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The tropics are a dynamic component of the global climate system and exert a profound influence on
modern climate variability. Yet the role of the tropics in past climate changes, for example during the last
glacial termination, is uncertain. This uncertainty is due in part to the relative paucity of terrestrial
temperature records from the tropics, which hinders efforts to understand the mechanisms that influ-
enced deglacial warming and abrupt climate events. Tropical glaciers are sensitive to changes in climate,
and mapping and dating past tropical glacial fluctuations provides a valuable record of terrestrial climate
changes in the low latitudes. We report a chronology of past glacial extents in the Rwenzori Mountains of
Uganda (0.3°N, 29.9°E) based on 51 beryllium-10 (1%Be) surface-exposure ages from three separate glacial
catchments. Results indicate that Rwenzori glaciers retreated considerably during Heinrich Stadial 1. The
rate of net glacial recession slowed between ~15 and 11 ka, although glaciers continued to retreat during
this period. Rwenzori glaciers then retreated more rapidly during the early Holocene. The Rwenzori
glacial chronology is broadly similar to glacial chronologies reconstructed elsewhere in East Africa and in
tropical South America. We suggest that this similarity may reflect coherent, tropics-wide temperature
fluctuations during the last deglaciation. The Rwenzori glacial chronology provides crucial information
on the global footprint of deglacial warming and abrupt climate events and, thus, the potential mech-
anisms that influenced tropical climate during the last glacial termination.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

~14.7—12.9 ka; Rasmussen et al., 2006), Antarctic Cold Reversal
(ACR; ~14.6—12.8 ka; Lemieux-Dudon et al., 2010), and the Younger

The termination of the last ice age represents Earth’s greatest
natural climate warming of the last 100,000 years, yet the mech-
anisms that initiated and propagated deglacial warming around the
globe remain unresolved (Denton et al, 2010). The last glacial
termination was punctuated by events such as Heinrich Stadial 1
(HS1; ~18.0—14.6 ka; Barker et al., 2009), the Bglling-Allerad (B-A;
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Dryas (YD; ~12.9—11.7 ka; Blunier and Brook, 2001), each of which
involved reorganizations of oceanic and atmospheric circulation
and which featured potentially anti-phased expressions in north-
ern and southern high-latitude proxy records (Rasmussen et al.,
2006; Broecker et al., 2010; WAIS Divide Project Members, 2013).

Resolving the global pattern and expression of deglacial
warming and abrupt climate events is crucial for understanding the
global climate system, its response to past warming, and the
mechanisms that cause abrupt climate change. However the spatial
distribution of deglacial temperature records is not uniform, and
there is a paucity of terrestrial paleotemperature records from the
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tropics (23°N-23°S). The tropics comprise nearly half of Earth’s
surface and are the primary source of latent heat and water vapor to
the global atmosphere (Pierrehumbert, 2000). Through phenom-
ena such as the El Nino Southern Oscillation (ENSO) the tropics are
also a dominant control on modern climate variability (e.g., Sobel
and Bretherton, 2000; Diaz et al., 2003). The tropics are thus a
key, dynamic element of the global climate system. Understanding
their role in deglacial warming and abrupt climate events is crucial
for understanding global climate changes.

Glacial mass balance in the humid inner tropics (~10°N-10°S) is
controlled primarily by temperature (Kaser and Osmaston, 2002;
Taylor et al., 2006; Rupper and Roe, 2008; Sagredo et al., 2014;
Doughty et al., in press). Past tropical glacial extents therefore
provide a valuable proxy for terrestrial paleotemperature change
(Jomelli et al., 2014). Recent applications of cosmogenic nuclide
surface-exposure dating of glacial deposits in tropical South
America suggest that glaciers there retreated during part of HS1
(e.g., Bromley et al., 2016; Mark et al., 2017) and were more
extensive during the B-A/ACR than the YD (Jomelli et al., 2014,
2017; Mark et al., 2017; Stansell et al., 2017). The lack of similar
glacial extent records from elsewhere in the low latitudes, however,
leaves the spatial variability of deglacial climate change unclear.

To address the wider pan-tropical signal of glacial fluctuations
during the last glacial termination, we report a new chronology of
past glacial extents in the equatorial Rwenzori Mountains in
Uganda (Fig. 1). The chronology comprises 51 beryllium-10 (1°Be)
surface-exposure ages, from glacial deposits in three separate val-
leys, which span the last deglaciation. These data illuminate the
timing and magnitude of glacial fluctuations in the Rwenzori. We
then compare our results from the Rwenzori with records of glacial
fluctuations elsewhere in East Africa and with similar '°Be surface-
exposure glacial chronologies from tropical South America to assess

the potential coherence of glacial and terrestrial climate changes
across the tropics during the last glacial termination.

