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aBsTracT
The “Green Sahara” pluvial phases that alternated with North African hyper-aridity 
during the Pleistocene are well recognized in tropical and Mediterranean marine records. 
However, comparatively few studies have investigated the terrestrial expression of 
these pluvials, in part because of the paucity of paleohydrologic archives in the desert. 
In this study, we show that the travertine record of Egypt’s Western Desert constitutes 
a promising terrestrial proxy for North African paleohydrology. Integrating our 
reconnaissance sampling of travertine and modern groundwaters from five important 
oasis areas with data from previously published studies, we combine high-precision U/
Th dating, geologic characterization, and stable isotope and 87Sr/86Sr geochemistry to 
contribute to a record of Egyptian pluvial periods for the last ~650 ka. We show that 
changing hydrologic head controlled voluminous travertine deposition and dictated its 
landscape position, and that major depositional episodes were largely synchronous across 
the Western Desert, suggesting a regional signal. We confirm previous findings that 
large volume deposition occurred across oasis areas at ~125 ka, as well as constraining 
major deposition from ~450-600 ka. We also show that at least some lacustrine deposits 
at Dahkla Oasis associated with paleolithic artifacts are 300-350 ka rather than ~130 ka. 
A comparison of travertine geochemistry with modern groundwater chemistry suggests 
that a consistent Nubian groundwater source has fed travertine deposition over the last 
half million years. Dakhla Oasis has an enriched 87Sr/86Sr signature in both modern 
groundwater (0.7170-0.7211) and travertine (~0.7098), reflecting water circulation 
through radiogenic basement rocks; higher 87Sr/86Sr in modern waters is interpreted to 
be due to deeper tapping of modern pumped waters relative to past artesian conditions. 
Travertine stable isotopic signatures from Dahkla also differ from the other oases and are 
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interpreted to reflect its lacustrine rather than spring-mound depositional environment.  
These observations lead to a depositional model in which travertine accumulations 
around paleo-oasis springs reflect episodes of enhanced spring discharge deriving from 
high hydrologic head in the Nubian aquifer system. Increased head in the artesian system, 
in turn, is interpreted as a response to greater precipitation in southern groundwater 
recharge areas. Importantly, discharge from these travertine-depositing springs includes 
significant upward flux of deeply-derived carbonic fluids through faults in paleo-oasis 
areas. Thus, in this model, large-scale travertine accumulations serve as an archive of 
wet intervals in the Ethiopian-Sudan recharge region, which are then expressed in oasis 
springs following the short (<10 ka) lapse time it takes for transmission of high head 
pressure from the highlands to the oasis springs. This idea is supported by the fact that 
peak times of large volume travertine deposition are associated, roughly, with sapropels, 
indicating response to major regional pluvial episodes. However, our data do not show a 
coherent correlation to glacial cycles, suggesting that previous emphasis on travertine’s 
association with glacial forcings should be scrutinized. In summary, our study reveals that 
travertine deposition in broadly synchronous regional episodes across the Western Desert 
is consistent with the pluvial events recognized in marine records. Subject to further 
testing, we interpret large volume travertine deposition in Egypt’s Western Desert to be a 
pluvial indicator ultimately responding to orbital forcing. 
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1
inTroDucTion

The “Green Sahara” pluvial (rainy) phases that overprinted North African 
aridity during the Pleistocene are well recognized in tropical and Mediterranean marine 
records (Larrasoaña et al., 2003; deMenocal, 2004; Tzedakis, 2007; Trauth et al., 2009). 
These high insolation/high monsoon intervals have been linked to minima in the orbital 
precession index (Lourens et al., 2001; Larrasoaña et al., 2003; Trauth et al., 2009), and 
indeed there is evidence that precessional forcing of North African climate has been 
pervasive for at least the last 12 Ma (deMenocal, 2004). Thus, most authors consider 
the primary control on the region’s hydrological cycle to be insolation-driven change in 
the strength of the ITCZ (Intertropical Convergence Zone) and therefore the intensity 
and northward extent of the African boreal summer monsoon (Rossignol-Strick, 1985; 
Tuenter et al., 2003; Rohling et al., 2002; Trauth et al., 2009; Blome et al., 2012). 

Recent work emphasizing the heterogeneity of Pleistocene climate in North 
Africa suggests, though, that terrestrial climate may be out of phase with marine records, 
particularly showing little response to MIS (Marine Isotope Stage) boundaries or North 
Atlantic SSTs (sea surface temperatures) (Blome et al., 2012). Thus, key questions about 
the nature of Green Sahara pluvials have remained unanswered: what was the spatial 
extent of monsoonal rains across North Africa, and particularly, how far north did they 
penetrate? What moisture sources fed monsoonal rains, and were these consistent across 
North Africa? Marine records integrating a large regional signal have not been able to 
address these questions, while terrestrial records offer tantalizing evidence for the effects 
of past wet periods on local paleohydrology. For example, buried drainage channels 
in Egypt imply large amounts of water at the surface over the Tertiary and possibly 
later in the Quaternary (McCauley et al., 1982), while paleo-lacustrine deposits from 
Egypt’s Dakhla Oasis have been calculated to require at least some direct precipitation 
(Kieniewicz and Smith, 2009). 

Despite the potential of terrestrial studies to improve our understanding of Green 
Sahara episodes, comparatively fewer terrestrial records have been established, and thus 
the expression of pluvials across the North African land surface remains enigmatic. The 
Western Desert of Egypt is an ideal area in which to examine the terrestrial record of 
pluvial episodes (see Fig. 1a). A relatively large number of workers have investigated 
paleohydrology in the Western Desert, in large part because of abundant evidence of 
hominid use during past pluvial periods (Caton-Thompson and Gardner, 1932; Smith et 
al., 2004b; Smith et al., 2004a; Kleindienst et al., 2008). These studies show abundant 
evidence for profoundly altered hydroclimate over the late Pleistocene, through proxies 
including travertine (Crombie et al., 1997; Smith et al., 2004a; Smith et al., 2007), 
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Figure 1. Geographic and geologic setting of 
oasis areas in Egypt's Western Desert. 
a) Index map of travertine and water samples 
from Egypt’s Western Desert. Data from this 
study is colored blue; travertine samples are 
diamonds and water samples are circles. 
U/Th dated travertine samples from previous 
studies are shown in green (see Appendix 1). 
Purple dots indicate modern oasis areas; with 
the exception of Kurkur Oasis, no 
paleo-oasis area (where travertine samples 
were taken) currently has artesian flow, so 
water samples could not be taken from these 
areas themselves. Faults with Neogene or 
younger offset (shown in red) are commonly 
associated with areas of travertine 
deposition. b) Generalized geologic map of 
Egypt (after Said, 1990); symbology follows 
a). Note position of oasis areas at the margins 
of carbonate units.
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groundwaters (Sultan et al., 1997), speleothems (Dabous and Osmond, 2000; Brook 
et al., 2002; Railsback et al., 2002; Holzkamper, 2004), and secondary ore precipitates 
(Osmond and Dabous, 2004). 

To date, however, terrestrial evidence for Western Desert pluvial timing and 
drivers has been equivocal or contradicted the conclusions of marine studies. While 
studies have shown evidence for increased moisture between ~80 and 300 ka, there 
is little agreement on the precise timing of wet periods, with the exception of a well-
documented episode from ~115-135 ka (MIS6/5e; e.g. Crombie et al., 1997; Smith et al., 
2004a; Smith et al., 2007). Second, many authors posit a correlation between observed 
wet times and interglacials (e.g. Szabo et al., 1995; Smith et al., 2004b; Smith et al., 
2007), and some explicitly suggest the operation of glacial forcings (e.g. Crombie et al., 
1997; Kieniewicz and Smith, 2009), in contrast to the consensus of orbital cycle/tropical 
insolation control on moisture in the marine proxy-based paleoclimate literature. 

The moisture sources of pluvial episodes in the Western Desert also remain 
a topic of debate. Several Western Desert studies have used the carbon and oxygen 
stable isotopic signatures of travertine to infer the moisture sources that fed travertine-
depositing springs, but have reached distinct conclusions. Many authors suggest that 
isotopic depletion in travertine δ18O (approximately -8 to -14 ‰ relative to VPDB) 
indicates a distant Atlantic precipitation source, which (e.g., Crombie et al., 1997; Sultan 
et al., 1997); Sultan et al. (1997) specifically suggested that westerly winds might have 
propelled Atlantic precipitation towards Egypt, subjecting it to extensive fractionation 
as it crossed the continent. In contrast, Kieniewicz and Smith (2007) argued that an 
isotopically heavy source water such as the Indian monsoon was necessary to produce 
the depleted δ18O values they observed in carbonate silts at Kharga Oasis (again, -12 to 
-8 ‰). Smith et al. (2004b) also invoked the influence of the Indian monsoon, suggesting 
that the Western Desert could represent a mixing zone between Indian monsoon 
precipitation and westerly-derived moisture (after Sultan et al., 1997).

In general, these studies of travertine suggest that pluvial episodes increased local 
precipitation to oasis areas, thus enhancing spring flow; that is, that “greening” of the 
Western Desert resulted from direct recharge of shallow aquifers (Crombie et al., 1997; 
Kleindienst et al., 1999; Kieniewicz and Smith, 2009). Some specifically dismiss the 
possibility of a deep groundwater (Nubian aquifer) component feeding springs in oasis 
areas (e.g., Kieniewicz and Smith, 2009). However, given that travertine in arid regions 
often has a significant groundwater component (see following section), the relative 
importance of local precipitation over Western Desert oases versus enhanced spring flow 
from the Nubian aquifer system (fed by distant precipitation in recharge regions) needs 
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further examination.

In this study, we use a comprehensive analysis of the travertine depositional record 
from Egypt’s Western Desert to address persistent uncertainties regarding the terrestrial 
expression of pluvial episodes:

1) Does the timing of wet periods in the Western Desert align with large-scale 
pluvial episodes established by marine records, and can we therefore assume that 
these wet periods had the same climatic drivers?

2) Did Western Desert moisture during past wet periods derive from local 
precipitation or distant groundwater recharge? Where did the precipitation come 
from (the Atlantic or Indian monsoons, paleowesterly winds, etc.)? 

3) Do Western Desert travertines record incision of the landscape or changing 
hydrologic head?

We test the idea that travertine deposition depended not on local recharge to shallow 
aquifers, but remote recharge to deeper portions of the Nubian aquifer. That is, we 
propose that Western Desert travertine deposits when precipitation falls in remote 
southern groundwater recharge areas, increasing head throughout the confined Nubian 
aquifer. This increases groundwater flow up fault conduits, causing discharge and 
travertine accumulation at paleo-oasis springs over the duration of the pluvial episode 
(Fig. 2).

An important contribution of this paper is 25 new, high-precision, geologically well-
constrained U/Th ages on travertine, and our results also highlight the importance of 
a stratigraphically-based sampling scheme that ensures an age represents a significant 
episode of deposition correlating to a pluvial. We synthesize our data with previously 
published U/Th ages on Western Desert travertines, and combine this geochronology 
with stable isotope and 87Sr/86Sr geochemistry, and modern Nubian groundwater 
hydrochemistry, in order to investigate the terrestrial expression of Green Sahara pluvial 
events in North Africa. This record constitutes a promising terrestrial proxy for North 
African pluvial periods for the last ~650 ka.

