve this result was estimated by eye. A small number of 
test discs were measured to establish the approximate equivalent dose 
for each sample. The youngest four samples were measured using the 
single-aliquot regenerative-dose technique (SAR) (Murray and Wintle, 
2000) applied to quartz separates. All other samples were measured 
using the polymineral fraction measured with a post-infrared, infrar
ed-stimulated luminescence (pIRIR) measurement sequence (Thomsen 
et al., 2008). This latter approach is generally considered to yield 
luminescence ages from the feldspar component of the polymineral 
fraction. 

3.4. Equivalent dose measurements 

All luminescence measurements presented in this study were carried 
out using one of three Ris TL/OSL-DA-20 automated dating systems 
(B tter-Jensen et al., 2003). Stimulation was carried out using blue (470 
nm) or IR (870 nm) light emitting diodes (LEDs) for quartz and poly
mineral separates, respectively. Luminescence was detected using 
Electron Tubes Ltd 9235QB15 photomultiplier tubes shielded by Hoya 
U-340 filters when measuring quartz and Schott BG3 and BG39 filters 
when measuring polymineral samples. Irradiation was carried out using 
a 1.48 GBq 90Sr/90Y beta source calibrated relative to the National 
Physical Laboratory, Teddington 60Co -source (Hotspot 800) following 
Armitage and Bailey (2005). Optimal measurement conditions for both 
mineral fractions were established using dose recovery tests (Roberts 
et al., 1999). In the case of quartz, the natural signal was removed using 
two 200 s room temperature blue diode bleaches separated by a 10 ks 
pause (Murray and Wintle, 2003), whereas polymineral aliquots were 
subject to a 48-h exposure in a Dr Honle UVACUBE 400 solar simulator. 
The single-aliquot regenerative dose technique (Murray and Wintle, 
2000) was used to measure the equivalent dose for each fine-grained 
quartz aliquot presented in this study, while a pIRIR protocol modified 
from Thomsen et al. (2008) and Li et al. (2014) was applied to poly
mineral fine-grain aliquots. Equivalent dose (De) measurement proced
ures for quartz (Table 1a) and polymineral (Table 1b) samples are 
presented in Table 1. 

Quartz dose recovery tests were performed on two aliquots each of 
the six blind trial samples using the measurement sequence outlined in 
Table 1a and a known dose of 50 Gy. Dose recovery ratios (measured/ 
given) were 0.99 0.01, 0.98 0.02, 0.98 0.02, 1.05 0.01, 0.97 
0.02 and 1.01 0.01 for samples S, A, M, P, L and E, respectively. In 
addition, dose recovery experiments were performed, measuring three 
aliquots at eight different preheat regimes for samples MAL1 (given 
dose 60 Gy) and MAL23 (given dose 130 Gy). In the first seven 
regimes, preheat 1 temperature was varied between 160 and 280 C at 
20 C intervals, held for 10 s, all with a 160 C preheat 2 (held for 0 s for 
preheat 1 temperatures of 160 and 180 C and 5 s for higher tempera
tures). In addition, a regime using a 260 C preheat 1 and 220 C preheat 
2, both held at temperature for 10 s, was also tested. For both samples, 
aliquots subject to preheat 1 temperatures between 220 and 260 C 
yielded dose recovery ratios consistent with unity. pIRIR225 dose re
covery experiments were carried out on three aliquots of each of blind 
test samples A, S, L and E, using known doses of 51, 60, 64 and 306 Gy 
respectively. Measurements were performed using the measurement 

sequence outlined in Table 1b and yielded dose recovery ratios 
(measured/given) of 1.01 0.01, 0.98 0.05, 0.97 0.01 and 0.98 
0.02 for samples A, S, L and E, respectively, after subtraction of a re
sidual dose of 0.92 0.16 Gy. 

3.5. Anomalous fading 

Infrared-stimulated luminescence signals from the polymineral 
fraction of sediment are assumed to be dominated by feldspar. Age un
derestimations caused by anomalous fading are a common problem in 
feldspar dating and have prevented feldspar dating from reaching 
widespread application until recently (Wintle, 1973; Huntley and 
Lamothe, 2001; Thomsen et al., 2008; Roberts et al., 2018). Over the last 
decade, considerable advances have been made in isolating signals with 
low fading rates from feldspars by applying an initial low temperature 
infrared (IR) stimulation followed by a higher temperature IR stimula
tion (e.g. Thomsen et al., 2008; Li et al., 2014). Using this approach 
(Table 1b) yielded a mean g-value (i.e. fading rate) for the pIRIR225 
signal of 0.90 0.39 %/decade (n 33, 3 aliquots each of 11 samples). 
The tested samples (Mal 1, 2, 15, 16, 27, 28, 18, 19, 20, 21, and 12) were 
distributed throughout the luminescence dated interval. A dose of ~46 
Gy was used for all samples and three measurements were made per 
aliquot per fading time, with fading durations of 0, 1, 10 and 100 h. 
Fading rates were determined following Huntley and Lamothe (2001) 
and Auclair et al. (2003) using Analyst 4.31.9 (Duller, 2015). The 
measured pIRIR signal g-value from polyminerals is considered low 
enough to not require fading correction, being similar to the published 
values obtained for quartz, which is typically considered not to fade. 
These published quartz fading rates of ~1%/decade (Buylaert et al., 
2012) are thought to be a laboratory artifact rather than an indication of 
true fading; as such it is common practice not to correct for felspar 
fading rates of 1.5%/decade (Roberts et al., 2018; Buylaert et al., 
2013; Feng et al., 2022). 

The degree of fading can vary between different forms of feldspar. 
Feldspars that form under high temperature volcanic settings are known 
to have more disordered crystal lattices leading to increased rates of 
fading (Bosken and Schmidt, 2020). While there is volcanism in the East 
African Rift System, it is dominantly in the eastern branch far from our 
core site (Biggs et al., 2021). We did not determine the form of feldspar 
in the samples, but we expect to find few high temperature feldspars. 
The lake catchment is underlain by Proterozoic rock and the volcanoes 
nearest to our core site are in the Rungwe volcanic province ~300 km to 
the north (Fontijn et al., 2010; Fritz et al., 2013). There is little volcanic 
ash in the core and the few visible tephra that are present are mostly 1 
cm thick. The relative absence of high temperature volcanic feldspars 
reduces the risk of increased feldspar fading rates within our sample set. 

3.6. Water content 

Water content is a necessary part of luminescence age calculations, 
with a 1% change in water content yielding a ~1% change in dose rate 
and therefore a ~1% change in calculated age (Roberts et al., 2018). 
Water content was not measured for these cores until several years after 
collection, during which time the samples likely experienced differential 
drying, with both storage conditions and sediment composition 
impacting drying rates (Bennett et al., 1999; Bird et al., 2004). Because 
we could not directly measure water content, it was calculated using 
saturated bulk density from Gamma Ray Attenuation Porosity Evalua
tion (GRAPE), Total Organic Carbon (TOC), and Biogenic Silica (BiSi) 
from Si and Ti X-Ray Fluorescence (XRF) measurements. Though GRAPE 
involves exposing sediments to gamma radiation, Couapel and Bowels 
(2006) showed that that exposure is of such a short duration, that it does 
not impact luminescence measurements. They estimated that a typical 
measurement sequence would expose sediments to 1.45 10 6 Gy and 
that at even 60 times normal exposure, there was no discernible impact 
on luminescence results. 

L.C. Streib et al.                                                                                                                                                                                                                                 
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G R A P E a n d X R F d at a w er e c oll e ct e d at t h e U ni v er sit y of Mi n n e s ot a 

C o nti n e nt al S ci e nti fi c Drilli n g F a cilit y ( U ni v er sit y of Mi n n e s ot a N ati o n al 

L a c u stri n e C or e R e p o sit or y, 1 9 9 6 ) w h e n t h e c or e s w er e flr st d e s cri b e d 

a n d w er e o bt ai n e d fr o m t h eir d at a r e p o sit or y. Si a n d Ti X R F d at a w er e 

u s e d t o c al c ul at e Bi Si f oll o wi n g t h e a p pr o a c h of J o h n s o n et al. ( 2 0 1 1) . 

