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Stalagmite Orum-1 froma cave near Orumana in northwestern Namibia provides amulti-proxy record of region-
al dryingwith increasing global-scalewarmth over the last 47 kyr, in a region with few longwell-dated location-
specific paleoclimate records. Data from Stalagmite Orum-1 include carbon and oxygen stable isotope ratios,
proportions of aragonite and calcite, pronouncedly differing petrographic fabrics, positions of layer-bounding
surfaces, variation in layer-specificwidth, and changes in layer thickness, all ofwhich combine to support change
from wetter to drier conditions. Combined with fourteen U-Th ages, they suggest that climate was wetter in
northwestern Namibia during globally cold MIS 3 than it is today, and with more grass than is present today.
The climate at Orumana became drier during the deglacial transition after the Last Glacial Maximum, but carbon
isotope data indicate that C4 grasses persisted. In the Holocene, even greater aridity led to a reduction in grass
cover and to the present C3-dominated vegetation. Hiatuses in Stalagmite Orum-1 suggest even drier conditions
during the Bølling-Allerød and during the early Holocene thermal maximum.
Wetter conditions at Orumana during glacial times may have resulted frommovement of the Intertropical Con-
vergence Zone southward, in a shift thatwas significantwest of longitude 13°E but perhaps less significant east of
that line. It may have been accompanied by a lesser southward shift of the Angola-Benguela Front at sea and/or
the Inter-Ocean Convergence Zone on land, leading to increased rainfall in northern Namibia (but perhaps not
farther south). Extrapolation from the present to warmer conditions in the next century would suggest that
further drying in northern Namibia and southern Angola may occur.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Three factors combine to make studies of past climate in southern
Africa important both to human survival and to science. First, the dry cli-
mate of the region continually imperils agriculture and animal husband-
ry, which are critical to human sustenance across the region, and the
scarcity of water limits economic development (e.g., Lange, 1997). Sec-
ondly, the sharp contrasts in rainfall across the region, both with regard
to amount and seasonality, mean that shifts in climatic belts can have
great impact on climate at any one location. Consequently, southern
Africa is ranked as the region of the world likely to be most impacted
by desertification in the next two decades (DARA and the Climate
Vulnerability Forum, 2010). Thirdly, past climate change in southern
Africa, and especially southwestern Africa, is the subject of explicit dis-
putes about change in the region over the past tens of thousands of
years, and most intensely with regard to the Last Glacial Maximum
(e.g., Heine et al., 2014, p. 174). Conflicting results from different
locationsmake any synthesis problematical, and there is commonly dis-
agreement between ages generated by radiocarbon dating of organic
matter, ages generated by radiocarbon dating of carbonate, and ages
from sediments dated using optically-stimulated luminescence (OSL)
(Brook et al., 2011; Stone et al., 2010). Furthermore, most interpreta-
tions of the region's past climate rely on proxy information from
marine sediment cores that receive signals from environmentally di-
verse landscapes upwind and upstream from the cores themselves

http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2016.08.014&domain=pdf
http://dx.doi.org/10.1016/j.palaeo.2016.08.014
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Fig. 1. Map showing the location of Orumana in northwestern Namibia (black-filled cir-
cle). Histograms show average monthly rainfall at locations marked with circles; the ver-
tical scale for all is the same as that shown for Orumana.Histograms1 to 9 provide a south-
to-north transect; Histograms A to C provide a transect from the Atlantic coast inland as
discussed in Section 2.1. From south to north, climate zones proceed from austral winter
rainfall to austral summer rainfall to equatorial equinoctial rainfall to boreal summer rain-
fall. Histograms of atmospheric precipitation covering the period from 1961 to 1990 are
from the gridded data of New et al. (1999) as presented at the World Bank's Climate
Change Knowledge Portal at sdwebx.worldbank.org/climateportal/index.cfm?page=
global_map. Squares mark locations of marine cores discussed in Sections 5.1 and 5.2.
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(e.g., Stuut et al., 2002; Dupont andWyputta, 2003) (see also Lim et al.,
2016, pp. 198 and 203). These factors combine to emphasize the impor-
tance of precisely-dated single-point records of past climate from the
continent itself.

In light of the above considerations, this paper presents a
paleoclimate record from an unusual stalagmite from a cave near
Orumana in northwestern Namibia. Stalagmite Orum-1 provides a dis-
continuous but useful record of climate change over the last 47 kyr,
with precise and reliable ages generated by U-Th dating. The
stalagmite's characteristics vary greatly in response to what appears to
have been considerable change in wetness of climate. Furthermore,
the stalagmite's record of drying and aridification from the globally
cooler Late Pleistocene environment to warmer Holocene conditions
suggests that even drier conditions could develop if climate continues
to warm over the next century.

2. Setting

2.1. The landscape and environment of northwestern Namibia

Orumana Cave is near Orumana Mission Station (18° 15.42′ S; 13°
53.68′ E),which is about 25 kmSSE fromOpuwo or Opuvo, in the north-
ern part of the Kunene Region of northwestern Namibia, at an elevation
of about 1450 masl. It is roughly 170 km inland from the Atlantic coast,
in the rugged Joubert Mountains that constitute the Kaokoveld Karst
terrain (Irish et al., 2001). Orumana is in the upper catchment of the
Hoarusib River, which drains toward the Atlantic Ocean and which, al-
though ephemeral, “reaches the sea almost every year” (Srivastava
et al., 2005).

Orumana lies in the austral tropical summer rainfall zone (Fig. 1) and
has an average annual rainfall of about 300 mm/yr falling mainly from
October to April. The quantity of summer rain diminishes progressively
toward the south until it transitions into awinter rainfall zonemuch far-
ther south. Rainfall increases towards the north to where precipitation
during the equinoxes dominates at the equator (Transect 1–9 of Fig. 1).

Orumana lies just south of the latitude of the Atlantic Ocean's
Angola-Benguela Front (ABF), where the cold Benguela Coastal Current
coming from the south meets the warm Angola Current coming from
the north (Fig. 2). The 21 °C isotherm of sea-surface temperature, mid-
way between the 15 °C temperature of the Benguela Coastal Current
and 27 °C of the Angola Current, moves north and south from 13°S in
austral winter to 17°S in austral summer (Fig. 4.1.1 of Veitch, 2002).
When the Angola Current breaches the Front and moves farther south,
evaporation from its surface causes more rain to fall on the lands to
the east (Rouault et al., 2003). The general position of the Front at sea
matches that of the northern margin of the Namib Desert on land
(Fig. 2).