Travertine as a paleohydrologic indicator
Travertine, defined inclusively after Pentecost (2005), encompasses a wide 

range of chemically-precipitated carbonates while avoiding genetic or morphological 
implications. These groundwater discharge deposits form when CO2-rich groundwaters 
acquire solutes by dissolving limestone bedrock, then upon reaching the surface, degas 
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and precipitate CaCO3 (Crossey et al., 2011). Thus, travertine precipitation requires 
inputs of both CO2 and water. The CO2 in travertine-depositing systems is derived 
from vegetation, soil, and/or carbonate rocks, and often has a significant tectonic or 
“endogenic” CO2 component, sourced via faults or other structural features that act as 
conduits for deep groundwater (Zhang et al., 2008; Crossey et al., 2009; Crossey et al., 
2011). Travertine occurrence is also generally water-limited, such that high volumes form 
during times of high hydrologic head, or humid conditions in the recharge area (Crombie 
et al., 1997; Auler and Smart, 2001; Darling et al., 2005). 

Travertine’s utility as a record of pluvials is based, first, on its potential to impose 
a useful temporal constraint. With modern techniques, these carbonates can be well-
resolved through U/Th dating to ~650 ka, and less precisely to over 2 Ma, using d234U 
model ages (e.g. Neymark, 2011). Travertine should also reflect pluvial timing fairly well, 
as travertine deposits represent times of high groundwater flow at a given site, which 
presumably reflects enhanced recharge to the aquifer. Thus, a date on travertine reflects 
a time of high inputs somewhere in the aquifer system, with some lag between recharge 
and increased head, depending on the geographic separation between a site and recharge 
area (Fig. 2). Secondly, travertine deposition can, to a first-order estimate, imply pluvial 
magnitude. Large volumes of travertine deposition reflect large amounts of water at a site, 
and therefore significant aquifer recharge. Finally, travertines also record the geochemical 
signature of the water they precipitated from and so can provide information about source 
water, precipitation temperature, and groundwater flow paths via stable carbon and 
oxygen isotopes and 87Sr/86Sr (cf., respectively, Talbot, 1990; Andrews, 2006; and Li et 
al., 2008b; Carucci et al., 2012).

Geologic setting of Western Desert oases
There are several major oasis areas in the Western Desert that hosted large-scale 

travertine deposition in the past: Farafra, Dakhla, Kharga, and Kurkur (Fig. 1a), though 
no active deposition occurs now. A Paleocene to Eocene-age limestone plateau surrounds 
shale-floored depressions that host the oases, and travertine deposits are located along 
the edges of the plateau at breaches in the confining shale layers (Hermina, 1990; Luo et 
al., 1997). Modeling studies suggests that the depressions that host the larger paleo-oases 
were formed by a combination of groundwater sapping and fluvial erosion (Luo et al., 
1997).

Egypt’s Western Desert is underlain by the Dakhla Basin of the Nubian aquifer, a 
2 million km2 system which is hosted in Cretaceous sandstone units that vary from 1000 
m thick in southern Egypt to over 2500 m thick near Farafra Oasis (Fig. 1b, Fig. 2; Hesse 
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et al., 1987). The Nubian Aquifer rests on Proterozoic granite basement and is covered 
by Paleocene shale and Eocene limestones above (Thorweihe, 1990). Modern and paleo-
oasis areas are formed where confining shales have eroded to allow artesian discharge 
(Salem and Pallas, 2004). Travertine in these areas generally forms where artesian springs 
emerge, creating mounds and large platforms (Caton-Thompson and Gardner, 1932).

The Western Desert is currently hyper-arid, receiving 5-20 mm of rainfall 
annually (Patterson et al., 2005); past pluvial episodes caused surface recharge to the 
Nubian Aquifer, primarily in uplifted areas such as the crystalline Gebel Uweinat 
complex in the southwest and the Bir Safsaf and Aswan complexes in the southeast 
(Hesse et al., 1987).  In general, deep groundwaters of the Nubian aquifer show flowpaths 
moving in a northwest direction from these southern recharge areas, with groundwater 
velocities of 0.5-3.5 m/yr and residence times up to 1.3 Ma (Sturchio, 2004; Patterson et 
al., 2005). 

meThoDs
Field sampling and stratigraphic designations

We identified sites in the Western Desert with large-volume travertine deposits 
based on the results of previous studies: Crystal Mountain (Holzkamper, 2004), Dakhla 
Oasis (Kleindienst et al., 1999; Kieniewicz and Smith, 2009), Refuf Pass (Caton-
Thompson and Gardner, 1932; Smith et al., 2004b; Kieniewicz and Smith, 2007; 
Kleindienst et al., 2008) and Wadi Midauwara (Smith et al., 2007; both in Kharga 
Oasis and hereafter referred to by their specific site names only), and Kurkur Oasis 
(Crombie et al., 1997). Using aerial photography, we divided these deposits into large, 
aggregate “levels” that approximated depositional periods, based on consistent elevation 
and appearance. In the field, we used these photographs to help us identify travertine 
accumulations that represented significant (representing a large-scale pluvial episode) and 
continuous travertine deposition.

Using a laser range finder, we determined the relative elevation of each level 
above modern base level so as to correlate deposition at a given relative elevation for 
spatially-separated travertine accumulations. We took samples from the bottom and top 
of each level to estimate the duration of deposition, as well as additional samples from 
features of interest such as dissolution caves or vein deposits, and determined the location 
of each sample with a handheld GPS device. We gave each sample a stratigraphic 
context designation that reflected its relative landscape elevation, as well as whether it 
represented the chronological onset or end of a depositional episode. 

Artesian springs no longer exist at most of the paleo-oasis areas we studied, with 
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the exception of a low-volume seep at Kurkur Oasis. We sampled modern groundwaters 
from pumped and artesian wells at nearby modern oasis areas, determining their GPS 
locations as above. We collected two samples at each site; one, with no head space, was 
analyzed for stable isotopes. A second, which was filtered to 0.45 microns and acidified 
with HNO3, was used for 87Sr/86Sr analysis. Water samples were refrigerated and analyzed 
at the University of New Mexico.  

Geochronology and geochemistry
All samples were analyzed for δ13C and δ18O, and a subset was selected for U/Th 

dating based on the chronological control they represented, as well as their suitability for 
dating; all dated samples were also analyzed for 87Sr/86Sr. For all analyses, field samples 
were cut into slabs, and sample layers were drilled based on characteristics that were 
likely to yield good U/Th dates: continuity, cohesiveness, lack of inclusions, and white, 
yellow, or gray color (see Placzek et al., 2006).

U/Th analysis was performed at the University of New Mexico’s Radiogenic 
Isotope Laboratory. Analytical procedures follow Asmerom et al. (2010): for each 
sample, ~100 mg of drilled powder was spiked with a mixed 229Th/233U/236U solution and 
progressively dissolved in 15N HNO3 and HClO4 to attack all sample components. U and 
Th were purified from the sample solutions using anion exchange columns. Samples were 
analyzed on a Finnigan Neptune multicollector ICP-MS with 1011 and 1012 Ω resistors 
connected to seven Faraday cups and a secondary electron multiplier. Since most samples 
had low initial Th contamination, with 230Th/232Th activity > 20 (see Table 1 and Bischoff 
and Fitzpatrick, 1991), a simple correction of 4.4*10-6 + 50% was made to correct for 
initial 230Th. 

Given current analytical techniques and very precise half-life measurements, the 
current upper limit of the U/Th technique exceeds 600 ka (Cheng et al., 2000; Edwards et 
al., 2003; Andersen et al., 2008). For those samples that were undatable because their age 
exceeded this approximate limit (that is, which gave ages indistinguishable from infinity), 
we calculated a δ234U model age. Estimating an initial value for δ234Uinitial via successful 
samples from the same site, we solved for t using the δ234U age equation (cf. Neymark, 
2011):

δ234Umeasured = (δ234Uinitial)*e-λ234*t 

Analysis of 87Sr/86Sr of travertines was done at the University of New Mexico’s 
Radiogenic Isotope Laboratory, using either powders for U/Th analysis, or powders 
drilled from an adjacent spot in the same layer. ~25 mg of each sample powder was 
dissolved in 15N HNO3 and spiked with 1g of NBS 987 spike, then Sr was purified on 
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anion exchange columns.  For water samples, 15-25 mL of water was spiked, dried down, 
then redissolved in 0.5 mL 3N HNO3 (because of the high Sr concentration at the Kurkur 
Oasis seep, only 5 mL was used); thereafter the water samples followed the same method 
as travertine samples. All samples were analyzed on the same system as for U/Th. 

~1 mg of powder drilled for U/Th or 87Sr/86Sr analysis was used to determine 
stable isotopic signatures for travertine samples, and 1 mL was used analyzed for each 
water sample. Samples were placed in borosilicate vials, flushed with He gas, and reacted 
with H3PO4 for 24 hours at 25ºC to evolve CO2 gas. CO2 isotope ratios were measured 
by continuous flow isotope ratio mass spectrometry using an automated CombiPal-Gas 
Bench system coupled to a Thermo Finnigan Delta Plus mass spectrometer in the Stable 
Isotope Laboratory at the University of New Mexico. Results were corrected against 
laboratory standards and are reported in standard delta notation, with travertines versus 
VPDB and waters versus VSMOW. Reproducibility of laboratory standards exceeded 
0.1‰. δ13C information is unavailable for Kurkur Oasis given the small volume of water 
collected.

Synthesis of literature geochronology and stable isotope geochemistry
We compiled a database of previously published U/Th dates from the Western 

Desert for analysis of pluvial episode timing. We selected ages based on four 
characteristics:

1) Geographic location in Egypt’s Western Desert. In order to minimize 
uncertainties caused by the geographical separation of sites (which could be 
significant, for example, if paleowesterly winds were responsible for at least 
some of the moisture feeding travertine precipitation—e.g. Sultan et al., 
1997), we excluded studies from other locations. 

2) Consistency in depositional process. While proxies such as speleothems 
(Brook et al., 2002; Dabous et al., 2002; Holzkamper, 2004) and secondary 
uranium mobilization (Osmond et al., 1999; Osmond and Dabous, 2004) 
certainly reflect locally wet conditions, it is difficult to evaluate whether they 
respond to the same major, groundwater-based forcings as we presume that 
travertine does. We therefore discuss these separately.

3) Individual samples’ stratigraphic context. Again, since our model focuses on 
large-scale pluvial episodes rather than small or local precipitation episodes, 
we attempted to select only samples reflective of large-scale deposition 
(cf. Smith, 2012).  Unfortunately, this information was unclear from many 
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studies; we excluded samples whose depositional context likely reflected 
only minor wet episodes (such as reprecipitated rinds), but otherwise erred 
on the side of inclusivity, assuming that the majority of samples would fall 
within a pluvial episode.

4) Precision and reliability of U/Th dates. In order to make useful paleoclimatic 
correlations, a reasonable amount of precision is required. U/Th dates from 
older studies were often generated with alpha counting and had large errors. 
We thus removed dates that had errors over 20% of the stated age. 

Application of these criteria resulted in a database solely consisting of travertine samples 
(64 in total, including 39 samples from previous studies; see Appendix 1). We stress that, 
while samples from studies we did not include may provide useful points of comparison, 
we were aiming to compile a group of samples which was internally consistent with 
respect to depositional mechanism, stratigraphy, and location (and hence likely 
paleoclimate forcing). 

We restricted our comparison of geochemical data to other analyses of carbonates, 
given the complexities inherent in comparing the geochemistry of different proxy 
systems. This yielded a stable isotope database consisting of 157 samples (travertine 
and lacustrine carbonate silts, including 100 literature samples; see Appendix 2). To our 
knowledge, no previous studies have reported 87Sr/86Sr on Western Desert carbonates, so 
we report solely data from this study (34 samples). 

resulTs
We collected 57 travertine samples from Egypt’s Western Desert. In Table 1, we 

report 25 new U/Th ages and 8 δ234U model ages, showing U/Th geochronology for each 
sample, as well as location, facies, and stratigraphic context. We show stable isotope 
analyses for all 57 samples, and 87Sr/86Sr analyses for 34 samples, in Table 2. We report 
the same geochemical data for 8 modern water samples in Table 3. The geochronology 
and geochemistry data from previously published studies that we used in our analyses is 
compiled in Appendices 1 and 2. 