T O C d at a ar e fr o m L y o n s et al. ( 2 0 1 5) . M o st l u mi n e s c e n c e s a m pl e s w er e 

t a k e n fr o m c or e G L A D 7- M A L 0 5- 1 B (T a bl e s 2 a n d 3 ); w h er e d at a f or 1 B 

w a s  n ot  a v ail a bl e,  d at a  fr o m  t h e  a dj a c e nt  a n d  o v erl a p pi n g 

G L A D 7- M A L 0 5- 1 C  w a s  u s e d.  G R A P E  s at ur at e d  b ul k  d e n sit y  w a s 

c oll e ct e d e v er y ~ 1 c m, Si a n d Ti w er e c oll e ct e d e v er y ~ 2 c m, a n d T O C 

d at a w a s c oll e ct e d e v er y ~ 2 8. 5 c m. All d at a w er e li n e arl y i nt er p ol at e d 

t o t h e G R A P E s at ur at e d b ul k d e n sit y s a m pli n g r at e. B e c a u s e t hi s m et h -

o d ol o g y  pr o d u c e d  a  hi g h- d e n sit y  d at a  s eri e s  ( 3 6, 1 5 0  d at a  p oi nt s)  w e 

w er e  al s o  a bl e  t o  c al c ul at e  r at e s  of  d e w at eri n g.  W hil e  l u mi n e s c e n c e 

st u di e s t e n d t o i g n or e d e w at eri n g, a d et ail e d a n al y si s i s r e q uir e d i n o ur 

c a s e d u e t o t h e si g ni fi c a nt d e pt h of t hi s c or e. C o m pr e s si o n fr o m o v er -

l yi n g  s e di m e nt s  c a u s e d  o ur  s a m pl e s  t o  l o s e  a s  m u c h  a s  1 2 %  of  t h eir 

s urf a c e  w at er  c o nt e nt  ( s e e  fitt e d  li n e s  i n Fi g.  3 c  a n d  d).  O ur 

pr e- d e w at eri n g w at er c o nt e nt c al c ul ati o n i s al m o st i d e nti c al t o t h at of 

L u k a s et al. ( 2 0 1 2) , e x c e pt t h at t h e y di d n ot a c c o u nt f or Bi Si a n d T O C. 

T h e y f o u n d t h at t h eir c al c ul ati o n s t e n d e d t o o v er e sti m at e w at er c o nt e nt 

a n d  t h at  t h e  diff er e n c e  i n cr e a s e d  wit h  i n cr e a si n g  w at er  c o nt e nt.  T hi s 

eff e ct m a y b e d u e t o o mitti n g l e s s d e n s e c o n stit u e nt s fr o m t h e c o m p u -

t ati o n s. R e m o vi n g Bi Si a n d T O C fr o m o ur c al c ul ati o n s r e s ult s i n a n i n -

cr e a s e i n c al c ul at e d w at er c o nt e nt. 

O ur  d e w at eri n g  c al c ul ati o n s  a s s u m e  t h at  t h e  c ori n g  sit e  w a s  s u b -

m er g e d f or t h e e ntir et y of t h e r e c or d. T o d a y t h e c ori n g sit e i s 5 9 2 m 

d e e p, a n d it i s u nli k el y t h at it w a s e x p o s e d f or a si g ni fi c a nt l e n gt h of ti m e 

i n t h e l a st 5 0 0 k a. W hil e t h er e i s str o n g e vi d e n c e f or e xtr e m e l o w st a n d s, 

wit h  t h e  m o st  s e v er e  p ot e nti all y  r e d u ci n g  l a k e  l e v el s  b y  a s  m u c h  a s 

~ 6 0 0  m  ( 4 5 – 6 9  m blf)  ( L y o n s  et  al.,  2 0 1 5 ),  t h er e  i s  n o  e vi d e n c e  of 

er o si o n al  s urf a c e s  i n t h e  s ei s mi c r e fl e cti o n  d at a at  t h e drill  sit e,  i n di -

c ati n g  l o n g  t er m  s u b a eri al  e x p o s ur e  i s  hi g hl y  u nli k el y  ( L y o n s  et  al., 

2 0 1 1 ).  O ur  c al c ul ati o n s  al s o  a s s u m e  t h at  t h e  w at er  c o nt e nt  of  t h e 

r e c e ntl y c oll e ct e d c or e s e cti o n s i s r o u g hl y e q u al t o i n sit u w at er c o nt e nt, 

a n d  t h at  t h e  i m p a ct s  of  e x p a n si o n  d u e  t o  u nl o a di n g  a n d  c o m p a cti o n 

d uri n g drilli n g ar e mi ni m al. W hil e s o m e c or e s e cti o n s i n t h e r e c or d ar e 

cl e arl y di st ur b e d, w hi c h m a y i m p a ct t h eir w at er c o nt e nt, t h e s e s e cti o n s 

w er e a v oi d e d d uri n g s a m pli n g. 

T h e  w at er  c o nt e nt  c al c ul ati o n s  ar e  d e s cri b e d  i n  t h e  f oll o wi n g  si x 

st e p s. 

C al c ul at e  d e n sit y  of  w at er  at  t h e  r o o m  t e m p er at ur e  w h e n  G R A P E 

d at a w a s c oll e ct e d 

B e c a u s e t hi s c o m p o sit e c or e t ot al s n e arl y 4 5 0 m t ot al l e n gt h, G R A P E 

m e a s ur e m e nt s w er e g e n er at e d o v er s e v er al w e e k s, a n d t h e r o o m t e m -

p er at ur e v ari e d fr o m 2 3 t o 3 0. 5 ◦ C. D e n sit y of w at er at t h e r o o m t e m -

p er at ur e  d uri n g  m e a s ur e m e nt  w a s  c al c ul at e d  u si n g  t h e  e q u ati o n 

ori gi n all y  pr e s e nt e d  i n T hi e s e n  et  al.  ( 1 9 0 0) a n d  r e vi sit e d  b y T a n a k a 

et al. ( 2 0 0 1) , alt h o u g h t hi s c orr e cti o n h a s a n i n c o n s e q u e nti al (< 0. 1 %) 

i m p a ct o n t h e r e s ulti n g w at er c o nt e nt. 

D e n sit y  of  W at er = ( 9 9 9. 9 7 4 9 5  *  ( 1-(((( R o o m  T e m p er at ur e +

− 3. 9 8 3 0 3 5)^ 2) * ( R o o m T e m p er at ur e + 3 0 1. 7 9 7)) /( 5 2 2 5 2 8. 9 * ( R o o m 

T e m p er at ur e + 6 9. 3 4 8 8 1))))) / 1 0 0 0. 

C al c ul at e p er c e nt mi n er al gr ai n s of dr y m at eri al 

P er c e nt mi n er al gr ai n s w a s c al c ul at e d b y s u btr a cti n g T O C % a n d Bi Si 

% fr o m a n a s s u m e d 1 0 0 % mi n er al gr ai n s of dr y m at eri al, w hi c h r e s ult e d 

i n a n a v er a g e v al u e of ~ 7 0 %. W e c o n si d er e d a d di n g c ar b o n at e s t o t h e 

c al c ul ati o n, b ut a c c o u nti n g f or c ar b o n at e s b e ar s littl e i m p a ct o n w at er 

c o nt e nt.  A ut hi g e ni c  c ar b o n at e s  h a v e  v ari a bl e  d e n siti e s  ( ~ 2. 6 – 2. 8  g / 

c m 3 ) all of w hi c h ar e n e ar t h at of mi n er al gr ai n s ( 2. 6 5 g / c m 3 ), s o a d di n g 

c ar b o n at e s h a s littl e i m p a ct o n w at er c o nt e nt r e s ult s. 

Mi n er al Gr ai n % = 1 0 0 - Bi Si % - T O C % 

C al c ul at e dr y d e n sit y 

Dr y d e n sit y w a s c al c ul at e d u si n g Bi Si %, T O C %, Mi n er al Gr ai n %, a n d 

e st a bli s h e d d e n siti e s f or t h e t hr e e c o m p o n e nt s ( J o h n s o n et al., 2 0 1 1 ). 

Dr y D e n sit y = ( Bi Si % * 2 g / c m 3 ) + ( T O C % * 1 g / c m 3 ) + ( Mi n e r al 

Gr ai n % * 2. 6 5 g / c m 3 ). 

C al c ul at e v ol u m etri c w at er p er c e nt 

Fi g. 3. A: P er c e nt T O C, w hi c h h a s a n i n v er s e r el ati o n s hi p wit h C a t hr o u g h o ut t h e r e c or d. B: A 3 0 p oi nt r u n ni n g a v er a g e of C a X R F, m e a s ur e d i n t h o u s a n d c o u nt s p er 

mi n ut e ( k c p m). T h e di vi di n g li n e b et w e e n l o w a n d hi g h C a ( 5 k c p m) i s a d ott e d t ur q u oi s li n e. C: T h e gr a vi m etri c w at er c o nt e nt of l o w C a s a m pl e s, t h e li n e of b e st fit 

( y =  − 0. 1 5 0 9 x + 2 0 9. 5 7), w hi c h r e pr e s e nt s t h e r at e of d e w at eri n g, i s s h o w n i n t ur q u oi s e. D: T h e gr a vi m etri c w at er c o nt e nt of hi g h C a s a m pl e s, t h e li n e of b e st flt ( y =

− 0. 1 3 1 2 x + 1 9 4. 7 5), w hi c h r e pr e s e nt s t h e r at e of d e w at eri n g, i s s h o w n i n t ur q u oi s e. T O C a n d C a ar e fr o m L y o n s et al. ( 2 0 1 5) . 