Orumana is also located just south of a convergence of air masses,
the Inter-Ocean Convergence Zone (IOCZ), which has also been called
the “Congo Air Boundary” or “Zaire Air Boundary” (Fig. 2). The IOCZ is
the convergence of air masses from the Indian Ocean and tropical
Atlantic Ocean (van Heerden and Taljaard, 1998). During summer, and
thus during the wet season, the IOCZ runs almost west-east just north
of the border between Namibia and Angola, with winds off the nearby
tropical Atlantic Ocean on the north (Angolan) side and winds from
the distant Indian Ocean on the south (Namibian) side. Offshore, and
to the south of the IOCZ, is a nearby semi-permanent coastal high-
pressure cell over the cold Benguela upwelling areas along the
Namibian coast. The IOCZ coincideswith a steep gradient in annual rain-
fall, with more rainfall to the north associated with tropical Atlantic
moisture as opposed to drier air to the south, and this southwardmigra-
tion of the IOCZ brings more rain to northern Namibia (Tyson, 1986;
Mattes and Mason, 1998).

Within the austral summer rainfall zone, rainfall increases inland
from the coast to Orumana and onward to southeastern Angola
(Transect A-C of Fig. 1), leading to climatic zones that change over
small distances near Orumana. In the updated Köppen-Geiger climate
classification of Kottek et al. (2006), Orumana lies at the boundary of
BSk (cold arid steppe, because of the prevailing influence of the coastal
high-pressure inversion) and Cwb (warm temperate climate with dry
winter and warm summer) (Fig. 3). Only 50 km to the northeast is
Cwa (warm temperate climate with dry winter and hot summer) and
only about 70 km to the southeast is BSh (hot arid steppe) (Fig. 3). Rain-
fall increases abruptly to the northeast, doubling from 300mmannually
to 600 mm over a distance of only 210 km (Fig. 2).

This progression of increasing rainfall andwetter climate fromwest-
southwest to east-northeast through Orumana largely accounts for the
transition from the hyperarid Namib Desert along the coast to a com-
plex semidesert/savanna mosaic at Orumana as part of the Kaokoveld
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Fig. 2.Mapof Africawith isohyets for annual rainfall from the Global Precipitation Climatology Project (GPCP) of the U.S. National Aeronautics and Space Administration (NASA). Thefilled
circle in southwestern Africa, at 18°S, 14°E, is the location of the Orumana stalagmite (Section 2). Bold lines show the positions of the Intertropical Convergence Zone in austral winter and
austral summer as shown by Wang (2009) (broadly dashed line), Dupont et al. (2008) (finely dashed or coarsely dotted line) and Nicholson (2009) (finely dotted line). Currents in the
southeastern Atlantic are the Southern Equatorial Counter Current (SECC), Angola Current (AC), and Benguela Current (BC). ABF is the Angola-Benguela Front in austral winter (W) and
austral summer (S). IOCZ is the Inter-Ocean Convergence Zone ofwinds from Indian and Atlantic Oceans, taken from Fig. SD.3 of van Heerden and Taljaard (1998). The dashed line at 13°E
is a general boundary discussed in Section 5.3.2. Currents and position of the ABF are from Veitch (2002); Benthien et al. (2005), and Dupont et al. (2008).

111L.B. Railsback et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 461 (2016) 109–121
Centre of Endemism (Craven, 2009) and thence to savanna just east of
Orumana (White, 1983; UNEP, 2010). Grass cover increases abruptly
from b10% in the semidesert belt to 25–75% in the savanna and flood-
plains of the Cuvelai drainage system (Mendelsohn et al., 2002). Fig.
10.4 of Ehleringer (2005) shows that, to the north and east of Orumana,
C4 grasses make up 60 to 100% of the grasses present, and Fig. 4 of Still
et al. (2003) indicates that N90% of the vegetation there is C4 plants (al-
though the region is not a grassland and is instead a mopane savanna).
Thus the region can be divided along a NNW-SSE line, with vegetation
rich in C4 grasses in the wetter region to the east of Orumana and a
drier region with a much smaller proportion of C4 plants at Orumana
and to the west (Fig. 3).

Around the cave itself, the vegetation on the plateau consists pre-
dominantly of a variety of trees and large shrubs typical of the wetter
parts of the mountainous Kaoko Escarpment zone from ca. 15°S in
southwestern Angola to ca. 20°S in Namibia (Craven, 2009), i.e. the
northern part of the Woodland Savanna ecoregion (Mendelsohn et al.,
2002). The open woodland is dominated by Commiphora crenato-
serrata, Kirkia acuminata and Euphorbia spp. trees with scattered
Terminalia prunioides, Commiphora spp. and Dichrostachys cinerea
shrub and sparse C4 grasses. A range of trees and shrubs occur around
the cave that are rare on the plateau, e.g. Ficus cordata, Sterculia africana,
Combretum apiculatum, Boscia albitrunca, Grewia sp. and Ximenia sp.

To summarize, Orumana lies in a south-to-north gradient of increas-
ing rainfall in which a dynamic boundary at sea (the ABF) can signifi-
cantly change rainfall to give either arid or more hospitable climate,
with an analogous frontal boundary on land (the IOCZ), and it lies at a
boundary in a west-to-east transition from desert to savanna, with
greater rainfall to the east. This location makes significant climate
change through time likely, and it makes a paleoenvironmental record
fromOrumana important in understanding the region's climate history.
2.2. The cave at Orumana

The cave at Orumana is developed in cherty dolostones of the
Neoproterozoic Tsumeb Subgroup (Martini et al. (1990), which is the
uppermost subdivision of the Otavi Group of the Damara Supergroup
(Hoffmann and Prave, 1996; Hoffman et al., 1998; Miller, 2008). The
dolostone is distinctly bedded, with layers dipping slightly to the east.
Martini et al. (1990) and Martini et al. (1999) provide maps of the
cave, and Photo 2 of Martini et al. (1999) shows a large portion of the
cave's interior, with many stalactites hanging from a broad ceiling. De-
spite the abundance of stalactites, stalagmites are very rare (Martini
et al., 1999), suggesting that most dripwater evaporates on the cave's
ceiling rather than falling to the floor. Little else is known about the hy-
drology of this remote cave. Martini et al. (1999) pointed out that, of the
caves in Kaokoland, Orumana alone has been known to and visited from
time to time by the indigenous peoples.

Martini et al. (1990) pointed out that the cave at Orumana cannot be
the result of collapse, both because there are not sufficient large blocks
on the floor for collapse to have been significant and because the walls
of the cave are smooth and suggest a dissolutional origin. However, at
present the cave is so dry that Martini et al. (1990) specifically reported
that, “at one spot on the floor a drip forms a small pool of water”, with
the rest presumably dry. Thus the cave itself suggests much wetter



Fig. 3. Map of northern Namibia and southern Angola showing vegetation and climate
zones. Dashed boundaries between vegetation zones of desert, semidesert, and savanna
are generalized from U.S. Central Intelligence Agency (1986) and UNEP (2010), which
was based on Chi-Bonnardel (1973); finer dashed branches show variants depending on
source. The bold line is the boundary between the regionwith little grass cover and the re-
gion with a considerable grass cover (labeled in bold) as shown by the Atlas of Namibia
Project (2002). The latter line coincides with the western boundary of regions rich in C4
vegetation shown in Fig. 10.4 of Ehleringer (2005) and Fig. 4 of Still et al. (2003). Colored
fields and three-letter codes indicate regions in theKöppen-Geiger classification of climate
as presented by Kottek et al. (2006).