Travertine facies and geochronology
The environments represented by each paleo-oasis area vary greatly. Figure 3 

shows representative photographs of Western Desert travertine facies: dissolution caves 
with “groundwater speleothems,” lacustrine deposits, drapes from a perched springline 
setting, paludal developments characterized by phytohermal textures and stick casts, 
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Table 2
Geochemistry of travertine samples from the study

Sample ID Latitude Longitude Sample facies δ13C (‰) δ18O (‰) Sr (ppm)
Sr error 
(ppm) 87Sr/86Sr

87Sr/86Sr 
error

Crystal Mountain
K11E-CRYS-3 27.661122 28.431196 groundwater speleothem -0.09 -11.07 --- --- --- ---
K11E-CRYS-4 27.661122 28.431196 flowstone--outer bands -0.93 -10.87 74.68 0.01 0.70821 1.49E-05
K11E-CRYS-4B 27.661122 28.431196 flowstone--inner bands -2.59 -11.27 203.27 0.01 0.70821 1.00E-05
K11E-CRYS-5 27.660527 28.431939 spar -11.47 -10.76 18.67 0.00 0.70844 1.10E-05
K11E-CRYS-6 27.660527 28.431939 micrite -10.77 -10.75 --- --- --- ---
K11E-CRYS-7A 27.662097 28.439826 micrite -10.20 -11.45 17.80 0.00 0.70859 1.38E-05
K11E-CRYS-7B 27.016077 27.918767 micrite -8.24 -12.37 --- --- --- ---

Dakhla Oasis
K12E-DAK-14 26.335662 27.781254 carbonate vein -4.72 -10.28 --- --- --- ---
K12E-DAK-15A 26.335808 27.780994 root cast -4.30 -10.31 --- --- --- ---
K12E-DAK-15B 26.335808 27.780994 vein -4.43 -10.11 --- --- --- ---
K12E-DAK-17 25.475119 29.110658 micrite -5.92 -9.17 624.26 0.11 0.71038 1.00E-05
K12E-DAK-18A 25.475119 29.110658 micrite -5.47 -7.59 --- --- --- ---
K12E-DAK-18B 25.474572 29.111047 micrite -5.47 -7.77 237.92 0.03 0.71076 1.00E-05

Kharga Oasis: Refuf Pass
K12E-KHAR-20 25.474572 29.111047 stick cast -5.15 -10.77 378.88 0.09 0.70787 1.01E-05
K12E-KHAR-21 25.656772 28.995129 stick cast -4.95 -10.74 368.96 0.05 0.70786 1.00E-05
K12E-KHAR-22 25.514230 29.178466 stick cast -3.21 -8.64 --- --- --- ---
K12E-KHAR-23 25.507979 29.182392 semi-micritic -3.82 -9.84 --- --- --- ---
K12E-KHAR-24 25.507979 29.182392 porous, clay-rich micrite -2.81 -10.07 --- --- --- ---
K12E-KHAR-30 25.679802 30.812764 stick casts -1.79 -9.95 288.99 0.07 0.70789 1.00E-05
K12E-KHAR-31 25.679802 30.812764 micrite drape -2.60 -10.02 207.68 0.03 0.70789 1.24E-05
K12E-KHAR-32 25.679811 30.812803 porous micrite -3.07 -10.55 477.86 0.10 0.70790 1.00E-05
K12E-KHAR-33 25.680063 30.816365 micrite -3.47 -10.75 154.85 0.01 0.70786 1.00E-05
K12E-KHAR-34 25.678450 30.817719 micrite -4.32 -10.94 140.40 0.01 0.70788 1.00E-05
K12E-KHAR-35 25.676673 30.818389 micrite -2.10 -10.47 824.61 0.17 0.70784 1.00E-05
K12E-KHAR-36 25.677807 30.821197 root cast -0.92 -10.06 824.97 0.17 0.70784 1.00E-05
K12E-KHAR-37 25.678347 30.821665 spar -2.90 -11.01 631.36 0.18 0.70785 1.00E-05

Kharga Oasis: Wadi Midauwara
K12E-MIDA-40 25.678912 30.822033 micrite -2.11 -9.06 1055.94 0.15 0.70782 1.00E-05
K12E-MIDA-41 25.682876 30.822121 groundwater speleothem -1.65 -10.43 --- --- --- ---
K12E-MIDA-42 25.683026 30.821949 laminated micrite -1.95 -9.15 --- --- --- ---
K12E-MIDA-43 25.684433 30.822451 micrite -1.42 -9.47 295.78 0.02 0.70788 1.00E-05
K12E-MIDA-44 25.684398 30.822501 micrite -1.59 -9.17 --- --- --- ---
K12E-MIDA-45 25.684398 30.822501 stick cast -1.62 -9.79 360.47 0.04 0.70785 1.00E-05
K12E-MIDA-46 24.960771 31.060566 groundwater speleothem -1.29 -11.47 341.37 0.06 0.70785 1.00E-05
K12E-MIDA-47 24.958262 31.068934 stick cast -0.69 -9.35 701.95 0.13 0.70787 1.00E-05
K12E-MIDA-47B 24.958170 31.069520 botryoidal coating -0.86 -7.59 860.71 0.38 0.70787 1.00E-05
K12E-MIDA-48 24.958458 31.070100 flowstone--outer bands -1.69 -6.59 1117.47 0.44 0.70784 1.00E-05
K12E-MIDA-48C 24.958206 31.070163 flowstone--inner bands -2.36 -10.26 1223.99 0.40 0.70784 1.00E-05

Kurkur Oasis
K12E-KUR-50 24.958257 31.069914 laminated spar -0.69 -12.44 --- --- --- ---
K12E-KUR-51 24.959642 31.065347 micrite -0.42 -11.40 --- --- --- ---
K12E-KUR-52 24.960340 31.064881 laminated spar -4.02 -13.42 568.62 0.10 0.70784 1.00E-05
K12E-KUR-53 24.960340 31.064881 stick cast -2.86 -11.03 137.54 0.01 0.70788 1.02E-05
K12E-KUR-54 24.959873 31.062333 stick cast -2.80 -9.65 --- --- --- ---
K12E-KUR-55 24.959873 31.062333 laminated micrite vein -3.51 -11.17 97.16 0.01 0.70795 1.49E-05
K12E-KUR-56 23.888176 32.323048 micrite -1.41 -8.55 94.03 0.01 0.70799 1.00E-05
K12E-KUR-58 23.888304 32.323420 stick cast -2.86 -10.94 764.92 0.28 0.70783 1.00E-05
K12E-KUR-59 23.892264 32.322398 botryoidal coating -2.21 -8.96 203.81 0.01 0.70789 1.00E-05
K12E-KUR-60 23.892352 32.325983 laminated micrite -2.26 -9.48 425.06 0.07 0.70794 1.00E-05
K12E-KUR-61 23.892352 32.325983 stick cast -2.94 -10.77 --- --- --- ---
K12E-KUR-62 23.891957 32.326397 stick cast -3.30 -10.54 147.86 0.01 0.70786 1.00E-05
K12E-KUR-63 23.891957 32.326397 stick cast -4.53 -12.86 368.34 0.07 0.70787 1.00E-05
K12E-KUR-64 23.892111 32.326485 groundwater speleothem -2.49 -11.02 --- --- --- ---
K12E-KUR-65 23.898155 32.324960 stick cast -4.00 -12.91 730.67 0.19 0.70789 1.00E-05
K12E-KUR-65B 23.905869 32.325107 micrite -2.39 -8.16 --- --- --- ---
K12E-KUR-66 23.905869 32.325107 micrite -2.02 -8.63 --- --- --- ---
K12E-KUR-67 23.905617 32.325226 micrite -2.26 -8.96 --- --- --- ---
K12E-KUR-68 23.905671 32.325295 clay-rich micrite -1.49 -8.26 --- --- --- ---
K12E-KUR-69 23.906209 32.324388 laminated micrite -1.16 -12.05 --- --- --- ---

Notes:
-Stable isotopic ratios are reported relative to VPDB.
-87Sr/86Sr ratios denote activity, and all errors are 2σ of the mean.
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a b

d

f

c

e

g Figure 3. Travertine facies from Western 
Desert paleo-oasis areas. a) Groundwater 
speleothem facies from a dissolution cave at 
Crystal Mountain. b) Microdetrital mud at 
the top of a lake bed at Dakhla Oasis. c) 
Drape at Refuf Pass. d) Paludal facies at 
Refuf Pass, with abundant stick casts, 
vegetated textures, and gastropods. e) 
Fluvial barrage/rimstone dams at Wadi 
Midauwara. f) Fissure ridge formed by a 
vertical vein at Kurkur Oasis. g) Paludal 
facies with phytohermal layers and very 
large palm casts; broken pieces draped by 
later deposition suggests that fluvial action 
modified the deposit after initial formation.
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Figure 4. Scanned sample slabs showing several representative travertine textures (drill path is 
~1.5 mm thick). a) Finely laminated flowstone from “groundwater speleothem” facies at Crystal 
Mountain. b) Dense micrite from a lakebed at Dakhla Oasis. c) Phytohermal layering from a 
paludal sequence at Refuf Pass. d) Finely laminated flowstone from a rimstone dam at Wadi 
Midauwara. e) Botryoidal coating from the bottom of a shelf at Wadi Midauwara. f) Large plant 
cast from paludal facies at Kurkur Oasis.
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arcuate fluvial barrage dams, fissure ridges, and fluvially-reworked paludal facies (Ford 
and Pedley, 1996; Pentecost, 2005). Figure 4 shows examples of these textures in slabbed 
hand samples.

Crystal Mountain exhibits fluvial barrage and perched springline facies, including 
pourover dams, microterracettes, and dissolution caves (Figs. 3a and 4a; Ford and Pedley, 
1996, Pentecost, 2005). Much of the travertine at Crystal Mountain showed evidence of 
recrystallization, with abundant sparite textures. We note that the lack of vegetative facies 
at Crystal Mountain could suggest high-temperature deposition, but further study would 
be required to confirm this. Previous attempts to date travertine at Crystal Mountain 
(Holzkamper, 2004) yielded ages out of U/Th range; to our knowledge, we have 
obtained the first date on Crystal Mountain travertine, of 523 ± 30 ka on a groundwater 
speleothem-type structure, which is interpreted to be the youngest carbonate in this 
deposit. We also obtained two δ234U model ages in excess of 1 Ma (Table 1).

Travertine deposits occur in several different areas of Dakhla Oasis, from 
thin, widespread lacustrine deposits and ironstone spring mounds in the Kellis and 
Balat-Tineida basins south of the carbonate plateau (see Kieniewicz and Smith, 2009; 
Adelsberger and Smith, 2010), to colluvium-covered surfaces along the plateau 
escarpment to the north (Brookes, 1993; Kleindienst et al., 1999). Previous workers have 
successfully dated travertine float blocks from colluvium near the plateau escarpment, 
generating ages of 134 ± 12 ka, 170 ka ± 12 ka, and 176 ka ± 14 ka, which they 
extrapolated to the Dakhla paleolake (Kleindienst et al., 1999). 