L. C. Str ei b et al.                                                                                                                                                                                                                                 



Q u at er n ar y S ci e n c e R e vi e ws 3 3 4 ( 2 0 2 4 ) 1 0 8 6 9 1

8

V ol u m etri c W at er % w a s c al c ul at e d u si n g a n e q u ati o n f or c al c ul ati n g 

p or o sit y fr o m G e al y, 1 9 7 1 ). B e c a u s e t h e s e di m e nt s ar e s u b m er g e d, all 

t h e p or e s p a c e s h o ul d b e fill e d a n d P or o sit y % s h o ul d e q u al t o v ol u m etri c 

w at er %. 

V ol u m etri c W at er % = (( s at ur at e d b ul k d e n sit y - dr y d e n sit y) /( d e n -

sit y of w at er - dr y d e n sit y)) * 1 0 0. 

C o n v ert t o gr a vi m etri c w at er p er c e nt 

W hil e  v ol u m etri c  w at er  c o nt e nt  i s  t y pi c all y  di s c u s s e d  i n  s e di m e n -

t ol o gi c al st u di e s, gr a vi m etri c w at er c o nt e nt i s s p e ci fl e d i n t h e d o s e r at e 

c orr e cti o n  c al c ul ati o n s  pr o p o s e d  b y Ait k e n  ( 1 9 8 5 ,  E q  4. 5– 4. 7)  a n d  i s 

u s e d i n m o st l u mi n e s c e n c e st u di e s. T h e c o n v er si o n w a s m a d e u si n g a n 

e q u ati o n fr o m L u k a s et al. ( 2 0 1 2) . 

Gr a vi m etri c w at er % = V ol u m etri c w at er % * ( dr y d e n sit y / d e n sit y of 

w at er). 

C al c ul at e d e w at eri n g r at e 

C al c ul ati n g  d e w at eri n g  w a s  t h e  m o st  i n v ol v e d  st e p  a n d  li k el y  t h e 

m o st n o v el. T h e lit er at ur e o n d e w at eri n g i s li mit e d wit h f e w p a p er s i n 

t hi s  d e pt h  r a n g e  p u bli s hi n g  b ot h  w at er  c o nt e nt  a n d  a  f ull  r a n g e  of 

s e di m e nt ar y c h ar a ct eri sti c s ( dr y d e n sit y, T O C, Bi Si, c ar b o n at e c o nt e nt, 

gr ai n si z e, et c.). T h e st u di e s t h at ar e a v ail a bl e r ar el y f o c u s o n o ur d e pt h s 

of i nt er e st ( 0 – 1 6 5 m blf). B e n n ett et al. ( 1 9 9 9) s h o w e d a s h ar p d e cli n e i n 

w at er c o nt e nt i n t h e fir st f e w c m aft er d e p o siti o n wit h a l e v eli n g off b y 5 

c m d e pt h. T hi s i niti al r a pi d d e cli n e will h a v e a n e gli gi bl e i m p a ct o n o ur 

s a m pl e s a s t hi s r e pr e s e nt s a s m all p orti o n of o ur b uri al hi st or y. Br a y a n d 

K ari g  ( 1 9 8 5) l o o k e d  at  gr e at er  d e pt h s  a n d  f o u n d  t h at  w at er  c o nt e nt 

r e d u c e s e x p o n e nti all y o v er s e v er al k m, wit h m o st d e w at eri n g o c c urri n g 

i n t h e u p p er 1. 5 k m. B ur st ( 1 9 7 6) ar g u e s t h at i n t h e fir st 9 0 0 m aft er 

b uri al d e w at eri n g i s dri v e n b y gr a vit ati o n al di s pl a c e m e nt. 

S e di m e nt c o m p o siti o n a n d gr ai n si z e al s o pl a y a n i m p ort a nt r ol e i n 

d e w at eri n g r at e s ( B e n n ett et al., 1 9 9 9 ; Bir d et al., 2 0 0 4 ). Gr ai n si z e t e n d s 

t o i m p a ct t h e c o m pr e s si bilit y of s e di m e nt s, wit h c o ar s er gr ai n e d s e di -

m e nt s h a vi n g l o w er w at er c o nt e nt s at t h e s e di m e nt w at er i nt erf a c e b ut 

d e w at eri n g m or e sl o wl y ( B e n n ett et al., 1 9 9 9 ; Bir d et al., 2 0 0 4 ). Fi n er 

gr ai n e d  s e di m e nt s  t e n d  t o  b e  b ot h  m or e  a b s or b e nt  a n d  m or e 

c o m pr e s si bl e,  wit h  hi g h er  w at er  c o nt e nt s  o b s er v e d  at  t h e  s e di m e nt 

w at er i nt erf a c e b ut d e w at eri n g m or e q ui c kl y ( B e n n ett et al., 1 9 9 9 ; Bir d 

et  al.,  2 0 0 4 ).  S e di m e nt s  wit h  hi g h  T O C  t e n d  t o  e x hi bit  hi g h er  d e w -

at eri n g  r at e s,  wit h  t h e  si z e  of  or g a ni c  fr a g m e nt s  al s o  pl a yi n g  a  r ol e 

(B e n n ett et al., 1 9 9 9 ; Bir d et al., 2 0 0 4 ). 

Gi v e n  t h e  r ol e  of  s e di m e nt  t y p e  o n  d e w at eri n g  r at e s,  a n  i niti al 

att e m pt w a s m a d e t o b a s e d e w at eri n g r at e s o n dr y d e n sit y, w h er ei n a 

dr y d e n sit y r a n g e w a s s et f or e a c h s a m pl e, a n d t h e n s e di m e nt s wit hi n 

t h at r a n g e w er e i d e nti fi e d m o vi n g d o w n c or e. T hi s m et h o d, h o w e v er, 

pr o d u c e d hi g hl y v ari a bl e d e w at eri n g r at e s, a n d r e q uir e d t h at t h er e b e 

s e di m e nt  wit h  lit h ol o g y  c o m p ar a bl e  t o  e a c h  l u mi n e s c e n c e  s a m pl e  at 

s e v er al  i nt er v al s  d o w n  c or e,  w hi c h  i s  n ot  t h e  c a s e  f or  e v er y  s a m pl e. 

I n st e a d, w e a s s u m e t h at d e w at eri n g r at e s ar e a p pr o xi m at el y li n e ar, a n d 

w e g e n er at e t w o e q u ati o n s f or d e w at eri n g f or t h e t w o d o mi n a nt lit h ol -

o g y t y p e s i n t h e c or e. W hil e d e w at eri n g m a y b e e x p o n e nti al at c m a n d 

k m s c al e s, a li n e ar c ur v e s e e m s t o b e t h e b e st flt o n t h e s c al e of t e n s of 

m et er s e x a mi n e d h er e ( Fi g. 3 ). 

T h e t w o d o mi n a nt s e di m e nt t y p e s ar e d e fi n e d b y X R F v al u e s f or C a, 

wit h hi g h C a > 5 0 0 0 c o u nt s p er s e c o n d a n d l o w C a < 5 0 0 0 c o u nt s p er 

s e c o n d. T h e C a r e c or d i s hi g hl y r e cti fl e d a n d i n di c at e s cl e ar a n d r a pi d 

tr a n siti o n s  i n  C a  t hr o u g h o ut  t h e  c or e  (L y o n s  et  al.,  2 0 1 5 )  (Fi g.  3 b). 