Fig. 4. Scanned image of a vertical section of Stalagmite Orum-1. In the sketch at upper
right, solid lines outline the four growth periods discussed in Section 4.2, and dotted
lines indicate the four major Type L surfaces. Fig. 6 shows the exterior of the top of the
stalagmite, and Fig. 8 shows the area at lower right in more detail.
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conditions at some point in the past when the water table was suffi-
ciently high to cause the dissolution that created the present cavity.

Stalagmite Orum-1 (Fig. 4) was collected in 2004 from the top of a
large, prominent stalagmitic complex on the floor of the cave.
Stalagmite Orum-1 protruded from the top of the complex, some 6 m
above the floor of the cave.

3. Methods

3.1. U-Th ages

Positions in Stalagmite Orum-1were indexed along the growth axis,
which includes a protrusion that deviates from the vertical axis of the
stalagmite (Fig. 5). Fourteen samples for U-Th radiometric dating were
drilled from Stalagmite Orum 1. Thirteen of these were along the
growth axis, and the fourteenth sample was drilled from the flank of
the stalagmite, just below a prominent surface of physical breakage, in
order to determine a minimum age for the time when the stalagmite
was broken. All sampleswere drilled to follow single layers except Sam-
ple B in Period III (see Section 4.2), where abundant detritalmaterial re-
quired drilling along multiple laminae to obtain a large enough sample
for dating, so that the age of Sample B is the average of a slightly longer
time period than is the case for the other samples. One sample (OR-6)
yielded anomalous δ234U values and was replaced by sample OR-6R,
which gave almost the same age but with δ234U values more similar to
those obtained from the analysis of the other samples.

All fourteen samples were dated by inductively coupled plasma
mass spectrometry (ICP-MS) in the Stable Isotope Laboratory of the
University of Minnesota using techniques described in Edwards et al.
(1987) and Cheng et al. (2000). Ages were calculated using half-lives
from Cheng et al. (2000) and are reported with analytical errors of
2σ of the mean (Table 1). Corrections for detrital Th were made by
assuming a 230Th/232Th ratio equal to the average for Earth's crust,
(4.4 × 10−6); the isochronmethodwas not used becausemultiple sam-
pling along individual depositional laminaewould have been difficult in
the stalagmite examined. The approach we used is preferable because
the coralloidal structure of the stalagmite precludes detailed correlation,
so that the corrections, which ranged from 32 to 770 years, are irrele-
vant to the broad correlations considered in Section 5 (as is shown in
thefigure onwhich those correlations aremade). Even for theHolocene,
where corrections are proportionately greatest, the magnitudes of the
corrections affect the ages and conclusions very little because the
most precise designation of age for Period IV in this paper is “Late
Holocene”.
3.2. Methods for stable isotopes, mineralogy and growth layer geometry

Carbon and oxygen stable isotope analyses were performed using
a method modified from that of McCrea (1950). Samples weighing 5
to 10 mg were reacted under vacuum in 100% phosphoric acid at
50 °C. The resulting CO2 was extracted on a conventional vacuum line
and analyzed on Finnigan MAT Delta E and MAT 252 mass spectrome-
ters. Laboratory standards were prepared and analyzed with each
batch of samples. These standards have been calibrated to NBS-19
(δ13C = +1.95, δ18O = −2.2‰ relative to VPDB) and NBS-18
(δ13C = −5.0 and δ18O = −23.0‰ relative to VPDB). Isotopic results
from samples were normalized to the lab standards using a two-point
scale, so that all δ13C and δ18O values reported here are relative to
VPDB. The 2-sigma error of the combined extraction and analysis was
0.04‰ for δ13C and 0.05‰ for δ18O.



Fig. 5. Sketch of Stalagmite Orum-1 showing the indexing system (cm) and the position of
samples taken for radiometric dating, as discussed in Section 3.1. Note that, from 3 cm to
5 cm, the indexing system takes into account a lateral protrusion that was not deposited
along the vertical axis of the stalagmite (Period III). Also note that Sample Q for dating
was taken from the flank, not the growth axis, to determine how long deposition
continued before the stalagmite was broken at the boundary between Periods I and II.
Analysis of Sample Q reveals that deposition continued for at least 15 ka after deposition
of the material in Sample 3 but before the stalagmite was broken (Table 1).
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Mineralogy of powdered sampleswas determined using a Bruker D8
X-ray Diffractometer in the Department of Geology of the University of
Georgia. Samples were scanned from 10 to 65°2Θ using CoKa radiation.

Layer-specific width was determined using the method shown in
Fig. 2 of Sletten et al. (2013) and Fig. 3 of Railsback et al. (2014). The
angle used was 25°, intermediate between the values of 10° and 33°
used by Sletten et al. (2013) and Railsback et al. (2014), respectively.

4. Results

4.1. Form of Stalagmite Orum-1

Stalagmite Orum-1 has a vertical extent of 51 cm along its growth
axis. It has a wide base, in that the lower third of the stalagmite is
about 25 cm in diameter. In contrast, the upper two thirds of the stalag-
mite are about 10–15 cm in diameter, becoming smaller upward
(Fig. 4).

The exterior of the upper quarter of Stalagmite Orum-1 has many
protrusions roughly 1 cm in diameter and 1 cm in height (Fig. 6).
These digitate protrusions are known to speleologists as “coralloids”
(Caddeo et al., 2015) or “cave popcorn” (Hill and Forti, 1997). The verti-
cal section of the stalagmite cut along its growth axis additionally re-
veals coralloids in much, but not all, of the interior of the stalagmite
(Fig. 4).

4.2. Periods of growth in, and age model for, Stalagmite Orum-1

Stalagmite Orum-1 grew during four distinct periods that are sepa-
rated by prominent surfaces, two of which resulted from breakage of
the stalagmite (Figs. 4 and 7). The lowermost and therefore earliest pe-
riod (Period I) lies below a surface of breakage that truncates many
layers (Fig. 8). The break crosses the growth axis of the stalagmite
39 cm from the top and extends across the stalagmite at its widest
point, suggesting that a sizeable upper section of the stalagmite was
broken off. U-Th ages show that the material below the break was de-
posited from47 ka to at least 24 ka (Table 1), although the stable isotope
record for Period I extends only from 47 to 38 ka because axial deposits
younger than 38 kyrwere broken off. The breakmay have resulted from
the activity of humans visiting the cave (Martini et al., 1999) or have
been triggered by natural roof-fall.

Period II extends from 39 cm below the top of the stalagmite to just
5 cm below the top, and thus it represents most of the stalagmite's ver-
tical extent (Figs. 4 and 5). The upper boundary of Period II is a dark
layer that extends across the top of the stalagmite with no evidence of
breakage associated with it, although some layers were broken off one
side of the stalagmite prior to deposition of the dark layer. U-Th ages
for Period II range from 20 to 15 ka (Fig. 7; Table 1).