We report the first direct dates on the Dakhla paleolake beds: 349 ± 6 from the top 
and 292 ± 5 ka from the bottom of flat-lying, finely-layered lacustrine deposits composed 
of dense micritic mud, (see Figs. 3b and 4b; Table 1). These ages differ greatly from 
the previously assumed age of ~120 ka. Although the 230Th/232Th of the younger age we 
obtained indicates significant detrital contamination (230Th/232Th activity of 10.42; Table 
1), the older date is analytically sound, suggesting that both ages are reasonably accurate.

Travertine at Refuf Pass has been extensively studied; multiple levels of 
deposition above modern base height exist, which previous workers classified as “wadi” 
(meaning “wash,” closer to modern base level) and “plateau” (levels topographically 
higher in the landscape) (Caton-Thompson and Gardner, 1932; Smith et al., 2004a; 
Kieniewicz and Smith, 2007; Smith and Kieniewicz, 2006; Kleindienst et al., 2008). 
These facies are described by Caton-Thompson and Gardner (1932), and the results 
of more recent work summarized by Smith et al. (2004b). Our field observations are 
similar to theirs, with predominant fluvial barrage and perched springline facies, the latter 
having stick casts or vegetative textures indicative of paludal development (Figs. 3c, 
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3d). Our geochronology on these travertine differs from the prior division of travertine 
into young/wadi and old/plateau deposits. A wide range of U/Th dates has been reported 
for Refuf Pass travertine, mostly centering on ~130 ka (MIS 6/5e), as well as 170, 200, 
240, and 300 ka (Kleindienst et al., 2008). In contrast, our U/Th dates from four different 
topographic levels corroborate deposition at ~130 ka but also show significant deposition 
from 450-600 ka (Table 1). Importantly, the lowest topographic level includes both young 
(130 ka) and old (450-600 ka) deposition. 

Several travertine levels also exist at Wadi Midauwara. Again, our facies 
observations follow those of previous workers (Smith et al., 2004a; Smith et al., 2004b; 
Smith et al., 2007): fluvial barrage dams were common at the lowest topographic 
level (Fig. 3e), and paludal facies at higher levels, often with botryoidal coatings. 
Prior successful dates on Wadi Midauwara travertine have highlighted an important 
depositional episode at ~130 ka (Smith et al., 2007) and earlier deposition ~150 ka and 
360 ka, as well as multiple ages out of U/Th analytical range (400 ka at the time; Smith 
et al., 2004b). We report several new depositional episodes, at ~100 ka, 160-180 ka, and 
~550-600 ka; we also note significant earlier deposition, approximated to 700-900 ka 
with d234U model ages (Table 1).

Travertine deposition at Kurkur also occurred at multiple stratigraphic levels, 
which have been described by Crombie et al. (1997). They followed the classification 
scheme previously established at Kharga Oasis (see above), designating a lowest level 
“inverted wadi,” followed by an intermediate “spring mound” level, and then a higher 
plateau level. We observed mixed fluvial facies at the lowest landscape levels, with 
travertine rubble and casts ranging up to palm trunk size surrounded by well-laminated 
botryoidal drapes (Fig. 3g, corresponding to Crombie et al.’s (1997) inverted wadi and 
spring mound levels); the highest stratigraphic level was predominantly composed of a 
paludal facies including small dissolution caves and one fissure ridge (Fig. 3f). Crombie 
et al. (1997) reported U/Th dates ranging from 68 ka to ~220 ka at lower landscape 
levels, and several ages out of U/Th analytical range for the higher plateau travertine. 
We obtained largely similar ages for the lower stratigraphic levels  (~76 ka to 246 ka); 
for the higher levels, we found an age of ~514 ka, and d234U ages suggesting deposition 
between ~600 ka and 1 Ma. We dated the fissure ridge atop the highest landscape level to 
191 ka (Table 1).

Discussion
Episodicity and timing of travertine deposition

We synthesized our new geochronology with our parsed compilation of previously 
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published dates in order to discern whether travertine deposition occurred in discrete 
intervals or continuously. Summarizing the resulting data compilation in a probability 
density plot (Fig. 5) shows multiple, distinct peaks in probability of travertine occurrence 
(note that d234U model ages from this study are not included in the analysis, as they did 
not meet our 20% error criterion; see Methods). This probability profile supports the idea 
that travertine deposition in the Western Desert was indeed episodic throughout the late 
Pleistocene, a conclusion generally shared by previous workers (e.g., Smith et al., 2004b; 
Kleindienst et al., 2008; Smith, 2012). 

The episodicity of Western Desert travertine deposition suggests response to 
some intermittent forcing, possibly pluvial episodes. However, the spatial and temporal 
heterogeneity of travertine deposition warrants careful interpretation. In the discussion 
that follows, it should be stressed that caution is needed when considering peak amplitude 
in the probability density plot (Fig. 5): high probability in the plot largely reflects a 
greater number of samples from a given time interval and not necessarily absolute 
travertine volume, as well as lower analytical error on samples younger than ~400 ka. For 
example, high probability in the 100-200 ka range reflects several factors: first, technique 
advances since earlier studies (the inability to date samples older than ~350 ka lead 
authors to focus on younger, datable samples). Second, some studies described numerous, 
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Figure 5. Top: compilation of travertine geochronology from the Western Desert, including ages 
from this study (filled diamonds; see Table 1) and parsed ages from previous studies (open 
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roughly coeval samples from single locations, often for archaeological purposes. Finally, 
we note that determining the magnitude of a depositional episode is complicated by the 
uncertain volumetric significance of some ages from previous studies, as workers did not 
always give context for their ages in terms of travertine volume and facies.

A prominent characteristic of our travertine dataset is that, while two or more 
distinct episodes of travertine deposition occurred at every paleo-oasis area, these 
episodes were not synchronous across all Western Desert oasis areas. For example, 
deposition at ~130 ka episode occurred at every paleo-oasis except Crystal Mountain. 
Another example is that significant deposition ~75 and 100 ka is only documented at 
Kurkur Oasis. Sampling gaps could partially explain these inconsistencies: given the 
complexity of travertine stratigraphy throughout the Western Desert, accumulations 
representing some time periods may not have been sampled, by omission or because 
they were erased or covered by later deposition. However, it does seem likely that the 
spatial heterogeneity in the most significant travertine accumulations is real, as these 
large accumulations would probably have been targeted for sampling (by us or previous 
workers).

Another notable feature of our travertine compilation is that the depositional 
episodes we determined stratigraphically often span multiple peaks in the age probability 
diagram (Fig. 5). This suggests that deposition may have ceased and resumed in the same 
stratigraphic unit over two or more pluvial episodes.

Based on these depositional episodes, as well as peaks in probability of travertine 
occurrence, two depositional episodes stand out. First, our field observations of large-
volume accumulation at ~130 ka, and the prevalence of samples at several oasis areas 
in this age range (Refuf Pass, Wadi Midauwara, and Kurkur Oasis) implies that this 
episode was likely very significant. Additionally, our new geochronology gives evidence 
for significant travertine accumulation at several paleo-oasis areas between ~450-600 ka 
(Refuf Pass, Wadi Midauwara, Kurkur Oasis, and to a lesser extent Crystal Mountain; 
Table 1). While differentiating episodes in this age range is difficult, as ages approaching 
the limit of U/Th dating are fairly imprecise, it is likely that more than one depositional 
episode occurred in this age range, and these episodes may have been synchronous across 
the various paleo-oases. 

This study is the first to offer any temporal constraints for Western Desert 
travertine deposition older than ~400 ka. Although we can only constrain travertine 
deposition with any precision to ~650 ka, it is also noteworthy that significant travertine 
deposition occurred earlier in the Pleistocene in many oasis areas (Crystal Mountain, 
Wadi Midauwara, and Kurkur Oasis; Table 1). We suggest that Western Desert travertine-
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depositing systems have likely been active for at least the last 2 Ma.

It is interesting, though, that travertine is older and much less abundant in Farafra 
Oasis than in oases to the south, and may be entirely absent further north in Bahariya 
Oasis (Fig. 1). Our date of 523 ± 30 ka comes from the stratigraphically youngest unit we 
observed at Crystal Mountain, and δ 234U model ages suggest greater deposition earlier 
in the Pleistocene (Table 1). There is evidence for later-Pleistocene deposition at Farafra 
Oasis: Sultan et al. (1997) dated a sample from a dissolution cave near Farafra Oasis to 
287 ± 67 ka. However, the only large-volume travertine accumulation in Farafra Oasis, 
Crystal Mountain, apparently ceased deposition much earlier than oases further to the 
south. It is conceivable that some geographic or hydrologic control may have restricted 
travertine deposition over a north to south spectrum.

One possibility is a decrease in water availability through the late Pleistocene. 
Travertine volume generally decreases in volume as well as elevation above modern 
base level throughout our record (see Table 1 and following section), and ceases across 
the Western Desert after ~70 ka. Travertine deposition also generally stops in the north 
first (Crystal Mountain ~520 ka), and the south last (Kurkur Oasis, ~70 ka). Szabo et 
al. (1989) suggested that water table levels declined over the Pleistocene, based on 
progressively lowering heights of calcium carbonate cemented terraces in southern Egypt 
and northern Sudan.

Age constraints for the Dakhla paleolake
Our new dates on the Dakhla lakebeds suggest that at least one phase of lacustrine 

deposition occurred much earlier than previously thought (~290-350 ka rather than 
125-130 ka; Table 1). While the sequence of ages we report is puzzling—the older age 
is at the top of the lakebeds—it is possible that lowering lake level caused deposition 
of young material over original, older material, or dissolution and reprecipitation of old 
carbonate. Despite their puzzling stratigraphy, our dates certainly indicate significantly 
wet conditions from ~290-350 ka.

The only other direct dates on the Dakhla lakebeds come from the Dakhla Glass, 
a silicate glass probably formed from a meteorite impact, which has been found in 
several locations throughout Dakhla Oasis, either overlying or interbedded in calcareous 
lacustrine silts (Osinski et al., 2007). 40Ar/39Ar analysis yielded isochron ages ranging 
from 282 ± 121 ka to 119 ± 45 ka, from which Osinski et al. (2007) quote a weighted 
average age of 122 ± 40 ka, stressing its preliminary nature. In comparing these results 
to our direct dates, two points are noteworthy: first, the Dakhla Glass dates carbonate 
lake sediments that may be related to a different lake generation than our travertine 
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lakebeds. Second, the large uncertainties in the 40Ar/39Ar dates on the Dakhla Glass admit 
the possibility that the Dakhla Glass was contemporaneous with or even older than the 
lakebeds we dated. 

Thus, we stress that our dates are noteworthy in that they represent the first direct 
and precise dates on the Dakhla paleolake. These dates do not rule out the possibility of 
later lacustrine deposition ~130 ka, but at least call into question the assumption that the 
majority of the lakebeds date to this time. Also, the availability of water at Dakhla Oasis 
in a much older timeframe than previously supposed could have significant implications 
for the habitability of this area for hominids.

Controls on travertine deposition
Travertine deposition in tectonically-active, erosional regions such as the Western 

United States commonly shows inset relationships, with the oldest travertine occurring 
highest in the landscape and younger travertine depositing lower as the landscape level 
drops due to erosion. In contrast, if the landscape if stable and very slowly eroding, 
travertine age would have no relationship to its landscape height and variations in 
travertine landscape level would be due to fluctuating hydrologic head.