Tr a n siti o n s ar e c o m m o nl y o b s er v e d at t h e c m s c al e a n d t h er e ar e f e w 

i nt er m e di at e  lit h ol o gi e s.  5 0 0 0  c o u nt s  p er  s e c o n d  w a s  s el e ct e d  a s  t h e 

d e m ar c ati o n  b et w e e n  hi g h  a n d  l o w  C a,  b e c a u s e  it  f all s  b et w e e n  t h e 

b a s eli n e v al u e of ~ 2 0 0 0 c o u nt s p er s e c o n d a n d t h e mi ni m u m h ei g ht of 

C a  p e a k s,  ~ 8 0 0 0  c o u nt s  p er  s e c o n d.  Pr e vi o u s  w or k  o n  t hi s  c or e  i n -

t er pr et s C a a s a n i n di c at or of c ar b o n at e c o nt e nt a n d l o w er e d l a k e l e v el 

(S c h ol z et al., 2 0 0 7 ; L y o n s et al., 2 0 1 5 ). C a i s r el at e d t o w at er c o nt e nt i n 

p art b e c a u s e it i s i n v er s el y r el at e d t o T O C. W hil e d o w n- c or e T O C c a n 

al s o b e u s e d t o d e m ar c at e d e w at eri n g r at e s, it d o e s n ot d e m o n str at e s u c h 

s h ar p  tr a n siti o n s  a n d  t h er e  ar e  m or e  s e cti o n s  wit h  i nt er m e di at e  T O C 

v al u e s.  It  i s  p o s si bl e  t h at  b e c a u s e  C a  i s  i nt er pr et e d  t o  v ar y  wit h  l a k e 

l e v el, c h a n g e s i n C a ar e c o e v al wit h c h a n g e s i n gr ai n si z e. A s a c o ar s e 

a n d  i n c o m pr e s si bl e  fr a cti o n,  c ar b o n at e s  m a y  al s o  b e h a v e  li k e  sili ci -

cl a sti c s a n d gr ai n s i n a d e w at eri n g c o nt e xt. 

T o c al c ul at e d e w at eri n g r at e s f or t h e c or e, all t h e gr a vi m etri c w at er 

c o nt e nt d at a c al c ul at e d d uri n g st e p s 1 – 5 w er e c at e g ori z e d a s eit h er hi g h 

or l o w C a s e di m e nt. T h e t w o r e s ulti n g d at a s et s w er e t h e n pl ott e d v er s u s 

d e pt h a n d li n e ar li n e s of b e st fit w er e g e n er at e d. T h e r e s ulti n g li n e of 

b e st fit e q u ati o n s ar e: 

y =  − 0. 1 3 1 2 x + 1 9 4. 7 5 f or hi g h C a s a m pl e s 

y =  − 0. 1 5 0 9 x + 2 0 9. 5 7 f or l o w C a s a m pl e s. 

T h e  sl o p e  of  e a c h  li n e  i s  t a k e n  a s  t h e  p er c e nt  gr a vi m etri c  w at er 

c o nt e nt l o st p er m et er of o v erl yi n g s e di m e nt. T h e d e w at eri n g c orr e ct e d 

w at er c o nt e nt of e a c h s a m pl e w a s c al c ul at e d b y cr e ati n g a s eri e s of t e st 

a g e m o d el s t o e sti m at e w h at p er c e nt a g e of t h e t ot al b uri al p eri o d e a c h 

s a m pl e s p e nt at d e pt h s arr a y e d at 1 0 c m i nt er v al s m o vi n g u p- c or e. T h e 

d e w at eri n g  c orr e ct e d  w at er  c o nt e nt  w a s  t h e n  t a k e n  a s  t h e  t e m p or al 

m e a n  of  w at er  c o nt e nt  d uri n g  t h e  e ntir e  b uri al  p eri o d.  W hil e  n ot 

c o m p ut ati o n all y c o m pl e x, t h e s e e q u ati o n s eff e cti v el y r e pr o d u c e c al c u -

l at e d w at er c o nt e nt at gi v e n d e pt h s. T h e y al s o pr o d u c e w at er c o nt e nt s of 

s urf a c e  s e di m e nt s  wit h  n o  tr e n d  li n k e d  t o  b uri al  d e pt h.  T h e s e  d e w -

at eri n g e q u ati o n s ar e i nt er n all y c o n si st e nt f or t hi s l o c ati o n a n d m a y b e 

a p pli c a bl e t o ot h er s etti n g s wit h diff er e nt s e di m e nt t y p e s. 

4.  R e s ult s a n d di s c u s si o n 

4. 1.  Bli n d tri al 

I n  t h e  i niti al  p h a s e  of  t hi s  pr oj e ct,  w e  c o n d u ct e d  a  bli n d  tri al  t o 

e n s ur e t h at l u mi n e s c e n c e d ati n g w a s f e a si bl e f or t hi s r e c or d. F o ur of t h e 

s a m pl e s f all i n t h e p orti o n of t h e r e c or d w ell- d at e d b y 1 4 C, a n d t w o ar e 

fr o m d e e p er i n t h e c or e. T h e s e s a m pl e s ar e i d e nti fi e d a s M, A, L, S, E, a n d 

P. T h e y o u n g e st f o ur a g e s, all b a s e d u p o n q u art z, ar e c o n si st e nt wit h t h e 

pr e vi o u sl y p u bli s h e d 1 4 C d at e s a n d  t h e i d e nti fi c ati o n of t h e Y o u n g e st 

Fi g. 4. T h e y o u n g e st f o ur a g e s, all b a s e d o n q u art z, pl ott e d wit h t h e pr e vi o u sl y 

p u bli s h e d 1 4 C  a g e s  a n d  t h e  i d e nti fi c ati o n  of  t h e  y o u n g e st  T o b a  T uff  ( S c h ol z 

et al., 2 0 0 7 ; L a n e et al., 2 0 1 3 ; M ar k et al., 2 0 1 7 ). T h e 1 4 C a g e s w e r e c ali br at e d 

a n d  pl ott e d  u si n g  t h e  ‘ dr a w. d at e s ’ f u n cti o n  i n  t h e  R  p a c k a g e  I nt C al  (R ei m er 

et  al.,  2 0 2 0 ).  T h e  v ari a bl e  wi dt h  of  e a c h 1 4 C  m a r k e r  r e pr e s e nt s  r el ati v e  u n -

c ert ai nt y, wit h  wi d er  s e cti o n s  of  t h e m ar k er  i n di c ati n g m or e  li k el y  a g e s. U n -

c ert ai nti e s f or t h e y o u n g e st l u mi n e s c e n c e a g e a n d t h e Y o u n g e st T o b a T uff ar e 

o b s c ur e d b y t h e m ar k er. 
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Toba Tuff (Fig. 4). These four represent the only quartz ages used in this 
study, because quartz reaches saturation well before feldspar, limiting 
its use to young samples (Buylaert et al., 2012; Arnold et al., 2015). The 
two older blind trial samples fell within the poorly dated interval of 
interest. The older of the two, Sample P, had an equivalent dose of 500 
Gy and was later removed, as discussed in the following section. The 
younger sample, Sample E, has an age near that of the existing age 
models (E 279 25 ka, Lyons 244.5 ka). The results of the blind 
trial indicated that luminescence dating was reliable at this site and that 
a larger dating study was appropriate. 

4.2. Defining luminescence signal saturation 

Using pIRIR measurements, luminescence dating is routinely appli
cable to ~300 ka in some environments, with some studies demon
strating accurate results beyond this age (Arnold et al., 2015; Fu et al., 
2017). In common with all luminescence dating techniques, the upper 
age limit of the pIRIR method is dependent upon both the maximum 
equivalent dose which can be accurately measured and the environ
mental dose rate, since ages are calculated as age equivalent dos
e/environmental dose rate. The dose rate is an inherent property of any 
given sample, so the upper age limit of the technique is determined by 
the maximum absorbed natural radiation dose which can be accurately 
measured. In all SAR measurement procedures (Murray and Wintle, 
2000), natural or regenerated signals (denoted Ln and Lx respectively) 
are normalized by the response (Tn or Tx) to a fixed 
laboratory-administered ‘test dose , used to monitor and correct for 
changes in luminescence output per unit dose (sensitivity) which might 
occur during a measurement sequence. In this study, samples decreased 
in sensitivity by up to 30% during the course of a measurement 
sequence. Sensitivity-corrected luminescence intensities are therefore 
expressed as ratios i.e. Ln/Tn for the natural luminescence intensity and 
Lx/Tx for regenerated luminescence intensities. 