Period III is represented by a small pinnacle, or knob, to one side of
the main stalagmite growth axis (Figs. 4–6). It extends 2 cm from the
underlying material of Period II. It is underlain by about one third of
the dark layer that caps Period II and is overlain by about two thirds of
that layer. A U-Th age of 13.7 ka for Sample B provides an age for Period
III, as discussed in Section 3.1. A surface of breakage within Period III,
recognizable only in thin section, suggests that it may represent multi-
ple discrete time periods, and the upper boundary of Period III appears
to be a broken surface.

Period IV constitutes the uppermost 3 cm of the stalagmite (Fig. 4).
U-Th ages in Period IV range from ca. 1.0 to 0.9 ka (Fig. 7; Table 1).
The top surface of Period IV, the top of the stalagmite, shows no evi-
dence of breakage.

4.3. Layer-bounding surfaces

Like almost all stalagmites, Stalagmite Orum-1 contains Type L sur-
faces (surfaces below which layers thin and cover a smaller area of the
stalagmite, suggesting drier conditions) and Type E surfaces (surfaces
at which underlying layers have undergone corrosion and dissolutional
erosion) (Railsback et al., 2013) (Figs. 4 and 9). Four of the six Type L
surfaces recognized in Stalagmite Orum-1 are in Period II. In contrast,
Type E surfaces are common in Period I. Those Type E surfaces rarely
cut through multiple layers and instead only suggest corrosion of tops
of individual layers (Fig. 9), suggesting seasonally wet conditions rather
than major wet intervals.

4.4. Fabrics and layer thickness

The petrographic fabric of Stalagmite Orum-1 ranges from simple
domal laminae to coralloids, with the coralloids best-developed at the
stalagmite's crest rather than its flanks. Period I consists mostly of
domal laminae, whereas Periods II to IV are largely coralloidal. Layer
thickness is very difficult to measure in the coralloidal intervals, for
two reasons: the changing attitude of layers means that observations
in sections are mostly apparent thicknesses that are greater than actual
thicknesses, and actual thickness of an individual layer in coralloids
commonly varies along the length of the layer (Caddeo et al., 2015).



Table 1
U-Th dating results for Stalagmite Orum-1.

Distance Uncorrected Corrected

Sample from top weight 238U
(ppb)

232Th
(ppt)

δ234U measureda [230Th/238U] activityb [230Th/232Th]
(ppm)c

Age
(yrs)

Aged

(yrs)
δ234Uinitial correcteda

ID (cm) (g)

OR-8 1.7 0.0930 1763.3 ± 3.8 8724 ± 28 1124.0 ± 3.1 0.02045 ± 0.00030 68 ± 1 1053 ± 15 986 ± 37 1127.1 ± 3.1
OR-12 3.0 0.1500 436.4 ± 1.5 3016 ± 7 931.8 ± 6.9 0.01950 ± 0.00044 47 ± 1 1105 ± 25 1001 ± 58 934.5 ± 6.9
OR-B 4.2 1913.3 ± 4.1 9932 ± 200 741.5 ± 2.1 0.2092 ± 0.0005 664 ± 13 13830 ± 41 13745 ± 73 771 ± 2
OR-7 5.7 0.0689 1621.3 ± 3.4 5882 ± 19 992.3 ± 3.0 0.25757 ± 0.00119 1170 ± 6 14916 ± 77 14864 ± 81 1034.8 ± 3.1
OR-6 11.8 0.1408 19.6 ± 0.2 4005 ± 14 108954.5 ± 954.1 15.16264 ± 0.16918 1224 ± 7 15793 ± 235 15741 ± 236 113911.3 ± 1000.4
OR-6R 11.8 1124.7 ± 2.4 5911 ± 119 1146.8 ± 2.5 0.2966 ± 0.0008 931 ± 19 16008 ± 50 15938 ± 70 1200 ± 3
OR-11 26.3 0.1720 378.4 ± 1.0 954 ± 4 1240.0 ± 5.5 0.34451 ± 0.00135 2252 ± 12 17940 ± 89 17908 ± 90 1304.3 ± 5.8
OR-5 36.9 0.1343 1524.0 ± 3.7 6190 ± 101 1337.9 ± 3.6 0.40364 ± 0.00904 1637 ± 45 20286 ± 492 20237 ± 493 1416.7 ± 4.3
OR-4 38.9 0.0932 1456.1 ± 2.8 15513 ± 63 1318.8 ± 3.3 0.37993 ± 0.00254 587 ± 4 19176 ± 141 19046 ± 155 1391.8 ± 3.5
OR-Q – 843 ± 1.6 54445 ± 1094 1435.5 ± 2.7 0.5106 ± 0.0012 130 ± 3 25074 ± 72 24331 ± 530 1538 ± 4
OR-3 39.3 0.0928 621.9 ± 1.1 33539 ± 143 911.3 ± 3.0 0.60744 ± 0.00501 186 ± 2 40366 ± 399 39587 ± 557 1019.1 ± 3.7
OR-2 42.8 0.0938 2503.3 ± 5.6 6752 ± 19 832.7 ± 2.9 0.58908 ± 0.00219 3598 ± 15 40965 ± 196 40925 ± 197 934.8 ± 3.3
OR-10 45.0 0.1810 233.3 ± 0.7 2989 ± 6 772.8 ± 5.5 0.59350 ± 0.00273 764 ± 3 43082 ± 288 42883 ± 303 872.2 ± 6.3
OR-9 47.1 0.1610 232.0 ± 0.3 2584 ± 5 851.5 ± 3.4 0.61554 ± 0.00211 911 ± 3 42655 ± 198 42490 ± 215 960.0 ± 3.9
OR-1 51.0 0.4172 886.7 ± 1.4 8192 ± 22 901.5 ± 2.5 0.69185 ± 0.00269 1234 ± 5 47434 ± 237 47301 ± 245 1030.4 ± 3.0

Analytical errors are 2σ of the mean. U and Th decay constants are the same as those described in Cheng et al. (2009a, 2009b).
a δ234U = ([234 U/238 U]activity − 1) × 1000. δ234Uinitial (corrected) was calculated based on 230Th age (T), i.e., δ234Uinitial = δ234Umeasured × eλ234⁎ T, and T is corrected age.
b [230Th/238U]activity = 1 − e−λ230T + (δ234Umeasured / 1000)[λ230/(λ230 − λ234)](1− e−(λ230−λ234)T), where T is the age.
c The degree of detrital 230Th contamination is indicated by the [230Th/232Th] atomic ratio instead of the activity ratio.
d Age correctionswere calculatedusing an average crustal 230Th/232Th atomic ratio of 4.4× 10−6±2.2× 10−6. Those are the values for amaterial at secular equilibrium,with the crustal

232Th/238U value of 3.8. The errors are arbitrarily assumed to be 50%. As Section 3.1 points out and Fig. 13 shows, the corrections for 230Thinitial are irrelevant to this paper's conclusions.
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Where the fabric of Stalagmite Orum-1 is sufficiently domal, rather than
coralloidal, to allowmeasurement of thickness of layers, thosemeasure-
ments indicate that maximum layer thickness is greatest in Period I and
less in Periods II and IV (Fig. 10).