We suggest that travertine in Egypt’s Western Desert follows the latter pattern, 
with travertine position in the landscape reflecting paleohydrologic variation rather than 
incision history. We investigated travertine deposition patterns by constructing schematic 
elevation transects of travertine deposition at Refuf Pass, Wadi Midauwara, and Kurkur 
Oasis (Fig. 6). For Wadi Midauwara and Kurkur Oasis, high-resolution profiles were 
not available, so we mapped our samples onto a low-resolution digital elevation model, 
which we refined based on field elevations and relationships. At Refuf Pass, samples 
were plotted on a surveyed profile (modified from Caton-Thompson and Gardner, 
1932). We added dated samples published by other workers to the profiles at Refuf Pass 
(Kleindienst et al., 2008; with elevations extrapolated based on map location) and Kurkur 
Oasis (Crombie et al., 1997). We were unable to add previous workers’ samples to our 
Wadi Midauwara profile; either they were collected far from our sample sites (Smith et 
al., 2007) or precise sample locations and elevations were not published (Smith et al., 
2004b).

At every oasis area we studied, our geochronology compilation shows that 
travertine-depositing springs were recurrently active in the same places, and at the 
same elevations over time. This hints that spring sources were not responding to a 
lowering water table following gradual incision, but rather emerged at various landscape 
heights according to hydrologic head. Our new chronology at Wadi Midauwara shows 
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Fig. 6. Schematic elevation traverses from Refuf Pass, Wadi Midauwara, and Kurkur Oasis, with 
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a pattern of travertine ages and landscape heights that resembles inset stratigraphy 
(young travertine low in the landscape and old travertine higher; Fig. 6). Although 
comparison of these dates to previous work is difficult because precise sample locations 
were not published, we note that Smith et al. (2004a) report ages of >350 ka for the 
stratigraphically lowest travertine they studied (Wadi Tufa 1). Thus, we suggest that 
stratigraphy at Wadi Midauwara is not actually inset. Similarly, at Refuf Pass, 450-600 ka 
travertine formed both high and low in the landscape (Fig. 6), and at Kurkur Oasis, ~146-
190 ka travertine formed a fissure ridge/vein system at the highest landscape level, atop a 
~500 ka travertine deposit. 

Based on these findings, we suggest that changing hydrologic head generally 
controlled travertine position in the Western Desert landscape rather than landscape 
incision. This conclusion represents a significant departure from previous workers’ 
assumptions that Western Desert travertine deposition represents inset stratigraphy 
(Caton-Thompson and Gardner, 1932; Smith et al., 2004b).
 
Stable isotopic geochemistry of Western Desert travertines and groundwaters

Travertine stable isotopic signatures preserve information about the source 
waters from which they precipitated, allowing comparison of paleo-groundwaters (as 
inferred from travertine) to modern groundwaters. Travertine samples from this study and 
previous literature are shown in Figure 7a. There is general coherence between travertine 
stable isotopic values measured in this study and by previous workers, with the possible 
exception of at Dakhla Oasis, where Kieniewicz and Smith (2009) reported travertines 
and lacustrine carbonate silts up to 4‰ more depleted in δ13C than any samples we 
measured. 

Western Desert travertines exhibit a wide range of stable isotopic signatures, with 
δ13C ranging from -12 to 2‰ and δ18O between -14 and -7‰ (Fig. 7a). One explanation 
for this range in geochemistry could be paleoclimatic, with the wide range in travertine 
signatures reflecting isotopic changes in source water, such as depleted values from the 
Indian monsoon (Smith et al., 2004a; Kieniewicz and Smith, 2007) or Atlantic-sourced 
precipitation depleted by rainout over the continent (Crombie et al., 1997; Sultan et 
al., 1997). A second, and not mutually exclusive, explanation is that travertine source 
waters began with a fairly consistent hydrochemistry, which then experienced a range of 
kinetic effects prior to precipitation, creating a wide spread in travertine stable isotopic 
signatures.

We assessed the problem of travertine source water by comparing travertine 
versus modern Nubian aquifer groundwater stable isotopic signatures. We converted 
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Figure 7. δ13C versus δ18O for travertine (diamonds) and water samples (circles) from the 
Western Desert (filled symbols indicate samples from this study and open, previous studies; see 
Table 2 and Appendix 2). a) Trends in stable isotopic composition of travertine samples. Colored 
ovals bound samples from each paleo-oasis area. Refuf Pass, Wadi Midauwara, and Kurkur Oasis 
share simliar geochemistry while Dakhla Oasis and Crystal Mountain form distinct groupings. b) 
The relationship between travertine geochemistry and modern water hydrochemistry is explored 
by extrapolating modern water isotopic signatures from Farafra, Dakhla, and Kharga Oases to 
calcite equivalents (shown as colored fields encompassing precipitation from 15-25˚C). Inferred 
calcite signatures are consistent with possible source water compositions for Dakhla, Kharga, and 
Farafra Oases; as indicated by colored arrows, these waters could evolve to the travertine 
compositions we measured via evaporation or degassing (see Talbot, 1990).
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water stable isotopic signatures to calcite equivalents for water samples from Farafra, 
Dakhla, and Kharga Oases: using the equilibrium calcite precipitation equations of 
Demény et al. (2010; for δ18O) and Romanek et al. (1992; for δ13C), we calculated the 
stable isotopic signatures of calcite that would precipitate from a given water sample. We 
assumed a 15-25°C temperature range, since most artesian Western Desert springs are 
not thermal, having mean surface temperatures from 26-29°C (Swanberg et al., 1983). 
Our modern Western Desert groundwater δ18O signatures (-10 to -11‰, VSMOW; Table 
3) are similar to those reported by previous workers (Thorweihe, 1990; Sultan et al., 
1997). One sample, from a heavily modified artesian spring in Farafra, has a much more 
positive δ18O signature than the other waters, suggesting it may have experienced some 
evaporation prior to sampling; we therefore treated it as an outlier. The samples yield 
calcite-equivalent signatures of approximately -2 to -8‰ in δ13C and -11‰ in δ18O (Table 
3, Fig. 7b). 

These calculated calcite equivalents (Fig. 7b) roughly match the most depleted 
δ13C and δ18O signatures of Western Desert travertine samples. To a first-order analysis, 
this coherence suggests that modern groundwaters are indeed similar to past travertine 
source waters, which would have been fairly depleted before precipitating at the surface 
as travertine, at which point their isotopic signatures would tend to become enriched 
due to kinetic effects (evaporation and/or degassing). Thus, it is possible that travertines 
precipitated from Nubian aquifer groundwaters, and the range in travertine stable isotopic 
signatures predominantly derives from kinetic fractionation.

Examining the distribution of travertine stable isotopic signatures by oasis lends 
support the idea that kinetic effects dominate the spread in travertine values. A large 
proportion of Western Desert travertine groups together: Kharga Oasis areas (Refuf 
Pass and Wadi Midauwara) and Kurkur Oasis all have widely varying δ18O values but 
a smaller range in δ13C. This pattern suggests the presence of an evaporation trend 
driving travertine δ18O away from equilibrium precipitation values towards more positive 
signatures (Talbot, 1990; Li et al., 2008a). 

Dakhla Oasis samples form a separate group (Fig. 7a), with a ~10‰ range in δ13C 
and ~5‰ variation in δ18O. Dakhla’s distinct geochemical signature probably derives in 
large part from sample deposition in a lacustrine (as opposed to spring-fed) environment, 
and lacustrine carbonate silt samples analyzed by Kieniewicz and Smith (2009) may 
be especially difficult to compare to spring-deposited travertine. However, once again, 
there are several processes that could modify an original, Nubian aquifer groundwater 
to create the observed spread in travertine stable isotopic signatures. Both degassing 
and equilibration with the atmosphere (δ13C ≈ -7‰, so that water equilibrated with the 
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atmosphere has δ13C of 1-3‰) would enrich a water’s δ13C signature (Li et al., 2008a). In 
contrast, the presence of vegetation in the Dakhla paleolake could have driven water δ13C 
in the opposite direction, to yield more depleted values.

Finally, at Crystal Mountain, samples form two groups; one, with groundwater 
speleothem-type samples, has similar δ13C values to Kharga and Kurkur Oasis areas. 
The other group of Crystal Mountain samples includes perched springline facies that 
may have been deposited at high temperatures, and these have extremely depleted δ13C 
values of -8 to -11‰. Given the lack of vegetated textures in Crystal Mountain travertine, 
as well as the possibility of hydrothermal deposition at that site, it is doubtful that the 
isotopically light d13C at Crystal Mountain originated from vegetation. However, some 
biological activity is implicated in order to achieve such low d13C values, perhaps 
bacterial respiration.

Given the resemblance between stable isotopic signatures of Western Desert 
travertine and modern groundwaters, we suggest that paleo-oasis areas share a similar, 
Nubian aquifer source water: most samples could plausibly evolve from a source water 
with δ18O of -14 to -12‰ and δ13C of -6 to -4 ‰ (Fig. 7b). If travertines do share a 
similar source water, then, kinetic effects are a simpler explanation for the variability in 
travertine signatures than changing source water. 

87Sr/86Sr geochemistry of Western Desert travertines and groundwaters
The idea that Western Desert travertines broadly share a source water similar 

to modern groundwaters is supported by 87Sr/86Sr analysis, as the 87Sr/86Sr value of 
groundwaters generally reflects the composition of aquifer host rocks (e.g. Dogramaci 
and Herczeg, 2002). The 87Sr/86Sr composition of Western Desert travertines is very 
consistent across space (paleo-oasis areas) and time (different episodes of deposition), 
implying hydrological similarity between travertine source waters over the Pleistocene 
(Fig. 8, Table 2).

87Sr/86Sr values of travertine at Refuf Pass, Wadi Midauwara, and Kurkur Oasis 
range from 0.70782 to 0.70799, suggesting equilibration in a carbonate aquifer. The 
marine limestone El Rufuf and Thebes Groups that underlie the Western Desert are the 
most likely carbonate sources for travertine (Fig. 1b, Fig. 2); although 87Sr/86Sr signatures 
have not been quantified for these units, late Paleocene-early Eocene marine values 
would suggest a 87Sr/86Sr signature of 0.7077-0.7076 (reflecting late Paleocene-early 
Eocene marine values; Denison et al., 1993). These values are consistent with analysis 
of Paleocene limestones and shales in the Eastern Desert of Egypt, which showed highly 
invariant 87Sr/86Sr values of ~0.7077 (Charisi and Schmitz, 1995). If Paleocene-Eocene 
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limestone and shale units across the Western Desert have similarly monotonic 87Sr/86Sr 
signatures, then the consistency observed in 87Sr/86Sr of travertines would be expected. 
The slight enrichment in travertine 87Sr/86Sr compared to Paleocene-Eocene marine values 
could reflect the contributions of a deeper, more radiogenic component to the Nubian 
aquifer groundwater sourcing these travertines.

Samples from Crystal Mountain and Dakhla Oasis are enriched with respect 
to other paleo-oasis areas. Dakhla samples in particular have highly radiogenic 
87Sr/86Sr signatures (0.71038 to 0.71076), suggesting a significant contribution of deep 
groundwater equilibrated with radiogenic crystalline basement rocks. An alternative 
hypothesis, that this signature is derived from interaction with sand at the surface of the 
Dakhla paleolake basin (0.716-0.7192 has been quoted as a value integrating modern 
Saharan dust; e.g., Box et al., 2011) seems unlikely given that spring and lake water 
geochemistry generally reflects source water, not basin characteristics (see Talbot, 1990; 
Li et al., 2008a). Additionally, modern Dakhla groundwaters pumped from depth have 
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Figure 8. Sr concentrations plotted against 87Sr/86Sr values of Western Desert travertines; modern 
groundwater 87Sr/86Sr values are shown as rectangular fields along the vertical axis (Sr 
concentration in waters is very low in comparison to travertines). While travertine Sr 
concentrations vary widely over the Western Desert, 87Sr/86Sr values are remarkably constant 
over most paleo-oasis areas. Crystal Mountain samples are slightly radiogenic compared to most 
Western Desert samples, while Dakhla Oasis samples are markedly radiogenic. Modern water 
87Sr/86Sr signatures are more variable than travertine signatures from the same oasis area, and 
tend to be higher; however, they show similar patterns, with very enriched values at Dakhla Oasis 
and more carbonate-like values at Farafra, Kharga, and Kurkur Oases. 
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even more enriched 87Sr/86Sr signatures than their travertine counterparts, signifying that 
the radiogenic Sr is sourced at depth, not from the surface (Fig. 8). Crystal Mountain 
samples also show moderate 87Sr/86Sr enrichment (0.70821-0.70859), with more 
radiogenic signatures in samples from subaerial drapes than in groundwater speleothems 
(see Table 2). 