In a typical measurement sequence, the natural luminescence in
tensity (Ln/Tn) is first measured and then the aliquot is given a number 
of progressively larger laboratory radiation doses, allowing the lumi
nescence dose response curve (growth curve) to be defined by fitting the 
resulting range of Lx/Tx values. The equivalent dose for each aliquot is 
then calculated by interpolation using this curve fit. However, this 
approach only yields accurate results when the luminescence intensity 
for a laboratory administered dose (Lx/Tx) is indistinguishable from the 
luminescence intensity measured for the same dose absorbed during 
burial, i.e. the growth curve measured in the laboratory must accurately 
reflect signal growth during irradiation in nature. Chapot et al. (2012) 
tested this assumption by constructing a natural dose response curve 
(NDRC) from the Ln/Tn values obtained from a range of known-age loess 
samples and comparing it to a laboratory dose response curve (LDRC) 
constructed using laboratory irradiation. They demonstrated that at low 
doses the NDRC and LDRC were acceptably similar, but at higher doses 
Lx/Tx values were larger than Ln/Tn values for the same dose. In the 
absence of confounding factors, this discrepancy will lead to underes
timation of the equivalent dose and consequently an underestimation of 
the age. Therefore, the maximum accurate De that can be determined is 
defined by the dose at which the NDRC and LDRC diverge to an unac
ceptable degree, however that is defined. Following the approach of 
Chapot et al. (2012) an NDRC and LDRC were constructed for Lake 
Malawi. The LDRC was constructed by fitting a general order kinetic 
model (GOK) (Guralnik et al., 2015) to all regenerated polymineral 
luminescence intensities produced in this study (n 944), excluding 
repeat points for any given aliquot. All data were normalized to test dose 
size (i.e. (Lx/Tx)*Td where Td is the test dose in Gy) to account for 
variation in test dose size between samples, test doses ranged from 41.6 
Gy to 49.9 Gy (Roberts and Duller, 2004). Construction of an NDRC 
requires that a number of known age samples are available, covering the 
dose range being studied. The burial dose (Gy) acquired in nature by 
each sample is then calculated as the age of the sample (ka) multiplied 

by its environmental dose rate (Gy/ka) (Chapot et al., 2012). Fitting a 
plot of test dose normalized natural luminescence intensity ((Ln/Tn)*Td) 
against calculated natural dose yields the form of the NDRC. 

Chapot et al. (2012) were able to sample known age horizons from a 
loess-palaeosol sequence to generate their NDRC, while Roberts et al. 
(2021) used depth in the Chew Bahir drill cores as a proxy for age, 
allowing them to define the maximum natural dose which could be 
accurately measured. In the present study, there is some agreement 
between the luminescence ages and the tuned TEX86 

18O age model 
(Johnson et al., 2016). Consequently, we use this age model to provide 
known ages for our samples, excluding those showing evidence of 
incomplete signal resetting upon deposition, discussed in the next sec
tion. This approach may appear circular, but it should be noted that it is 
only being used to define the maximum equivalent dose which can 
accurately be measured. Consequently, while our approach does use the 
tuned TEX86 

18O age model for the construction of the NDRC by 
providing the expected age for the depth of each luminescence sample, 
the approach did not alter the age of any samples or exclude samples 
because they were inconsistent with the tuned TEX86 

18O age model. 
Both the LDRC and NDRC were fitted using the plot_GrowthCurve() 
function provided in the R package Luminescence (Kreutzer et al., 
2012). When making equivalent dose determinations, we used a satu
rating exponential plus linear fit in Analyst (Duller, 2015), though this 
means our calculations were made using two different curves, there is no 
material difference between equivalent dose determinations made using 
each curve. The ratio of equivalent doses calculated using the GOK and 
saturating exponential plus linear fit for our samples is 0.996 0.001, 
meaning that the GOK value is on average 0.4 0.1% lower than the 
saturating exponential plus linear fit value. The two different methods 
were used, because we could not produce the LDRC and NDRC in 
Analyst. 

Having constructed the NDRC and LDRC (Fig. 5a), the discrepancy 
between the true burial dose in nature and the laboratory equivalent 
dose calculated using the LDRC was assessed. For doses in the range 
20 680 Gy, the LDRC luminescence intensity and dose needed to pro
duce an identical luminescence intensity on the NDRC were calculated. 
The LDRC:NDRC ratio is the proportional error of an equivalent dose 
calculated by interpolating an Ln/Tn value drawn from the NDRC onto 
the LDRC. The slight equivalent dose overestimates (~5%) at doses 
below ~200 Gy, where the LDRC would be expected to closely resemble 
the NDRC, implies that the latter is a close but imperfect approximation 
of the true natural dose response curve. This could be because the data 
defining the NDRC is more scattered than that defining the LDRC, 
implying that at all doses Ln/Tn are not solely determined by modelled 
absorbed dose (i.e. known age * dose rate). Consequently, small varia
tions between the NDRC and LDRC are to be expected. 

It is noteworthy that the pronounced dose underestimates noted at 
higher doses ( ~500 Gy) in this polymineral fine grain dataset is 
consistent with the pattern observed by Chapot et al. (2012) for quartz. 
This analysis demonstrate that high calculated equivalent doses are 
likely to substantially underestimate the true burial dose in nature, 
yielding age underestimates. For the purposes of this study, we regard an 
equivalent dose underestimate that is sufficient to yield an age under
estimate greater than the typical 2 uncertainty on our ages, as being 
unacceptable. The mean 2 uncertainty on our ages is ~15% and a 
~15% equivalent dose underestimate occurs at 510 520 Gy (Fig. 5b). 
Consequently, samples yielding equivalent doses 500 Gy, are included 
in the age model presented below as minimum age estimations. These 
samples are indicated in Table 3 and include, Mal18 115.2 mblf, Mal31 
123.5 mblf, Mal20 138.7 mblf, Mal10 142.7 mblf, Mal11 154.8 mblf, 
Mal34 157.9 mblf, Mal22 162.5 mblf, and Mal12 164.9 mblf. Sample P 
(110.7 mblf), had an equivalent dose 500 Gy and was excluded from 
the age model as it likely represents reworked material, as explained in 
the next section. 
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4. 3.  A g e o v er esti m ati o n d u e t o s u b a q u e o us r e w or ki n g of s e di m e nts 

O n e n e c e s s ar y c o n diti o n f or t h e pr o d u cti o n of a c c ur at e l u mi n e s c e n c e 

a g e s i s t h at a n y pr e vi o u s l u mi n e s c e n c e si g n al i s r e m o v e d pri or t o t h e 

d e p o siti o n e v e nt t h at will s u b s e q u e ntl y b e d at e d. W hil e t h e pI RI R si g n al 

dr o p s r a pi dl y i n t h e fir st f e w h o ur s of s u nli g ht e x p o s ur e, it m a y r e q uir e 

s e v er al d a y s of e x p o s ur e f or c o m pl et e r e m o v al of t h e si g n al ( C ol ar o s si 

et al., 2 0 1 5 ; S m e dl e y a n d S kirr o w, 2 0 2 0 ). If t h er e i s i n s uf fl ci e nt s u nli g ht 

e x p o s ur e pri or t o b uri al, t h e s a m pl e will r et ai n si g n al r el ati n g t o pr e -

vi o u s r a di ati o n e x p o s ur e a n d t h er ef or e t h e e q ui v al e nt d o s e will b e l ar g er 

t h a n t h e d o s e a b s or b e d d uri n g t h e m o st r e c e nt b uri al p eri o d. T h e sit u -

ati o n i s oft e n r ef err e d t o a s i n c o m pl et e or p arti al- bl e a c hi n g a n d r e s ult s 

i n a g e o v er e sti m ati o n. F o ur s a m pl e s yi el d a g e s w hi c h ar e b et w e e n 4 6 

a n d 1 7 5 k a ol d er t h a n t h eir n e ar e st n ei g h b or s ( M al 2 4, M al 3, M al 1 5, a n d 

P) ( Fi g. 6 ). T h e s e s a m pl e s w er e pr e p ar e d i n diff er e nt b at c h e s a n d w er e 

m e a s ur e d i n s e p ar at e m e a s ur e m e nt s e q u e n c e s, i m pl yi n g t h at c o nt a mi -

n ati o n, i n str u m e nt al err or, a n d u s er err or ar e u nli k el y t o a c c o u nt f or t h e 

a g e di s cr e p a n c y. T h e f o ur s a m pl e s ar e all fr o m l a mi n at e d s e cti o n s of t h e 

c or e  pr e cl u di n g  t h e  p o s si bilit y  of  l ar g e- s c al e  sl u m pi n g  or  t ur bi dit e s 

(Fi g. 6 ). F urt h er, s ei s mi c i m a g er y fr o m t h e c or e sit e s h o w s n o e vi d e n c e 

of  l ar g e- s c al e  di s pl a c e m e nt  or  o v ert ur ni n g  of  s e di m e nt s  ( Fi g ur e  B 1 ) 

(L y o n s et al., 2 0 1 1 ). 