4.5. Mineralogy

Stalagmite Orum-1 consists of both aragonite and calcite, with vari-
ation between the two polymorphs of CaCO3 vertically within layers,
laterally along layers, and more broadly between the different growth
periods (Fig. 11). Vertical variation within layers is commonly evident
as a sharp base above which aragonite predominates but makes a grad-
ual transition to calcite, above which there is a sharp boundary with the
overlying layer. Along layers in coralloidal intervals, aragonite predom-
inates in the protruding coralloids and calcite is common in the recesses,
as expected from variation in saturation state along a speleothem sur-
facewhere coralloids form (Caddeo et al., 2015). At the largest scale, cal-
cite is most abundant in Period I, and aragonite is most abundant in
Periods II to IV (Fig. 10).
Fig. 6.A. Topof a scanned image of a vertical section of Stalagmite Orum-1. B. Photographof the e
exposed examples of the structures that dominate much of the interior of Stalagmite Orum-1,
4.6. Stable isotopes

Values of δ13C and δ18O show a strong covariance in Stalagmite
Orum-1, both in terms of overall correlation (Fig. 12) and in terms of co-
inciding local maxima andminima (Fig. 10). Values of both are greatest
in Period II, where δ13C reaches itsmaximumvalue of+4.4‰ relative to
VPDB and δ18O reaches its maximum value of−1.3‰ relative to VPDB.
δ18O reaches its minimum value, −7.8‰ relative to VPDB, in Period I.

Relationships between δ13C and δ18O before and after 14.6 ka are dif-
ferent in two respects. First, for any given value of δ18O, δ13C is about 4‰
less in data after 14.6 ka compared to data before 14.6 ka (Fig. 12). Sec-
ondly, correlation of δ13C with δ18O is stronger after 14.6 ka, as shown
by greater values of r2 (Fig. 12).

The presence of both aragonite and calcite in the stalagmite means
that some of the variation of δ13C and δ18O along the stalagmite's
growth axis results from varying abundance of the two polymorphs.
However, the differences between Period I and Period II are N1.7‰ for
δ13C and N0.8‰ for δ18O, and thus greater than the differences that
could result simply from change in the polymorph precipitated under
xterior of the topof StalagmiteOrum-1 showingprotruding coralloids. These coralloids are
as seen in Fig. 4.



Fig. 7. Age model for Stalagmite Orum-1 discussed in Section 4.2. Regression was used
because of the small reversals in age. Growth Period III has only one age because detrital
contamination of many laminae allowed drilling of only one sample collectively from
multiple laminae throughout the interval.

Fig. 9. Photomicrographs of Type E surfaces (arrows) in Stalagmite Orum-1 discussed in
Section 4.3. Width of field of view is 2.4 mm in both A and B.
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otherwise identical conditions (Romanek et al., 1992; Kim et al., 2007).
The stable isotope data therefore must indicate at least some change of
environmental conditions betweenPeriod I and Period II, andmore gen-
erally within and across all of the stalagmite's four periods of growth.

4.7. Summary of results: changes between wetter and drier

Petrography and geochemistry combine in Stalagmite Orum-1 to
yield consistent implications with regard to past climate. Across the en-
tire stalagmite, low values of δ18O coincide with the presence of calcite,
with greater thickness of laminae, withmore laminated or domal (rath-
er than coralloidal) structure, andwith Type E surfaces. Values of δ18O in
stalagmite are controlled by a variety of factors (McDermott, 2004;
Lachniet, 2009), but in subtropical regions two important controls are
commonly the amount effect and the extent of evaporation (Cuthbert
et al., 2014), both of which favor lower δ18O in wetter conditions.
Fig. 8. Surface of breakage (arrows) in Stalagmite Orum-1 that is the boundary between
Period I below and Period II above, as discussed in Section 4.2.
Precipitation of calcite in speleothems is likewise typical of wetter con-
ditions (Murray, 1954; Pobeguin, 1965; Siegel andDort, 1966; Thrailkill,
1971; Cabrol and Coudray, 1982; Railsback et al., 1994; Frisia et al.,
2002). Greater thickness of laminae is similarly suggestive of wetter
conditions (Railsback et al., 1994). Greater specific width has also
been inferred to reflect wetter conditions (Sletten et al., 2013;
Railsback et al., 2014). Laminated or domal structure of a stalagmite is
similarly reflective of wetter conditions, because it results from
gravity-driven flow rather than capillary movement (Caddeo et al.,
2015). Thus all these features combine to suggest wetter conditions.
On the other hand, their opposites (greater δ18O, aragonitic mineralogy,
lesser thickness of laminae, lesser specific width, and coralloidal struc-
ture) all coincide in Stalagmite DP1 and all are suggestive of drier
conditions.

In Periods I and II, δ13C follows the pattern discussed in the previous
paragraph, and its variation leads to the same inference. Like values of
δ18O, values of δ13C in stalagmite CaCO3 are controlled by a variety of
factors (McDermott, 2004). One of the most important is the input of
CO2 by soil biomass and thus the extent of vegetation (e.g., Hesterberg
and Siegenthaler, 1991; Baldini et al., 2005), which in semi-arid envi-
ronments is commonly dependent on rainfall (as documented in parts
of Namibia by Rohde and Hoffman, 2012). After the CO2 reaches the
cave, precipitation of carbonate from the moving dripwater, called
“prior calcite precipitation” or more generally “prior carbonate precipi-
tation” (PCP), can lead to degassing of CO2 and thus an increase in δ13C.
PCP is more likely during drier times, because the water's saturation
state with respect to either aragonite or calcite is greater and because
PCO2 of cave air may be less. The relationship of soil biological activity,
of degassing, and of PCP to wetness, and thus largely to rainfall, coincide
so that greater δ13C of stalagmite carbonate commonly suggests drier
climate, a conclusion also reached by Johnson et al. (2006) and Cross
et al. (2015).

In Periods III and IV, the relationship of δ13C to other parameters, es-
pecially δ18O, changes. That change is discussed in Section 5.2.