The pattern of 87Sr/86Sr enrichment observed in travertine, with carbonate-like 
values at Kharga and Kurkur Oases, and more radiogenic values at Dakhla Oasis and 
Crystal Mountain (Farafra Oasis), is also present in modern groundwaters (Fig. 8). 
However, modern waters are generally more radiogenic than travertines, possibly because 
these waters are pumped from greater depth than past artesian flow, thus sourcing deeper 
groundwaters in contact with radiogenic crystalline rocks. Additionally, these deep waters 
would likely reside in the Nubian sandstone and have little time to acquire carbonate-like 
87Sr/86Sr signatures by equilibration with shallower carbonate units.

The similarity in 87Sr/86Sr signatures between Western Desert travertines and 
modern Nubian groundwaters indicates that the Nubian aquifer could have been the 
primary groundwater source for these travertines. If travertine deposition were caused by 
precipitation recharging shallow aquifers at the paleo-oasis areas themselves, we might 
expect to see greater variation in 87Sr/86Sr over space or time. Finally, it is significant that 
Dakhla Oasis travertines and waters have far more radiogenic 87Sr/86Sr signatures than 
other areas, suggesting a distinct source water characterized by greater contributions from 
deep groundwater.

Groundwater sources for travertine
Together, stable isotope and 87Sr/86Sr data from travertines and modern 

groundwaters suggest that most Western Desert travertines are similar geochemically, and 
likely shared one groundwater source. Much of the variability in travertine stable isotopic 
signatures is probably attributable to kinetic effects as well as different systematics 
(spring systems versus lacustrine, subaerial samples versus dissolution caves, and 
ambient versus hydrothermal). Plotting δ13C against 87Sr/86Sr illustrates this point well 
(Fig. 9); the majority of samples plot in one area, including Kharga and Kurkur Oasis 
samples as well as groundwater speleothem samples from Crystal Mountain, which 
have similar δ13C but slightly higher 87Sr/86Sr. This group of samples, which includes 
the majority of Western Desert travertines, has 87Sr/86Sr values slightly enriched with 
respect to Paleocene-Eocene seawater, and δ13C signatures consistent with an endogenic 
CO2 source (White et al., 1990; Zhang et al., 2008; Crossey et al., 2009), allowing for 
enrichment due to degassing in some samples. Drape samples from Crystal Mountain 
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and Dakhla Oasis samples form distinct groups, both depleted in δ13C and enriched in 
87Sr/86Sr.

The geochemical characteristics of Western Desert travertine and modern 
groundwaters suggest that most of these travertines shared a consistent groundwater 
source, which likely had some deeply-derived component. These conclusions differ from 
those of previous researchers, however. Many authors argued that travertine table isotopic 
signatures were too depleted to have derived from a Nubian Aquifer source (Sultan et al., 
1997; Smith et al., 2004a; Kieniewicz and Smith, 2007; Kieniewicz and Smith, 2009). 
Instead, Sultan et al. (1997) proposed that travertine source water came from westerly 
winds pushing Atlantic moisture over North Africa, while Smith et al. (2004) and 
Kieniewicz and Smith (2007; 2009) invoked a lighter Indian Ocean moisture source.

Consistency in 87Sr/86Sr and stable isotopic signatures across most oasis areas 
imply a similar source water for all paleo-oasis areas and over multiple episodes of 
travertine deposition. While there is evidence for direct precipitation over the Western 

-12 -10 -8 -6 -4 -2 0
δ13C (‰) 

87Sr/86Sr

0.70750 

0.70800 

0.70850 

0.70900 

0.70950 

0.71000 

0.71050 

0.71100 

Paleocene-Eocene seawater

Endogenic CO2

Kurkur Oasis
Wadi Midauwara
Refuf Pass
Dakhla Oasis
Crystal Mountain 

Figure 9. δ13C versus 87Sr/86Sr of Western Desert travertine. Samples from Kharga and Kurkur 
Oases group with groundwater speleothem samples from Crystal Mountain; these samples 
resemble Paleocene-Eocene seawater in 87Sr/86Sr and have δ13C signatures consistent with an 
endogenic CO2 source. Dakhla Oasis samples form a distinct group that with very radiogenic 
87Sr/86Sr, although their δ13C signatures are also endogenic. Drape samples from Crystal 
Mountain form a third group, with radiogenic 87Sr/86Sr values compared to the majority of 
Western Desert travertines, and extremely depleted δ13C signatures.
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Desert, such as lakebeds requiring at least some meteoric precipitation at Dakhla Oasis 
(Kieniewicz and Smith, 2009) and buried drainage channels throughout Egypt implying 
significant drainage across the surface of the Western Desert (McCauley et al., 1982), we 
suggest that local meteoric recharge was not the most significant water source for Western 
Desert travertines. Nubian aquifer calcite-water equivalents are depleted in δ13C and δ18O 
in comparison to most Western Desert travertines, but these could plausibly evolve to the 
travertine values we measured via kinetic processes.

The suggestion that Western Desert oasis groundwater is primarily fed by deep, 
remote contributions is supported by previous research: comparing U concentration, 234U 
excess, and 234U/238U activity ratios, Dabous and Osmond (2001) concluded that southern 
oases (including Dakhla and Kharga) had a very high proportion of deeply-sourced water. 
They estimated that local meteoric recharge accounted for only about 4% of groundwater 
at Kharga Oasis, and 8% at Dakhla Oasis; even at Farafra Oasis, further to the north, 
Dabous and Osmond calculated that ~26% of groundwater was derived from local 
recharge. Thus, other lines of evidence support the link between remote pluvial recharge 
feeding oasis springs. 

Travertine as a pluvial indicator
Figure 10 shows our compilation of travertine geochronology (to 400 ka, which 

is the range within which U/Th dating precision allows for paleoclimate correlations), 
alongside marine pluvial indicators and potential forcings: glacial cycles, sapropels 
from the eastern Mediterranean Sea (Larrasoaña et al., 2003), and the monsoon index 
(calculated after Rossignol-Strick, 1983; Colleoni et al., 2012). 

We note, first, that travertine deposition shows little association with glacial 
cycles, occurring across both odd and even MIS. This conclusion is contrary to many 
previous authors’ conclusions that travertine tended to deposit during interglacial periods 
(Crombie et al., 1997; Smith et al., 2004b) and more generally that the terrestrial record 
of North African pluvial periods demonstrates glacial cycle control (Szabo et al., 1995; 
Kieniewicz and Smith, 2009). While the operation of high-latitude teleconnections has 
been postulated, and shown in model simulations (Tuenter et al., 2003; Bosmans et al., 
2012), further work is necessary to investigate this possibility.

A second major result of our compilation of travertine geochronology is the 
apparent correlation between travertine deposition and sapropels, and thus pluvial 
episodes. Travertine accumulations do seem to occur synchronously with or shortly after 
sapropels in many instances (Fig. 10). The fact that travertine depositional episodes do 
not accompany every sapropel, especially before ~250 ka, is more likely related to gaps 
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Figure 10. Travertine occurrence plotted against climatic forcings. From top to bottom: glacial 
marine isotope stages (MIS) are indicated in blue; compiled travertine geochronology by oasis 
area (error bars are shown unless they are smaller than data points); probability density graph of 
travertine samples; the African monsoon index (calculated after Rossignol-Strick, 1983, and 
Colleoni et al., 2012). Vertical dotted lines are sapropels from Site 967 in the eastern Mediterra-
nean (Larrasoaña et al., 2003).
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in travertine sampling than a fundamental change in the North African monsoon over 
land, or the relationship between travertine and pluvial forcing. 

Some of the difference between timing of travertine deposition and sapropels 
may derive from each proxy’s distinct response to monsoonal rains. First, Mediterranean 
sapropels have an error from 2000 to 5000 years, which includes some lag between 
monsoon initiation and the onset of Mediterranean deep water anoxia (Emeis et al., 2000; 
Lourens et al., 2001; Emeis et al., 2003; Rohling et al., 2002), so that the chronology 
has varying precision. In contrast, while U/Th dates on travertine are generally more 
precise, at least after ~300 ka, travertine would not deposit immediately after monsoon 
recharge occurred. Some lag time would be present, depending on the time necessary for 
transmission of higher pressure to Egyptian oasis areas; this lag time could vary depend 
on where recharge occurs in the Nubian basin. 

Thus, although the rough correspondence in the timing of travertine deposition 
and sapropels suggests that both proxies respond to the same ultimate forcing, differences 
intrinsic to each record could cause variable offsets in timing. While the regularity of 
sapropels in the marine record is likely due to the integration of a large regional signal, 
that heterogeneity of monsoon rains on a smaller spatial scale could be more important 
for terrestrial proxies. The geographic extent of a given monsoon/pluvial episode could 
determine whether and when Nubian recharge areas received precipitation; the amount 
of precipitation could also impact whether travertine deposition occurred across all oasis 
areas or just those closest to recharge areas.   

Lastly, we note that the presence of significant deposition between 650 ka and 1 
Ma (based on δ234U model ages ages), implies that significant pluvial episodes occurred 
over North Africa before and during the mid-Pleistocene transition, although the sapropel 
record is punctuated by gray intervals at this time (Almogi-Labin, 2011). Based on the 
significant deposition we observe earlier in the Pleistocene, relative to lesser deposition 
restricted to only some oasis areas later, we suggest that moisture availability declined 
throughout our record.

conclusions
Our compiled dataset, including new, high-precision geochronology coupled to 
stratigraphic context and multi-tracer geochemistry, has significant implications for the 
timing and nature of travertine deposition in the Western Desert.

1) Travertines over most of the Western Desert share a consistent groundwater 
source similar to Nubian Aquifer groundwaters, depleted in δ13C and δ18O, and 
with a consistent, Paleocene to Eocene-like carbonate source based on 87Sr/86Sr. 
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We conclude, contrary to previous studies, that travertine deposition was fueled 
by remote recharge to the Nubian Aquifer, with only secondary contributions from 
local meteoric recharge. 

2) Dakhla Oasis has distinct geochemical characteristics, with very enriched 87Sr/86Sr 
indicative of deep groundwater contributions. The presence of highly radiogenic 
signatures at Dakhla is suggestive, though, that the entire Nubian system may 
have fault-influenced hydrochemistry.

3) Travertine deposited episodically over the late Pleistocene in Egypt’s Western 
Desert, with especially large episodes at approximately 130 ka and between 450-
600 ka. 

4) The first direct dates on the Dakhla paleolake deposits imply that the lake was 
much older than previously assumed, roughly 290-350 ka.

5) Travertine depositional peaks roughly coincide with sapropels, suggesting 
that travertine is indeed a record of pluvial episodes, and follows the same 
precessional forcing as marine records.

6) Travertine deposition occurs during both odd and even MIS stages, showing that 
it is likely oversimplistic to interpret Western Desert pluvials based on glacial 
cycles, a common practice in previous literature.