S a m pl e s M al 2 4, M al 3, a n d M al 1 5 o c c ur i n s u c c e s si o n ( 5 2 – 6 0 m blf) 

a n d  w er e  d e p o sit e d  d uri n g  a n  i nt er v al  i nt er pr et e d  a s  e xtr e m el y  ari d, 

w h er e t h e l a k e ’s w at er v ol u m e r e d u c e d b y at l e a st 9 5 % ( C o h e n et al., 

2 0 0 7 ; S c h ol z et al., 2 0 0 7 ; L y o n s et al., 2 0 1 5 ). D uri n g l o w st a n d s, l a k e 

s e di m e nt  w hi c h  h a d  pr e vi o u sl y  b e e n  d e e pl y  s u b m er g e d  m a y  b e c o m e 

pr o n e t o r e w or ki n g b y n e ar s urf a c e s u b a q u e o u s pr o c e s s e s s u c h a s w a v e 

a cti o n ( V er s c h ur e n, 1 9 9 9 ; Fili p pi a n d T al b ot, 2 0 0 5 ). Si n c e w at er r a pi dl y 

att e n u at e s s u nli g ht, t hi s r e w or ki n g c o ul d r e s ult i n t h e i ntr o d u cti o n of 

r e s u s p e n d e d fi n e- gr ai n e d s e di m e nt t o t h e w at er c ol u m n, wit h o ut t h at 

m at eri al h a vi n g b e e n e x p o s e d t o s uf fi ci e nt s u nli g ht t o r e d u c e t h e l u mi -

n e s c e n c e  si g n al.  C o n s e q u e ntl y,  s e di m e nt ati o n  at  t h e  c or e  sit e  w o ul d 

c o n si st of a mi xt ur e of a c o nt e m p or a n e o u s c o m p o n e nt ( z er o l u mi n e s -

c e n c e a g e u p o n d e p o siti o n) a n d a c o m p o n e nt r et ai ni n g a l u mi n e s c e n c e 

si g n al a c c u m ul at e d d uri n g t h e pr e vi o u s p eri o d of b uri al. T h e 4 – 1 1 μ m 

si z e fr a cti o n, st u di e d h er e, m a y b e e s p e ci all y pr o n e t o t hi s, a s t h e fi n e 

p arti cl e s  c a n  b e  tr a n s p ort e d  l o n g- di st a n c e s  t o  t h e  c or e  sit e  w hil e  still 

pr o d u ci n g  a  l a mi n at e d  s e di m e nt.  T hi s  pr o c e s s  m a y  a c c o u nt  f or  t h e 

str ati gr a p hi c r e v er s al s e e n i n t h e a g e s f or M al 2 4, M al 3, a n d M al 1 5. T h e 

d e gr e e  t o  w hi c h  t h e  l u mi n e s c e n c e  a g e s  o v er e sti m at e  t h e  ti mi n g  of 

s e di m e nt ati o n  will  d e p e n d  u p o n  b ot h  t h e  pr o p orti o n  of  t h e  s e di m e nt 

d eri v e d fr o m r e w or ki n g a n d t h e e q ui v al e nt d o s e of t h e m at eri al b ei n g 

r e w or k e d. 

W hil e s a m pl e P i s n ot i nt er pr et e d t o h a v e b e e n d e p o sit e d d uri n g a 

l o w st a n d, t h er e i s e vi d e n c e fr o m di at o m s a m pl e s t h at it al s o c o nt ai n s 

r e w or k e d m at eri al. T h e di at o m a s s e m bl a g e n e ar e st t o s a m pl e P ( 5 c m 

b el o w), i s m a d e u p of 4 6 % b e nt hi c t a x a i n cl u di n g 2 7 % E pit h e mi a s p. T hi s 

a s s e m bl a g e  i s  u nli k e  t h at  of  t h e  n ei g h b ori n g  s a m pl e s,  1 0  c m  u p  a n d 

d o w n c or e, w hi c h c o nt ai n f e w E pit h e mi a a n d 2 8 % a n d 5 % b e nt hi c t a x a 

r e s p e cti v el y. Gi v e n t h e w at er d e pt h, it i s u nli k el y t h at b e nt hi c t a x a li v e d 

at t h e c or e sit e, a n d r at h er t h e y w er e li k el y c arri e d i n ( H a b er y a n a n d 

M h o n e, 1 9 9 1 ). T h e d o mi n a nt E pit h e mi a i n t h e s a m pl e n e ar e st P i s l ar g e, 

~ 3 0 μ m l o n g, a n d h e a vil y sili ci fl e d, s u g g e sti n g it w o ul d r e q uir e gr e at er 

w a v e e n er g y f or tr a n s p ort t h a n t h e m or e c o m m o n s m all Fr a gil ari a f o u n d 

at t hi s sit e ( St o n e et al., 2 0 1 1 ). L o n g di st a n c e tr a n s p ort of b e nt hi c t a x a i s 

a r e g ul ar pr o c e s s i n L a k e M al a wi ( G a s s e et al., 2 0 0 2 ; St o n e et al., 2 0 1 1 ), 

b ut t h e s u d d e n i n cr e a s e a n d l ar g e si z e of t h e s p e ci e s m a k e s m all- s c al e 

sl u m pi n g or s h or eli n e er o si o n r e a s o n a bl e a s s u m pti o n s ( H a b er y a n a n d 

M h o n e, 1 9 9 1 ). 

T o t e st f or t h e pr e s e n c e of p arti all y- bl e a c h e d s a m pl e s i n o ur d at a s et, 

w e pl ott e d I R 6 0 e q ui v al e nt d o s e s a g ai n st t h e pI RI R 2 2 5 d o s e s f o r all t h e 

L a k e  M al a wi  s a m pl e s  ( Fi g.  7 )  (B u yl a ert  et  al.,  2 0 1 3 ; R o b ert s  et  al., 

2 0 1 8 ). I R 6 0 e q ui v al e nt d o s e s w er e c al c ul at e d u si n g d at a c oll e ct e d d uri n g 

t h e pI RI R2 2 5 m e a s u r e m e nt s e q u e n c e ( T a bl e 1 b). I niti all y, all d at a w er e 

fitt e d  wit h  a  g e n er al  or d er  ki n eti c  m o d el  ( G ur al ni k  et  al.,  2 0 1 5 ) 

Fi g. 5. A: T h e n at ur al d o s e r e s p o n s e c ur v e ( N D R C) b a s e d o n t h e J o h n s o n et al. 

( 2 0 1 6) a g e m o d el (li g ht bl u e p oi nt s a n d li n e) c o m p ar e d t o t h e l a b or at or y d o s e 

r e s p o n s e  c ur v e ( L D R C) (r e d p oi nt s  a n d li n e). T h e s at ur ati o n  li mit at 5 0 0 G y, 

w hi c h m ar k s t h e p oi nt w h er e t h e t w o c ur v e s di v er g e t o a n u n a c c e pt a bl e d e gr e e 

a n d  aft er  w hi c h  all  a g e s  ar e  tr e at e d  a s  mi ni m u m s,  i s  i n di c at e d  wit h  a  gr a y 

d a s h e d  li n e.  B: T h e r ati o  of  L D R C t o N D R C,  i n di c at e d wit h  d ar k bl u e p oi nt s. 

O nl y t h e p ol y mi n er al s a m pl e s w er e i n cl u d e d i n t h e c o n str u cti o n of t h e L D R C. 

Fi g. 6. C or e i m a g e s f or p arti all y bl e a c h e d s a m pl e s. S a m pl e d s e cti o n hi g hli g ht e d i n r e d. A: M al 2 4 B: M al 3 C: M al 1 5 D: P.  
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r e pr e s e nt e d b y a s oli d r e d li n e i n Fi g. 7 . S a m pl e s l yi n g b el o w (t o t h e ri g ht 

of)  t hi s  li n e  m a y  b e  p arti all y  bl e a c h e d,  si n c e  t h e  pI RI R 2 2 5 si g n al  i s 

r e d u c e d b y s u nli g ht e x p o s ur e m or e sl o wl y t h a n t h e I R 6 0 si g n al. B u yl a ert 

et al. ( 2 0 1 3) r ej e ct e d all d at a t h at l a y m or e t h a n o n e st a n d ar d d e vi ati o n 

b el o w  a  li n e t h at w a s  1 0 % b el o w  a  s m o ot h fit t o  t h eir s el e ct e d d at a. 

Alt h o u g h ar bitr ar y, t h eir a p pr o a c h pr o vi d e s a m e c h a ni sti c t e st b y w hi c h 

t o e x cl u d e s a m pl e s w hi c h m a y b e p arti all y bl e a c h e d. N o n e of t h e L a k e 

M al a wi  s a m pl e s  f ail  t hi s  t e st,  i m pl yi n g  t h at  n o  or  at  l e a st  n e gli gi bl e 

p arti al bl e a c hi n g i s a p p ar e nt i n t hi s d at a s et. T h o u g h M A L 2 1 i s b el o w t h e 

1 0 %  li n e,  it  i s  n ot  m or e  t h a n  o n e  st a n d ar d  d e vi ati o n  b el o w  t h e  li n e 

( d a s h e d r e d li n e). 