5. Discussion

5.1. Changes in rainfall over the last 47 kyr, and their relationship to global
temperature

5.1.1. Period I (47.5 to ~24 ka)
The consistent patterns in petrography and geochemistry discussed

in Section 4.7 suggest major changes in availability of moisture at
Orumana over the last 48 kyr. In Period I, which spans much of the
last glacial period, low values of δ18O and δ13C, dominance of calcite,
greater width of the stalagmite, and presence of Type E surfaces com-
bine to suggest wet conditions suggestive of more rainfall than at any



Fig. 10. Plots of petrographic, mineralogical, and isotopic variation along the growth axis of Stalagmite Orum-1. All plots are arranged with indicators of dryness upward and wetness
downward. A. Layer-specific width of the stalagmite. B. Shape of the layers of the stalagmite, which range from laminae to coralloids, and form of the stalagmite when these layers
were deposited, which correspondingly ranged from domal to popcorn-encrusted. C. Thickness of laminae. In coralloidal intervals, layer thickness is not reported because thickness
varies from crest to flanks of individual coralloids and because layers are inclined, so that most observations in thin section are apparent thicknesses that are greater than actual
thicknesses. D. Proportions of calcite and aragonite. Observations were made across entire thin sections or parts thereof to give the ovoids shown; X-ray diffraction of powders drilled
from two intervals (darker ovoids) allowed quantitative calibration of visual estimates. E. Locations of Type E and Type L surfaces, indicative of exceptionally wet and exceptionally dry
conditions, respectively. F. Carbon and oxygen stable isotope data. “D”s indicate duplicate analyses of single samples. Inferences from this figure are summarized in Fig. 13B.
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subsequent time in the Orum-1 record (Fig. 10). Period I coincides with
the period in which silts were deposited during floods much farther
down theHoarusib drainage (Srivastava et al., 2005), further supporting
the notion of conditions during MIS 3 and into MIS 2 wetter than those
of today (Fig. 13C). Period I also coincideswith the lowest values of δDof
n-C31alkane in Core MD08-3167 off the Namibian coast, where lower
values indicatewetter conditions (Collins et al., 2014) (Fig. 13F). The re-
gional paleoclimate proxies thus support the notion of wetter climate at
Orumana, especially in the period from about 42 to 46 ka.

Period I falls largely within MIS 3 during the last glacial, rather than
interglacial, phase of the Pleistocene (Fig. 13). Period I as a whole coin-
cides with the Late Pleistocene low in sea-surface temperature
(i.e., normalized SST b −0.8 °C) in the reconstruction by Shakun et al.
(2015) (Fig. 13D) and with the low values of δ18O in the NorthGRIP
ice core that prevailed from the beginning of Greenland Stadial 13
(GS-13) to the end of GS-3. The minimum in δ13C (and local minimum
in δ18O) at 41–43 ka in the Orum-1 record coincides with MIS 3b
(Railsback et al., 2015), the time of greatest δ18O within MIS 3 as sug-
gested by the stacked record of δ18O values frommarine benthic forami-
nifera of Lisiecki and Raymo (2005). All of these observations suggest
that thewet conditions at Orumana in Period I were coincidentwith ex-
ceptionally cold global-scale conditions. This conclusion parallels that of
Brook et al. (2013) of higher lake levels during the Late Pleistocene
(from 34 to 26 ka) than during the Holocene at Etosha Pan, in northern
Namibia. It likewise parallels the inference of “mega-lake” phases from
42 to 16 ka in Palaeolake Makgadikgadi in northern Botswana by
Burrough and Thomas (2009). It also parallels the conclusion of Lim
et al. (2016) of “increased humidity” (compared to the Holocene) “dur-
ing the last glacial period” based on pollen data from Pella in South
Africa, just across the Orange River from southern Namibia.

5.1.2. Period II (20 to 14.5 ka)
The consistent patterns in petrography and geochemistry discussed

in Section 4.7 suggest that Period II was a time of decreasing wetness,
relative to Period I. Indicators of drying during Period II include increas-
ing δ18O and δ13C, increasing proportion of aragonite, lesserwidth of the
stalagmite, presence of Type L surfaces, absence of Type E surfaces, and
development of coralloids (Fig. 10). Period II coincides with increasing
values of δD of n-C31 alkane in Core MD08-3167 off the Namibian
coast, particularly from 17 to 15 ka, suggesting progressively drier con-
ditions in the region (Collins et al., 2014) (Fig. 13F).

Period II coincides with increasing SST in the global-scale recon-
struction by Shakun et al. (2015) (Fig. 13D) and with GS-2, a warmer
stadial than previous stadials and onewithinwhichwarming is evident.
More regionally, it coincides with warming in the planktic foram record
from Core 64PE-174P13 from the Walvis Ridge, again from 17 to 15 ka
(Fig. 13G). These relationships suggest that progressively drier condi-
tions at Orumana in Period II were coincident with progressively warm-
er global-scale conditions in a transition from the locally wet and
globally cold configuration of Period I.

5.1.3. Periods III and IV and their associated hiatuses
Values of δ18O like those from later in Period II, combinedwith abun-

dance of aragonite, small layer-specific width of the stalagmite, and the



Fig. 11. Photomicrograph of layers of aragonite and calcite in Stalagmite Orum-1. Layers
vary from entirely aragonite (A) to both aragonite and calcite (B) to entirely calcite
(C), as discussed in Section 4.5. Width of field of view is 2.4 mm.

Fig. 12. Plot of carbon andoxygen stable isotope data fromStalagmiteOrum-1discussed in
Section 4.6. Solid line emphasizes that data from Periods I and II (earlier) do not overlap
with those from Periods III and IV (later). Dashed lines are results of linear regression
for data from each of the four time periods. Data are plotted as a time-series in Fig. 10F.
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dominance of coralloidal structure, suggest that Periods III (late in
Termination I) and IV (in the late Holocene) were as dry as those late
in Period II (and the shift in vegetation inferred in Section 5.2 suggests
that they may have actually been drier). Periods III and IV coincide
with the greatest values of δD of n-C31alkane in Core MD08-3167 off
the Namibian coast, suggesting dry conditions in the region. (Collins
et al., 2014) (Fig. 13F). The three hiatuses between Periods II and III
(during the Bølling-Allerød), between Periods III and IV (during the
early to middle Holocene), and after Period IV (the last 800 years) by
definition leave no direct evidence of environmental conditions, but
the absence of Type E surfaces atop coralloids suggests that deposition
stopped because of exceptional dry, rather than exceptionally wet, con-
ditions. This conclusion of dry conditions in the Holocene parallels the
finding of “increased aridity” in theHolocene relative to glacial times in-
ferred from palynological evidence from Pella in South Africa across the
Orange River from southern Namibia (Lim et al., 2016). Dry conditions
during the present as well as previous interglacial are also supported
by abundances of luminescence ages from the Namib Sand Sea (Stone
et al., 2015, Table 1). However, in detail the results from Stalagmite
Orum-1 are not in accord with the findings of Chase et al. (2009,
2010) of wettest Holocene conditions in the early to middle Holocene
from studies of hyrax middens in western Namibia.