Travertine from Egypt’s Western Desert constitutes a promising terrestrial 
paleohydrologic record which has the potential to offer paleoclimatic insight, as well as 
adding to an understanding of past North African hydroclimates, with implications for 
managing modern water resources. The improved chronology we report, and its link to 
regionally important and well-constrained climatic forcings, also helps to set the climatic 
backdrop of a key period in human history, potentially informing evolutionary theory 
and helping to identify the timing of migration corridors (deMenocal, 2004; Trauth et al., 
2009; Blome et al., 2012). 
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Appendix 1: Travertine geochronology compiled from previous studies
Appendix 2: Travertine geochemistry compiled from previous studies
Appendix 3: Sample list (this study)
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Appendix 2
Geochemistry of travertine samples from previous studies

Sample ID Study Site description Sample description δ13C (‰) δ18O (‰)
Dakhla Oasis
B20-121 Kienewicz and Smith, 2009 Balat carbonate sediment -6 -9
B20-197 Kienewicz and Smith, 2009 Balat carbonate sediment -6.6 -9.1
B20-76 Kienewicz and Smith, 2009 Balat carbonate sediment -5 -8.5
B35-50 Kienewicz and Smith, 2009 Balat carbonate sediment -2.9 -7.7
B4-143 Kienewicz and Smith, 2009 Balat carbonate sediment -3.5 -7.6
B4-203 Kienewicz and Smith, 2009 Balat carbonate sediment -2.3 -7.5
B4-260 Kienewicz and Smith, 2009 Balat carbonate sediment -6.1 -7.9
B4-390 Kienewicz and Smith, 2009 Balat carbonate sediment -6.6 -7.4
B4-445 Kienewicz and Smith, 2009 Balat carbonate sediment -6.2 -6.4
B4-73 Kienewicz and Smith, 2009 Balat carbonate sediment -3.5 -8.5
B28-198 Kienewicz and Smith, 2009 Balat carbonate sediment -5.6 -9.8
B28-50 Kienewicz and Smith, 2009 Balat carbonate sediment -5.5 -9.5
B28-95 Kienewicz and Smith, 2009 Balat carbonate sediment -6.8 -9.9
B28-145 Kienewicz and Smith, 2009 Balat carbonate sediment -6.5 -9.9
B15-146 Kienewicz and Smith, 2009 Balat carbonate sediment -6.3 -8.3
B15-246 Kienewicz and Smith, 2009 Balat carbonate sediment -6.7 -8.7
B15-66 Kienewicz and Smith, 2009 Balat carbonate sediment -2.6 -9.8
B15-96 Kienewicz and Smith, 2009 Balat carbonate sediment -4.2 -8.1
D11-115 Kienewicz and Smith, 2009 Kellis carbonate sediment -3.4 -9.3
D11-215 Kienewicz and Smith, 2009 Kellis carbonate sediment -2.8 -9
D11-265 Kienewicz and Smith, 2009 Kellis carbonate sediment -0.8 -9.7
D11-315 Kienewicz and Smith, 2009 Kellis carbonate sediment -0.3 -9.8
D11-387 Kienewicz and Smith, 2009 Kellis carbonate sediment -4.1 -8
D11-407 Kienewicz and Smith, 2009 Kellis carbonate sediment -6.9 -8.3
D11-427 Kienewicz and Smith, 2009 Kellis carbonate sediment -7.2 -8.5
D11-467 Kienewicz and Smith, 2009 Kellis carbonate sediment -6.8 -9
D11-477 Kienewicz and Smith, 2009 Kellis carbonate sediment -5.9 -8.2
D11-482 Kienewicz and Smith, 2009 Kellis carbonate sediment -8.1 -8
D11-495 Kienewicz and Smith, 2009 Kellis carbonate sediment -8.2 -8.5
D11-504 Kienewicz and Smith, 2009 Kellis carbonate sediment -7.5 -8
D11-509 Kienewicz and Smith, 2009 Kellis carbonate sediment -8.5 -8.1
D11-519 Kienewicz and Smith, 2009 Kellis carbonate sediment -9.1 -8.5
D11-524 Kienewicz and Smith, 2009 Kellis carbonate sediment -8.3 -8
D11-574 Kienewicz and Smith, 2009 Kellis carbonate sediment -9.1 -8.7
D11-589 Kienewicz and Smith, 2009 Kellis carbonate sediment -7.1 -8.3
D11-594 Kienewicz and Smith, 2009 Kellis carbonate sediment -6.9 -8.3
D11-604 Kienewicz and Smith, 2009 Kellis carbonate sediment -7.9 -8.1
D11-614 Kienewicz and Smith, 2009 Kellis carbonate sediment -7.5 -8.3
D11-634 Kienewicz and Smith, 2009 Kellis carbonate sediment -7.7 -8.6
D11-644 Kienewicz and Smith, 2009 Kellis carbonate sediment -8.9 -7.9
D11-654 Kienewicz and Smith, 2009 Kellis carbonate sediment -8.3 -8
D11-664 Kienewicz and Smith, 2009 Kellis carbonate sediment -9.3 -9
Y2K DOP1 Kienewicz and Smith, 2009 escarpment tufa -3.6 -11.3
Y2K DOP2 Kienewicz and Smith, 2009 escarpment tufa -1.2 -9.1
JS DOPT2 Kienewicz and Smith, 2009 escarpment tufa -1.5 -10.5
JS DOPT3 Kienewicz and Smith, 2009 escarpment tufa -0.8 -11.4
JS DOPT4 Kienewicz and Smith, 2009 escarpment tufa -9.5 -11
JS Y2K6 Kienewicz and Smith, 2009 escarpment tufa -2.2 -9.5

Kharga Oasis: Refuf Pass and vicinity
unknown Smith et al.,  2004 Rizeikat/ Matana travertine -3.28 -11.78
unknown Smith et al.,  2004 Rizeikat/ Matana travertine -0.99 -9.4
unknown Smith et al.,  2004 Rizeikat/ Matana travertine 1.33 -8.33
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unknown Smith et al.,  2004 Rizeikat/ Matana travertine -2.87 -10.99
unknown Smith et al.,  2004 Rizeikat/ Matana travertine -3.49 -11.29
unknown Smith et al.,  2004 Rizeikat/ Matana travertine -3.15 -11.17
unknown Smith et al.,  2004 Rizeikat/ Matana travertine -0.03 -9.75
unknown Smith et al.,  2004 Rizeikat/ Matana travertine -1.63 -8.57
unknown Smith et al.,  2004 Bulaq travertine -2.06 -8.52
unknown Smith et al.,  2004 Bulaq travertine -2.93 -9.33
unknown Smith et al.,  2004 Bulaq travertine -1.74 -10.36

Kharga Oasis: Wadi Midauwara
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.58 -9.5
unknown Smith et al.,  2004 Wadi Midauwara travertine 0.66 -8.88
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.45 -9.69
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.18 -7.44
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.29 -9.53
unknown Smith et al.,  2004 Wadi Midauwara travertine -1.56 -9.37
unknown Smith et al.,  2004 Wadi Midauwara travertine -1.27 -9.33
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.58 -9.02
unknown Smith et al.,  2004 Wadi Midauwara travertine -2.2 -9.1
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.06 -11.31
unknown Smith et al.,  2004 Wadi Midauwara travertine 0.92 -8.69
unknown Smith et al.,  2004 Wadi Midauwara travertine 0.18 -11.26
unknown Smith et al.,  2004 Wadi Midauwara travertine -4.35 -11.4
unknown Smith et al.,  2004 Wadi Midauwara travertine -4.39 -10.37
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.24 -9.16
unknown Smith et al.,  2004 Wadi Midauwara travertine 1.17 -7.9
unknown Smith et al.,  2004 Wadi Midauwara travertine -5.13 -11.9
unknown Smith et al.,  2004 Wadi Midauwara travertine -2.21 -8.89
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.93 -9.38
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.45 -7.99
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.06 -7.01
unknown Smith et al.,  2004 Wadi Midauwara travertine 0.04 -5.8
unknown Smith et al.,  2004 Wadi Midauwara travertine 0.71 -6.29
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.3 -8.07
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.38 -8.3
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.17 -8.87
unknown Smith et al.,  2004 Wadi Midauwara travertine -0.52 -8.45

Kurkur Oasis
E95-10 Crombie et al., 1997 Kurkur wadi travertine (north) -1.5 -12.99
E95-20 Crombie et al., 1997 Kurkur wadi travertine (north) -3 -13.76
E95-11 Crombie et al., 1997 Kurkur wadi travertine (north) -3.2 -13.47
E95-7B Crombie et al., 1997 Kurkur wadi travertine (north) -3.2 -13.67
E95-13 Crombie et al., 1997 Kurkur wadi travertine (south) -3.1 -13.08
E95-12 Crombie et al., 1997 Kurkur wadi travertine (south) -3.1 -13.57
E95-14A Crombie et al., 1997 Kurkur wadi travertine (south) -3 -11.43
E95-4 Crombie et al., 1997 Kurkur mound travertine -1.2 -12.02
E95-5 Crombie et al., 1997 Kurkur mound travertine 0 -10.07
E95-9 Crombie et al., 1997 Kurkur plateau travertine -1.4 -12.60
E95-15A Crombie et al., 1997 Kurkur plateau travertine -3.3 -9.88
E95-17 Crombie et al., 1997 Kurkur plateau travertine -2.1 -9.10
E95-8 Crombie et al., 1997 Kurkur plateau travertine -1.6 -9.49
E95-19 Crombie et al., 1997 Kurkur plateau travertine -1.1 -12.02

Notes:
-Stable isotopic ratios are reported relative to VPDB.
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Appendix 3
List of samples (this study)

Sample ID Geochronology Geochemistry Latitude Longitude
Crystal Mountain
K11E-CRYS-3 --- C,O 27.661122 28.431196
K11E-CRYS-4 U/Th C,O; Sr 27.661122 28.431196
K11E-CRYS-4B model age C,O; Sr 27.661122 28.431196
K11E-CRYS-5 secular equilibrium C,O; Sr 27.661122 28.431196
K11E-CRYS-6 --- C,O 27.661122 28.431196
K11E-CRYS-7A model age C,O; Sr 27.660527 28.431939
K11E-CRYS-7B --- C,O 27.660527 28.431939

Dakhla Oasis
K12E-DAK-14 --- C,O 25.475119 29.110658
K12E-DAK-15A --- C,O 25.474572 29.111047
K12E-DAK-15B --- C,O 25.474572 29.111047
K12E-DAK-17 U/Th C,O; Sr 25.51423 29.178466
K12E-DAK-18A --- C,O 25.507979 29.182392
K12E-DAK-18B U/Th C,O; Sr 25.507979 29.182392

Kharga Oasis: Refuf Pass
K12E-KHAR-20 U/Th C,O; Sr 25.679802 30.812764
K12E-KHAR-21 U/Th C,O; Sr 25.679811 30.812803
K12E-KHAR-22 --- C,O 25.680063 30.816365
K12E-KHAR-23 --- C,O 25.67845 30.817719
K12E-KHAR-24 --- C,O 25.676673 30.818389
K12E-KHAR-30 U/Th C,O; Sr 25.677807 30.821197
K12E-KHAR-31 U/Th C,O; Sr 25.678347 30.821665
K12E-KHAR-32 U/Th C,O; Sr 25.678912 30.822033
K12E-KHAR-33 U/Th C,O; Sr 25.682876 30.822121
K12E-KHAR-34 U/Th C,O; Sr 25.683026 30.821949
K12E-KHAR-35 U/Th C,O; Sr 25.684433 30.822451
K12E-KHAR-36 U/Th C,O; Sr 25.684398 30.822501
K12E-KHAR-37 U/Th C,O; Sr 25.684398 30.822501