It i s n ot a bl e, h o w e v er, t h at w hil e n o s a m pl e s f ail t hi s t e st a s o utli n e d, 

t h er e i s s o m e s pr e a d t o t h e d at a. Vi s u al i n s p e cti o n s u g g e st s t h at m o st of 

t h e s a m pl e s li e o n a si n gl e c ur v e, wit h 9 s a m pl e s ( w hit e s y m b ol s) b el o w 

it. W h e n a c ur v e i s flt t o all b ut t h e s e 9 s a m pl e s ( bl u e li n e), M A L 2 1 li e s 

m or e t h a n o n e st a n d ar d d e vi ati o n b el o w a li n e 1 0 % b el o w t hi s c ur v e a n d 

M A L 2 2 i s b el o w t h e 1 0 % li n e b ut wit hi n o n e st a n d ar d d e vi ati o n of it. All 

ot h er s a m pl e s li e wit hi n 1 0 % of t h e fit t o t h e s el e ct e d d at a. T hi s a n al y si s 

i m pli e s  t h at  p arti al- bl e a c hi n g  i s  l ar g el y  a b s e nt  fr o m t h e  L a k e  M al a wi 

d at a s et,  wit h  o nl y  M A L 2 1 f aili n g t h e  t e st  pr o p o s e d  b y B u yl a ert  et  al. 

( 2 0 1 3), a n d t h e n o nl y w h e n a n ar bitr ar y s el e cti o n of t h e d at a i s m a d e. 

C o n s e q u e ntl y,  n o  s a m pl e s  w er e  e x cl u d e d  fr o m  t h e  a g e  m o d el  d u e  t o 

p arti al- bl e a c hi n g.  T h e  s a m pl e s  i d e nti fi e d  a s  p ot e nti all y  yi el di n g  a g e 

o v er e sti m at e s  ( bri g ht  bl u e  s y m b ol s)  h a v e  I R 6 0 /I R 2 2 5 r ati o s  c o n si st e nt 

wit h  t h e  r e st  of  t h e  d at a s et.  W e  c o n cl u d e  t h at  t h e s e  s a m pl e s  c o nt ai n 

gr ai n s  t h at  w er e  f ull y  bl e a c h e d  w h e n  d e p o sit e d,  m e a ni n g  t h at 

p arti al- bl e a c hi n g  d o e s  n ot  e x pl ai n  t h eir  a p p ar e ntl y  a n o m al o u s  a g e s. 

I n st e a d, w e pr o p o s e t h at all t h e c o n stit u e nt gr ai n s wit hi n t h e s e s a m pl e s 

w er e f ull y bl e a c h e d pri or t o i niti al d e p o siti o n, b ut s o m e pr o p orti o n of 

t h e m  w er e  s u b a q u e o u sl y  r e w or k e d,  wit h o ut  s u nli g ht  e x p o s ur e,  a n d 

h e n c e w er e d e p o sit e d at t h e c or e sit e wit h a s u b st a nti al l u mi n e s c e n c e 

si g n al r el ati n g t o pri or b uri al. 

T o t e st t h e i n fi u e n c e t h at t h e p ot e nti all y r e w or k e d s a m pl e s ( M al 2 4, 

M al 3, M al 1 5, a n d P) w o ul d h a v e o n t h e a g e m o d el, w e r a n t w o v er si o n s, 

o n e t h at i n cl u d e s t h e s e s a m pl e s a n d o n e t h at e x cl u d e s t h e m. B a y e si a n 

m o d el s will oft e n e x cl u d e o utli er s o n t h eir o w n, eli mi n ati n g t h e n e e d t o 

r e m o v e d u bi o u s a g e s. T hi s i s m o st li k el y t o o c c ur w h e n t h er e ar e f e w 

o utli er s, n ot li k e t h e t hr e e i n a r o w t h at w e s e e. I n cl u di n g t h e p ot e nti all y 

r e w or k e d a g e s i n t h e m o d el h a d a m o d e st i m p a ct, wit h t h e a g e m o d el 

l ar g el y ali g ni n g wit h t h e y o u n g er a g e s t h at s h o w n o si g n s of r e w or ki n g. 

I n t h e s e cti o n of t h e c or e s urr o u n di n g M al 2 4, M al 3, a n d M al 1 5 a n d t h e 

s e cti o n s urr o u n di n g s a m pl e P, t h e a g e m o d el t h at i n cl u d e d t h e p ot e n -

ti all y r e w or k e d s a m pl e s w a s o n a v er a g e ~ 1 5 k a a n d ~ 5 k a, r e s p e cti v el y, 

ol d er t h a n t h e a g e m o d el t h at di d n ot i n cl u d e t h e p ot e nti all y r e w or k e d 

s a m pl e s. I n t h e a g e m o d el t h at i n cl u d e d t h e p ot e nti all y r e w or k e d s a m -

pl e s, all f o ur h a d t h eir f ull 2 σ u n c ert ai nt y f ail t o o v erl a p wit h t h e 9 5 % 

c o n fl d e n c e  i nt er v al  of  t h e  m o d el.  T h e  m e a n  diff er e n c e  b et w e e n  t h e 

m a xi m u m  a g e  of  t h e  9 5 %  c o n fi d e n c e  i nt er v al  at  t h e  d e pt h  of  e a c h 

s a m pl e a n d t h e mi ni m u m 2 σ u n c ert ai nt y of e a c h w a s ~ 4 0 k a. Gi v e n t h at 

M al 2 4, M al 3, M al 1 5, a n d P li e i n s e cti o n s of t h e c or e w h er e w e w o ul d 

e x p e ct t o fl n d r e w or k e d s e di m e nt s a n d b e c a u s e t h e B a y e si a n m o d el s e e s 

t h e  a g e s  a s  i m pr o b a bl e,  w e  d et er mi n e d  t h at  t h e  m o st  c o n s er v ati v e 

a p pr o a c h w a s t o e x cl u d e t h e s e s a m pl e s fr o m t h e fi n al a g e m o d el. 

4. 4.  A g e m o d el 

T h e  a g e  m o d el  w a s  g e n er at e d  u si n g  t h e  B a y e si a n- b a s e d  pr o gr a m 

B a c o n ( Fi g. 8 , Fi g ur e B 2 ) (Bl a a u w a n d C hri st e n, 2 0 1 1 ). W hil e B a c o n i s 

t y pi c all y  u s e d  o n  s h ort er 1 4 C- d o mi n at e d  r e c or d s,  t h e  f u n d a m e nt al 

w or ki n g s d o n ot pr e cl u d e u si n g ot h er ki n d s of d at e s or l o n g er r e c or d s. It 

h a s al s o b e e n eff e cti v el y a p pli e d t o s e di m e nt c or e s wit hi n t h e a g e r a n g e 

of t hi s r e c or d ( O w e n et al., 2 0 1 8 ; C h e n et al., 2 0 2 0 ). T h e n e w a g e m o d el 

i n cl u d e s t h e a c c e pt e d l u mi n e s c e n c e d at e s, t h e pr e vi o u sl y p u bli s h e d 1 4 C 

a g e s, t h e Y o u n g e st T o b a T uff, Ar – Ar, a n d p al e o m a g n eti c r e v er s al a g e s 

(T a bl e B 1 ) (S c h ol z et al., 2 0 0 7 ; L a n e et al., 2 0 1 3 ; L y o n s et al., 2 0 1 5 ; 

M ar k et al., 2 0 1 7 ; C h a n n ell et al., 2 0 2 0 ). T h o u g h t h er e i s s o m e s c att er i n 

t h e l u mi n e s c e n c e d at e s, t h e n e w d at e s eff e cti v el y fill t h e g a p b et w e e n 

t h e y o u n g e st Ar– Ar d at e a n d t h e Y o u n g e st T o b a T uff. 