Periods III and IV coincide with post-glacial conditions at the
beginning and end of MIS 1. The hiatus between Periods II and III co-
incides with the Bølling-Allerød or Greenland Interstadial 1 (GI-1),
which both the NorthGRIP (Greenland) and EPICA Dome C (Antarc-
tic) records suggest was warmer than any interstadial over the pre-
vious 60 kyr. The much longer hiatus between Periods III and IV
coincides with the even warmer early to middle Holocene, the
altithermal. The overall pattern that emerges is thus a spelean record
of wetter climate at Orumana in coldest (fully glacial) global condi-
tions, a spelean record of progressively drier climate with post-
glacial warming, and hiatuses suggestive of driest conditions during
the warmest periods of global climate.
5.2. A change in vegetation after 14.6 ka

The change in isotope systematics after 14.6 ka (Fig. 12) suggests
a change in vegetation at Orumana from the C4-rich savanna ecosys-
tem presently east of Orumana to the semidesert ecosystem at
Orumana today. Values of δ18O from Periods III and IV, after
14.6 ka, are neither as low as the lowest values of Period I nor as
high as the highest values in Period II; in short, they are not excep-
tional. However, two differences in the relationship between δ13C
and δ18O before and after 14.6 ka suggest changes in the nature
and dynamics of the vegetation. First, for any given value of δ18O,
δ13C is about 4‰ less in data after 14.6 ka compared to data before
14.6 ka (Fig. 12). This change can be explained by a change from veg-
etation with a large component of C4 vegetation to one with fewer C4

plants. Secondly, the correlation of δ13C with δ18O is stronger after
14.6 ka, as shown by greater values of r2 (Fig. 12). This change can
be explained by a transition to an ecosystem in which the extent of
vegetation was more directly responsive to temporal changes in
rainfall, presumably in drier conditions.

These changes would suggest that the modern wetter region of
C4-rich savanna east and north of Orumana (Fig. 3) extended farther
southwest prior to 14.6 ka, encompassing the area at Orumana. After
14.6 ka, with Holocene warming, that savanna ecosystem seems to
have retreated to its present range, leaving Orumana and perhaps
more land to the south and west in the modern dry and grass-poor
semidesert ecosystem seen today. This inference agrees with the
results of Collins et al. (2014), who found a major shift in δ13C of
n-C31alkane from 19 to 11 ka in Core MD08-3167 off the Namibian
coast (Fig. 13E), and who inferred a change from C4 to C3 vegetation
as summer rainfall decreased.



Fig. 13. Paleoclimate records, from north to south. A. Oxygen isotope record from the NorthGRIP core in Greenland (North Greenland Ice Core Project Members, 2007). GS (Greenland
Stadial) and GI (Greenland Interstadial) designations follow the INTIMATE conventions of Björck et al. (1998) and Mogensen (2009). B. Ages and growth periods of Stalagmite Orum-
1, and a summary of inferences about past climate from Fig. 10 (this study). Zigzags indicate age limits for growth periods made indefinite by breakage of the stalagmite. The carbon
isotope shift marked is the shift discussed in Section 5.2. C. OSL ages of flood-generated sediments in the Hoarusib catchment from Srivastava et al. (2005). D. Sea-surface temperature
anomalies from Shakun et al. (2015). E and F. Stable isotope data from leaf wax in amarine core off the coast of Namibia (Collins et al., 2014). Arrows indicate inferences about vegetation
and climate and are taken from Fig. 3 of Collins et al. (2014). G. Oxygen isotope record from planktonic foraminifera from Core 64PE-17P13 of Scussolini and Peeters (2013). Locations of
cores for E, F, and G are shown in Fig. 1. H. Hydrogen isotope data from the EPICA Dome C ice core (Jouzel et al., 2007) plotted using the chronology of Bazin et al. (2013). Marine isotope
stages (MIS) and substages are from Railsback et al. (2015).
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5.3. Climate change from the Last Glacial Maximum to the Holocene

5.3.1. General models
Great diversity of opinion exists in comparing the climate of south-

western Africa during the Last Glacial Maximum (LGM) to that of the
Holocene and today. At one extreme is the view that climate during
the LGM was drier than that of today (Partridge et al., 1999; Tyson
et al., 2001), which is supported by records on land (Eitel et al., 2006)
and by data from marine cores (Dupont and Wyputta, 2003). This
view of an LGM drier than today is further supported by U-Th ages of
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speleothems indicating deposition only in the interglacials, rather than
in glacial stages, that preceded the LGM (Geyh and Heine, 2014). At
the other extreme is the view that climate was wetter during glacial
times than in the Holocene, with support from records on land
(Thomas et al., 2003; Srivastava et al., 2005; Schefuß et al., 2011) and
from marine cores (Stuut et al., 2002; Collins et al., 2014). Evidence for
this view is especially strong in the Khumib and Hoarusib river valleys
in northernmost Namibia, as shown in Fig. 4A of Stone and Thomas
(2013).

This dichotomy of interpretations is paralleled by, and in some cases
underlain by, a dichotomy of models of climate change. In the earlier
model, cooling of global climate (e.g., during the LGM) results in expan-
sion of the cold polar region dominated by Antarctica (“an expansion of
the circumpolar vortex” in the words of Partridge et al., 1999). As a re-
sult, northward shifts of climate belts move the summer rainfall region
northward and thus leavemuch of southern Africa drier (Cockroft et al.,
1987; Partridge et al., 1999). In the latermodel, cooling of global climate
is most intense in the Northern Hemisphere because of the great land
area of that hemisphere, especially across Eurasia. As a result, the
Intertropical Convergence Zone (ITCZ) moves toward the warmer
southern hemisphere (Kang et al., 2008), with resultant southward
shifts of climate belts that move the summer rainfall region southward
and thus leave much of southern Africa wetter. Southwardmigration of
the ITCZ with cooling of the Northern Hemisphere, and conversely
northward migration with warming of the Northern Hemisphere,
has been suggested by paleoclimatalogical research (Koutavas and
Lynch-Stieglitz, 2004; Russell and Johnson, 2005; Brown and Johnson,
2005; Sinha et al., 2011; Leech et al., 2013), supported by severalmodel-
ing studies (Chiang et al., 2003; Broccoli et al., 2006; Kang et al., 2008;
Frierson and Hwang, 2012; McGee et al., 2014), and endorsed by thor-
ough reviews (Chiang and Friedman, 2012; Schneider et al., 2014).
Most significantly with regard to southern Africa, Schefuß et al. (2011)
concluded that southward migration of the ITCZ in response to cooling
in the Northern Hemisphere led to greater rainfall in southeastern
Africa at least twice in the last 17 kyr.

A third general view might be that the geography of climatic and
ecological zones in southwestern Africa is sufficiently complex, with
changes from north to south and from coast to inland (Figs. 1–3), that
no simple model will account for past climate change, as suggested by
Singarayer and Burrough (2014). This means that multiple boundaries
may change in different directions as global climate changes, and that
marine records of continental climate face the challenge of mixing
frommultiple sources sending different signals. Additionally, the region
has two potential sources of water vapor, the Indian and Atlantic (as
pointed out by Collins et al., 2014), with the Atlantic contribution
made variable by changes in the Angola-Benguela Front (ABF) (Veitch,
2002; Rouault et al., 2003) and the Inter-Ocean Convergence Zone
(IOCZ/CAB) (Tyson, 1986; Mattes and Mason, 1998). Thus the most
sound conclusion of this section's review of general models of past cli-
mate in southwestern Africa is that no one simple model will explain
past climate in all locations.