Kharga Oasis: Wadi Midauwara
K12E-MIDA-40 U/Th C,O; Sr 24.960771 31.060566
K12E-MIDA-41 --- C,O 24.958262 31.068934
K12E-MIDA-42 --- C,O 24.95817 31.06952
K12E-MIDA-43 model age C,O; Sr 24.958458 31.0701
K12E-MIDA-44 --- C,O 24.958206 31.070163
K12E-MIDA-45 model age C,O; Sr 24.958257 31.069914
K12E-MIDA-46 model age C,O; Sr 24.959642 31.065347
K12E-MIDA-47 U/Th C,O; Sr 24.96034 31.064881
K12E-MIDA-47B U/Th C,O; Sr 24.96034 31.064881
K12E-MIDA-48 U/Th C,O; Sr 24.959873 31.062333
K12E-MIDA-48C U/Th C,O; Sr 24.959873 31.062333

Kurkur Oasis
K12E-KUR-50 --- C,O 23.888176 32.323048
K12E-KUR-51 --- C,O 23.888304 32.32342
K12E-KUR-52 U/Th C,O; Sr 23.892264 32.322398
K12E-KUR-53 U/Th C,O; Sr 23.892352 32.325983
K12E-KUR-54 --- C,O 23.892352 32.325983
K12E-KUR-55 U/Th C,O; Sr 23.891957 32.326397
K12E-KUR-56 U/Th C,O; Sr 23.891957 32.326397
K12E-KUR-58 U/Th C,O; Sr 23.898155 32.32496
K12E-KUR-59 model age C,O; Sr 23.905869 32.325107
K12E-KUR-60 model age C,O; Sr 23.905869 32.325107
K12E-KUR-61 --- C,O 23.905617 32.325226
K12E-KUR-62 model age C,O; Sr 23.905671 32.325295
K12E-KUR-63 U/Th C,O; Sr 23.906209 32.324388
K12E-KUR-64 --- C,O 23.906191 32.324349
K12E-KUR-65 U/Th C,O; Sr 23.906145 32.324212
K12E-KUR-65B --- C,O 23.880896 32.298913
K12E-KUR-66 --- C,O 23.880758 32.298295
K12E-KUR-67 --- C,O 23.887198 32.292533
K12E-KUR-68 --- C,O 23.88699 32.292348
K12E-KUR-69 --- C,O 23.886437 32.293932
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Source: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,
swisstopo, and the GIS User Community
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K12E-‐CRYS-‐4	  (523339	  +	  29793)	  
Exterior	  bands	  of	  flow

stone	  rind	  w
/sparry	  

core;	  youngest	  traver9ne?	  

Crystal	  M
ountain	  

K12E-‐CRYS-‐4B	  (1397	  +	  181	  ka)	  
Interior	  bands	  of	  flow

stone	  rind	  
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K12E-‐CRYS-‐5	  (secular	  equilibrium
)	  

Fine	  sparry	  layer	  just	  above	  contact	  w
/Taraw

an	  chalk;	  probably	  the	  
oldest	  traver9ne.	  

Crystal	  M
ountain	  
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K12E-‐CRYS-‐7A	  (1014	  +	  119	  ka)	  
drape	  in	  hillside	  (uphill	  from

	  previous	  sam
ples).	  

Crystal	  M
ountain	  
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K12E-‐CRYS-‐3,	  6,	  7B
	  

Crystal	  M
ountain—

not	  dated	  
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K12E-‐DAKH-‐17U
	  (349012	  +	  6053)	  

m
icri9c	  layer	  at	  top	  of	  lakebeds	  

Dakhla	  
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K12E-‐DAKH-‐18BU
	  (292297	  +	  4751)	  

~3cm
	  layer	  at	  boH

om
	  of	  lakebeds	  overlying	  shale	  

Dakhla	  
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K12E-‐DAKH-‐14,	  15A,	  15B,	  18A
	  

Dakhla	  O
asis—

not	  dated	  
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K12E-‐KHAR-‐30U
	  (600220	  +	  63819)	  

base	  of	  Level	  1,	  siL
ng	  atop	  gravels	  

Refuf	  Pass-‐	  1	  

K12-‐KHAR-‐31	  

K12-‐KHAR-‐30	  
K12-‐KHAR-‐31	  

K12-‐KHAR-‐30	  
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K12E-‐KHAR-‐31U
	  (449554	  +	  10520)	  

~1m
	  from

	  top	  of	  large	  drape	  in	  4m
	  sec9on	  of	  Level	  1	  

Refuf	  Pass-‐	  1	  

K12-‐KHAR-‐31	  
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K12E-‐KHAR-‐20U
	  (123996	  +	  583)	  

large	  root	  cast	  at	  boH
om

	  of	  m
id-‐level	  outcrop	  

Refuf	  Pass-‐2	  
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K12E-‐KHAR-‐21U
	  (128545	  +	  552)	  

large	  root	  cast	  tow
ards	  top	  of	  Level	  2;	  in	  spongy,	  porous	  traver9ne	  

Refuf	  Pass-‐2	  
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K12E-‐KHAR-‐32U
	  (130652	  +	  741)	  

top	  of	  Level	  2	  

Refuf	  Pass-‐2	  

K12-‐KHAR-‐32	  
K12-‐KHAR-‐31	  

K12-‐KHAR-‐30	  
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K12E-‐KHAR-‐33U
	  (429895	  +	  9565)	  

base	  of	  Level	  3	  

Refuf	  Pass-‐3	  
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K12E-‐KHAR-‐34U
	  (543885	  +	  35391)	  

Drape	  at	  top	  of	  level	  3	  

Refuf	  Pass-‐3	  
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K12E-‐KHAR-‐35U
	  (645793	  +	  60676)	  

base	  of	  Level	  4;	  boH
om

/interior	  of	  drape	  

Refuf	  Pass-‐4	  

K12-‐KHAR-‐35,	  36,	  37	  
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K12E-‐KHAR-‐36U
	  (496495	  +	  22947)	  

root	  cast	  in	  sm
all	  cave,	  ~1m

	  from
	  outside	  of	  drape	  

Refuf	  Pass-‐4	  

K12-‐KHAR-‐35,	  36,	  37	  
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K12E-‐KHAR-‐37U
	  (448057	  +	  13928)	  

top	  of	  Level	  4,	  exterior/top	  of	  drape;	  sparry	  vein	  

Refuf	  Pass-‐4	  

K12-‐KHAR-‐35,	  36,	  37	  
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K12E-‐KHAR-‐19	  (gastropods),	  22,	  23,	  24
	  

Refuf	  Pass—
not	  dated	  
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K12E-‐M
IDA-‐40U

	  (103412	  +	  402)	  
rind	  from

	  pourover	  in	  level	  1;	  youngest	  traver9ne?	  

M
idauw

ara-‐1	  
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K12E-‐M
IDA-‐48B	  (179102	  +	  1560)	  

outer	  bands	  of	  lam
inated	  rim

stone,	  level	  1;	  top?	  
	  K12E-‐M

IDA-‐48C	  (158949	  +	  872)	  
inner	  bands	  of	  lam

inated	  rim
stone,	  level	  1;	  top?	  

M
idauw

ara-‐1	  
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K12E-‐M
IDA-‐46	  (728	  +	  120	  ka)	  

Large,	  w
ell-‐lam

inated;	  probably	  not	  in	  place;	  boH
om

	  of	  level	  2	  

M
idauw

ara-‐2	  
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K12E-‐M
IDA-‐47	  (600050	  +	  74659)	  

Root	  cast	  (da9ng	  outcrop	  itself?)	  

M
idauw

ara-‐2	  
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K12E-‐M
IDA-‐47B	  (565518	  +	  50194)	  

Botryoidal	  coa9ng	  on	  boH
om

	  of	  shelf;	  close	  to	  47	  (root	  cast)	  but	  
younger?	  

M
idauw

ara-‐2	  
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K12E-‐M
IDA-‐43	  (791	  +	  120	  ka)	  

From
	  boH

om
	  of	  level	  3;	  m

ixed	  phytoherm
al/flow

	  layering,	  w
/crinkled	  

“m
ini-‐dam

s”	  

M
idauw

ara-‐3	  



68

K12E-‐M
IDA-‐45	  (915	  +	  120)	  

finely	  lam
inated	  root	  casts	  on	  pourover	  feature;	  top	  of	  Level	  3	  

M
idauw

ara-‐3	  
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K12E-‐M
IDA-‐41,	  42,	  44	  

W
adi	  M

idauw
ara—

not	  dated	  
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K12E-‐KU
R-‐63	  (126513	  +	  949)	  

s9ck	  cast	  just	  above	  m
odern	  w

adi	  level	  (boH
om

	  level	  1)	  

Kurkur-‐1	  



72

K12E-‐KU
R-‐65	  (76749	  +	  635)	  

Root	  cast	  near	  deposit	  top,	  7.5	  m
	  above	  m

odern	  w
adi	  

Kurkur-‐1	  



73

K12E-‐KU
R-‐52	  (143756	  +	  763)	  

Banded	  rind	  in	  m
ound	  cem

en9ng	  gravels;	  spring	  m
ound	  layer?	  

Kurkur-‐1	  



74

K12E-‐KU
R-‐58	  (245825	  +	  2665)	  

low
est	  level	  traver9ne,	  at	  level	  of	  m

odern	  w
adi,	  atop	  gravel;	  big	  cast	  am

ong	  botryoidal	  drapes	  
on	  boulders	  (som

e	  transported	  but	  m
any	  grew

	  in	  place?;	  horizontal	  con9nuity	  apparent)	  	  

Kurkur-‐2	  
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K12E-‐KU
R-‐53	  (514337	  +	  29730)	  

S9ck	  cast	  from
	  boH

om
	  of	  slum

ped	  but	  intact?	  Level	  3	  (non-‐slum
ped	  

equivalent	  42m
	  above	  w

adi)	  

Kurkur-‐3	  



76

K12E-‐KU
R-‐55	  (191583	  +	  3445)	  

M
icrite	  vein	  at	  top	  of	  plateau	  (level	  3);	  culm

ina9on	  of	  9m
	  strat	  

sec9on	  

Kurkur-‐3V	  



77

K12E-‐KU
R-‐56	  (145803	  +	  894)	  

At	  top	  of	  plateau	  (level	  3)—
fed	  by	  vein	  (55)?;	  culm

ina9on	  of	  9m
	  strat	  

sec9on	  

Kurkur-‐3V	  
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K12E-‐KU
R-‐59	  (610	  +	  119	  ka)	  

botryoidal	  cave	  filling;	  at	  base	  of	  plateau	  (level	  3)	  near	  contact	  w
ith	  

bedrock	  

Kurkur-‐3	  
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K12E-‐KU
R-‐60	  (844	  +	  119	  ka)	  

M
icrite	  ledge/cave	  filling	  at	  base	  of	  plateau	  (level	  3)	  just	  below

	  59	  

Kurkur-‐3	  
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K12E-‐KU
R-‐62	  (1024	  +	  119	  ka)	  

s9ck	  cast	  at	  bottom
 of sm

all cave w
/ good banding (cave filling also 

collected but not drilled); 21m
 above w

adi	  

Kurkur-‐3	  
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K12E-‐KU
R-‐50A,	  51,	  54,	  57-‐m

issing,	  
61,	  64,	  65B,	  66,	  67,	  68,	  69	  

Kurkur	  O
asis—

not	  dated	  
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