Wit hi n  t h e  i nt er v al  of  i nt er e st,  s p a n ni n g  fr o m  t h e  y o u n g e st  Ar – Ar 

d at e at ~ 1 6 5 m blf a n d t h e Y o u n g e st T o b a T uff at ~ 3 0 m blf, t h e m o d el 

g e n er at e d i n  t hi s p a p er  f all s b et w e e n  t h e t hr e e  p u bli s h e d a g e  m o d el s 

(L y o n s et al., 2 0 1 5 ; I v or y et al., 2 0 1 6; J o h n s o n et al., 2 0 1 6 ) a n d t e n d s t o 

s k e w t o t h e ol d er e n d. T hi s pl a c e s it n e ar e st t o t h e T E X 8 6 δ 1 8 O t u n e d 

J o h n s o n et al. ( 2 0 1 6) m o d el, w hi c h it s elf f all s b et w e e n t h e oft e n ol d er, 

li n e arl y i nt er p ol at e d L y o n s et al. ( 2 0 1 5) m o d el a n d t h e oft e n y o u n g er, 

Fi g.  7. I R6 0 e q ui v al e nt  d o s e s  pl ott e d  a g ai n st  pI RI R 2 2 5 d o s e s.  All  e q ui v al e nt 

d o s e s w er e c al c ul at e d u si n g t h e C e ntr al A g e M o d el. I n di vi d u al d at a p oi nt s ar e 

s h o w n wit h 1 st a n d ar d err or u n c ert ai nti e s. Bl u e s oli d li n e: G e n er al or d er ki n eti c 

fit t hr o u g h s el e ct e d ( p al e bl u e) d at a p oi nt s. R e d s oli d li n e: G e n er al or d er ki n eti c 

(G ur al ni k et al., 2 0 1 5 ) fit t hr o u g h all d at a p oi nt s. R e d d a s h e d li n e: 1 0 % b el o w 

t h e fit t hr o u g h all d at a p oi nt s. Li g ht bl u e s y m b ol s r e pr e s e nt d at a i n cl u d e d i n 

b ot h  fit s;  w hit e  s y m b ol s  w er e  e x cl u d e d  fr o m  t h e  fit  t hr o u g h  s el e ct e d  p oi nt s. 

Bri g ht bl u e s y m b ol s r e pr e s e nt s a m pl e s e x cl u d e d fr o m t h e a g e m o d el d u e t h eir 

a p p ar e nt  o v er e sti m ati o n  of  t h e  a g e  of  d e p o siti o n.  Of  t h e s e  p oi nt s,  t h e  t hr e e 

cl u st er e d ar o u n d a pI RI R 2 2 5 D e of ~ 4 0 0 G y ( M A L 3, 1 5 a n d 2 4) w er e i n cl u d e d i n 

b ot h  fit s,  t h e  s a m pl e  ~ 5 3 5  G y  ( P)  w a s  e x cl u d e d  fr o m  t h e  fit  t hr o u g h 

s el e ct e d p oi nt s. 

Fi g. 8. T h e a g e m o d el pr o d u c e d u si n g t h e R- b a s e d B a y e si a n m o d eli n g pr o gr a m 

B a c o n. I n a d diti o n t o o ur n e w l u mi n e s c e n c e d at e s, t h e m o d el i n cl u d e s 1 2 A M S 

r a di o c ar b o n d at e s ( < 5 0 k a), i d e nti fi c ati o n of a t e p hr a fr o m t h e Y o u n g e st T o b a 

T uff ( 7 3. 7 k a), 2 Ar – Ar d at e s o n t e p hr a s ( 5 9 0 a n d 9 1 5 k a), a n d 5 P al e o m a g n eti c 

r e v er s al s  ( 7 9 0 – 1 2 2 0  k a)  ( S c h ol z  et  al.,  2 0 0 7 ; L a n e  et  al.,  2 0 1 3 ; L y o n s  et  al., 

2 0 1 5 ; M ar k et al., 2 0 1 7 ; C h a n n ell et al., 2 0 2 0 ). T h e 9 5 % c o n fi d e n c e i nt er v al f or 

t h e m o d el i s r e pr e s e nt e d b y t h e gr a y h al o. T h e pr e vi o u sl y p u bli s h e d a g e m o d el s 

a n d r e m o v e d l u mi n e s c e n c e a g e s ar e di s pl a y e d f or r ef er e n c e. 
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paleomagnetic Ivory et al. (2016) model. While the Johnson et al. 
(2016) model is younger than the Lyons et al. (2015) model through 
most of the interval, the models overlap at the start and end of the in
terval from ~165 to ~150 mblf and from ~45 to ~30 mblf. The model 
generated in this paper generally yields younger ages than the Lyons 
et al. (2015) model, and is only older than the Lyons et al. (2015) age 
model in the youngest part of the interval of interest, from ~50 to ~30 
mblf. The difference between these two models is modest at the start and 
end of the interval of interest, placing the Lyons et al. (2015) age model 
within the 95% confidence interval of the model presented in this paper 
from ~165 to ~155 mblf and from ~60 to ~30 mblf. In the middle of 
the interval of interest the difference between the two models expands to 
~80 ka, placing the Lyons et al. (2015) age model well outside the 95% 
confidence interval of the model presented in this paper. From ~165 to 
~95 mblf the Johnson et al. (2016) model tends to be older than the 
model presented in this paper, at times by as much as 50 ka. At shallower 
depths the relationship reverses and from ~95 to ~30 mblf the age 
model presented in this paper is slightly older by 10 20 ka. Throughout 
most of the interval of interest, the Johnson et al. (2016) age model is 
within the 95% confidence interval of the age model presented in this 
paper. Though, as paleoenvironmental data, rightly or wrongly, is often 
presented only using the median age model there would still be signif
icant differences between data visualized using the two age models. The 
Ivory et al. (2016) model is characterized by dramatic changes in sedi
mentation rates, with an interval of exceptionally low sedimentation 
rates from ~155 to ~140 mblf and an interval of exceptionally high 
sedimentation rates from ~140 to ~30 mblf. This trend makes the Ivory 
et al. (2016) model much younger than and well outside the 95% con
fidence interval of the age model generated for this paper for most of the 
interval, the maximum difference between the two models is ~140 ka. 
From ~165 to ~155 mblf, however, the two age models are in near 
agreement and the Ivory et al. (2016) age model is well within the 95% 
confidence interval of the model presented in this paper. 

Despite similarities with existing models, the model generated in this 
paper has great advantage in reducing uncertainty, removing circular 
reasoning, and recognizing potentially problematic sections of the re
cord. Though none of the published models use techniques that produce 
a quantitative uncertainty, sparsely dated models like Lyons et al. 
(2015) require excessive interpolation and tend to have ballooning un
certainty between tie points (Zimmerman and Wahl, 2020). Although 
this is chronologically justifiable, since age uncertainty does increase 
with increasing durations of interpolation, this feature hinders com
parison with other records. With 35 total luminescence dates, our model 
largely avoids this issue in our interval of interest. Our model also 
produces a quantitative uncertainty, which is useful for comparing 
paleoenvironmental records from different sources. Though the Johnson 
et al. (2016) model has several tie points in the interval of interest, these 
are based on tuning. Tuning environmental proxies to produce an age 
model requires making assumptions about what controls a system. When 
these environmental proxies and the resulting age model are then used 
to make interpretations about controls on that same system, a circular 
argument is produced. In these cases, the age model and resulting in
terpretations cannot be independently validated, making it difficult to 
have full confidence in either. The published models are also less likely 
to perceive disturbed sedimentation and hiatuses. For instance, none of 
the published age models recognise the reworking of sediment which we 
hypothesise resulted in age overestimates for samples MAL 24, 3, 15 and 
P. Missing this disturbance may have led to misidentified paleomagnetic 
excursions in the Ivory et al. (2016) model. The new luminescence dated 
model identifies reworking of sediments not visible in the published 
models, reduces the uncertainties inherent to sparsely dated models, and 
allows for fully independent assessment of climatic drivers. 

5. Conclusion 

As the longest most continuous record from the continental tropics, 

this drill core from Lake Malawi holds tremendous potential to deter
mine climatic drivers in the region. While much work has been 
attempted in the nearly two decades since the core was collected, use of 
the record has been limited by a gap in directly dated sediments, be
tween ~74 ka and ~590 ka (28 167 mblf). Previously published age 
models attempted linear interpolation between the tie points, identifi
cation of paleomagnetic excursions, and tuning to the global 18O stack. 
These methods produced contrasting models that cannot be reconciled. 
Here we use luminescence dating to resolve this long-running issue. Our 
new model uses direct numerical dating to effectively fill the gap in 
previously published chronologies for this record, allowing for a reas
sessment of the regional implications of existing proxy records and for 
new higher resolution work to be conducted. It may also be feasible to 
use the new luminescence dates as tie points for other forms of dating. 
This study adds to the growing body of data that demonstrates that 
luminescence dating is now well suited for dating lacustrine records in 
this age range. It also adds to work showing that water content history, 
necessary for luminescence dating, can be effectively calculated for 
sediment cores that have been split and stored for many years, using 
data that is routinely collected during initial core characterization. With 
proven success, luminescence dating can and should be used to revisit 
the age models of archived core material and, where needed, to resolve 
chronologic disputes. 
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