5.3.2. Past climate at Orumana in the larger African context
The linkage of locally wetter conditions to globally cooler climate in-

ferred from the Orum-1 record in Section 5.1 suggests that the best un-
derstanding of past climate at Orumana may lie in a synthesis of the
global-scale model of movement of the ITCZ (the second model in
Section 5.3.1) with recognition of the complexity of climate in southern
Africa (the third view in Section 5.3.1). One important observation in
applying the global-scale ITCZmodel is that the ITCZ has a complex con-
figuration across Africa. In Africawest of about 13°E longitude (which is
highlighted on Fig. 2), the ITCZ lies north of the equator year-round
(Fig. 2), with the northern bias typical around the globe and especially
over the oceans (e.g., Fig. 1 of Wang, 2009). East of 13°E in Africa, the
summer and winter positions of the ITCZ are almost symmetrical
north and south of the equator (Fig. 2), a configuration unusual in the
modern world (and one exceeded in southern bias only by the ITCZ's
similar configuration in eastern South America). Thus one observation
in comparing themodern configuration of the ITCZ to possible past con-
figurations is that the ITCZ east of 13°E presently has a comparative bias
to the south that might be unlikely to increase with a global shift of the
ITCZ southward, but the ITCZ west about 13°E in Africa and the eastern
Atlantic presently has a strong regional bias to the north that would
allow a significant movement to the south during a global shift of the
ITCZ southward.

A second important observation, not relevant to all of Africa but
critical to northwestern Namibia and southern Angola, is that the
Angola-Benguela Front (ABF) at sea matches in latitude a major en-
vironmental shift on land. At the latitude of the ABF, the Namib
Desert dominating the coast to the south reaches its northern bound-
ary, and rainfall farther inland increases abruptly from south to
north, from b600 mm/yr to N1000 mm/yr (Fig. 2). The fact that
southward penetration of the Angola Current is known to increase
rainfall inland (Rouault et al., 2003) suggests that the latitudinal
match of the ABF with the marked change in wetness on land
represents a causal relationship in which the Angola Current contrib-
utes to the wetness of climate in south-central Angola, just north and
east of Orumana.

A third important observation is that the Inter-Ocean Convergence
Zone (IOCZ) or Congo Air Boundary (CAB) is a zone of enhanced rainfall
that, in present climatology, lies just north of Orumana during austral
summer (Fig. 2). Any southward shift of the summer IOCZ or CAB
would presumably bring more rainfall to northern Namibia.

These three observations combine to suggest that a general shift
of the ITCZ southward during the LGM (Chiang et al., 2003;
Koutavas and Lynch-Stieglitz, 2004; Leech et al., 2013; Schneider
et al., 2014), significant west of 13°E while perhaps insignificant
east of that line, could have induced a southward shift of the ABF
and/or IOCZ that led to increased rainfall in northern Namibia.
Arbuszewski et al. (2013) estimated that the ITCZ in the Atlantic
Ocean shifted southward about seven degrees of latitude during
the LGM. Like the ITCZ, the ABF shifts northward in winter and south-
ward in summer (Fig. 2), suggesting that the ABF would have shifted
southward with a long-term southward shift of the ITCZ during the
LGM. The IOCZ or CAB likewise shifts northward in winter and south-
ward in summer (Fig. SD.3 of van Heerden and Taljaard (1998)), sug-
gesting a possible long-term shift southward of the IOCZ or CAB
concomitantly with a long-term southward shift of the ITCZ during
the LGM. Any southward shift of the IOCZ or CAB and/or ABF would
presumably have been smaller than that of the ITCZ reported by
Arbuszewski et al. (2013) for the LGM, but present patterns of rain-
fall suggest that a southward shift of only three degrees of latitude
would lead to a doubling of rainfall at Orumana (Fig. 2).

This explanation of the Stalagmite Orum-1 record of wetter glacial
times at Orumana may explain how northern Namibia was wet when
southern Namibia seemingly remained dry in the LGM. The results
from Orum-1 are in accord with the OSL ages of Srivastava et al.
(2005) for the Hoarusib Clay Castles flood sediments in suggesting
that at least the Hoarusib catchment was wetter during glacial times.
However, results from farther south, perhapsmost notably the intergla-
cial but not glacial ages of speleothems at 22.5°S reported by Geyh and
Heine (2014), suggest that thewetness during glacial times at Orumana
did not extend far to the south, and thus that any southward shift of the
ABF and/or IOCZ, and of the rainfall typical of modern southern Angola,
may have been limited latitudinally. A southward shift of theABF and/or
IOCZ inwestern southern Africa, but not in eastern southern Africa, may
explain why some results from the latter region (e.g., those of Truc et al.
(2013) fromWonderkrater at 29°E) support neither awetter LGM there
nor southward migration of the (eastern African) ITCZ. A climate dipole
betweenwestern and eastern southern Africa (Woodborne et al., 2015)
may additionally make the climate record of east southern Africa unlike
that of the west.
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6. Conclusions

Several different kinds of data (carbon and oxygen stable isotopes,
mineralogy, petrographic fabrics, layer-bounding surfaces, layer-
specific width, and layer thickness) from Stalagmite Orum-1 combine
with 13 U-Th ages to suggest major changes in climate in northeastern
Namibia over the last 47 kyr. Specifically, climate was wetter in north-
western Namibia during glacially cold MIS 3 than it is today, and grass
densities were greater. During the deglacial period after the LGM, the
climate at Orumana became drier, but C4 grasses persisted. In the
Holocene, seemingly still drier conditions led to loss of those grasses
and to a semi-desert biome. The Bølling-Allerød (GI-1) and early
Holocene are represented by hiatuses suggesting even drier conditions.
Thus the general pattern is wetter climate at Orumana in coldest (fully
glacial) global conditions, progressively drier climate with post-glacial
warming, and hiatuses suggestive of driest conditions during the
warmest periods of global climate. That pattern suggests a southward
shift of the ITCZ over the eastern South Atlantic and western Africa dur-
ing glacial times, leading to a lesser but correlative southward shift of
the ABF and/or IOCZ to bring wetter conditions to northern Namibia.
Warmer global conditions conversely seem to have involved a shift of
the ITCZ, ABF, and/or IOCZ northward to give dry climate in northern
Namibia. If so, then extrapolation towarmer conditions in the next cen-
tury, with a further northward shift of the ITCZ and thus the ABF and/or
IOCZ, would suggest further drying in at least northern Namibia and
southern Angola.
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