2. Background
2.1. Geologic setting and previous work

The Rwenzori Mountains (0.3°N, 29.9°E) are an uplifted horst of
crystalline basement on the border between Uganda and the
Democratic Republic of Congo (Fig. 1). The highest peak in the
Rwenzori, Mt. Stanley, is 5109 m asl and stands roughly 360 m
above the modern freezing level of ~4750 m asl (Lentini et al., 2011).
The slopes of the Rwenzori receive up to ~2.0—2.7 m precipitation
each year, with two distinct wet seasons during the boreal spring
and autumn as the Intertropical Convergence Zone (ITCZ) passes
overhead (Osmaston, 1989; Singarayer and Burrough, 2015). Ever-
green afro-alpine and montane vegetation dominate in the Rwen-
zori, with a marked altitudinal zonation in vegetation regimes
(Foster, 2001; Osmaston, 2006). Bare bedrock exposure is limited
mostly to areas above 4000 m asl.

Evidence of past glacial fluctuations in the Rwenzori comes in
the form of a variety of glacial deposits, including abundant and
widespread moraines. Osmaston (1965, 1989) conducted extensive
glacial-geomorphic mapping in the Rwenzori and, from this work,
classified glacial moraines into five distinct stages based on their
inferred relative ages. These stages, from the oldest to youngest,
include the Katabura, Rwimi, Lake Mahoma, Omurubaho, and Lac
Gris. In this paper we focus on the Lake Mahoma and Omurubaho
stage moraines. The Lake Mahoma stage moraines are high-relief
(30—100 m high) ridges, including many well-preserved lateral
moraines, that extend as low as ~2000 m asl. Osmaston (1989)
estimated the Lake Mahoma stage moraines to be at least ~15 ka
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Fig. 1. Map of East Africa and locations mentioned in the text (left). The Rwenzori Mountains are located on the border between Uganda and the Democratic Republic of Congo
(black box marks location of the Rwenzori and denotes bounds of right-hand panel). Other glacierized or formerly glaciated sites in the region include Uganda’s Mt. Elgon, Kili-
manjaro in Tanzania, Mt. Kenya in central Kenya, and the Bale Mountains on the Ethiopian plateau. We targeted glacial deposits in three Rwenzori catchments (right): the Mubuku
(M), Bujuku (B), and Nyamugasani (N) valleys. Boxed areas correspond to field areas detailed in Figs. 4—6.
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in age. The Omurubaho stage moraines are lower relief (3—30 m
high), occur at elevations ~3600—4000 m asl, and are strati-
graphically inboard of Lake Mahoma stage moraines. Although
Osmaston (1989) estimated that these moraines formed during the
Holocene, he refrained from placing more precise age constraints
on the deposits.

Until recently, the only numerical age control on Rwenzori
glacial fluctuations during the last termination came from two
radiocarbon ages of high-alpine lake sediments. Lake Mahoma
(~3000 m asl), located in the lower Mubuku valley, is dammed by
Lake Mahoma stage moraines. Livingstone (1962) reported a
radiocarbon age of ~17.5 cal kyr BP (14,750 + 290 '*C yr) from the
bottom 20 cm of organic-rich sediments which overlie inorganic
silts in Lake Mahoma. This date provides a minimum-limiting age
on deglaciation from the Lake Mahoma stage moraines. Upper Lake
Kitandara (~4000 m asl), located in the Butahu valley, is not asso-
ciated directly with moraines and may have been formed as a result
of rockfall damming the lake basin. Livingstone (1967) reported a
radiocarbon age of ~7.7 cal kyr BP (6890 + 100 '%C yr) from bulk
organic matter in the basal sediments in Upper Lake Kitandara. This
date provides a minimum-limiting age of deglaciation of the site.

Recent applications of '°Be surface-exposure dating (hereinafter
19Be dating) in the Rwenzori provide direct constraints on the
timing of past glacial fluctuations during the Last Glacial Maximum
(LGM; ~26.5—19 ka). Eight °Be ages of boulders on two Lake
Mahoma stage moraines in the lower Mubuku valley near Lake
Mahoma indicate deposition at ~21.5 and ~24.9 ka, during the
global LGM (Kelly et al., 2014). More detailed mapping and dating of
these moraines indicates expanded glaciers from ~29.0 ka to 21.5 ka
in Mubuku valley and until ~18.9 ka in the more southern Mou-
lyambouli valley (Jackson et al., 2019). The timing and extent of
glacial fluctuations in the Rwenzori following the LGM, however,
remain unresolved (Kaser and Osmaston, 2002).

2.2. Study sites

We focused our work in three Rwenzori catchments, each of
which contain glacial deposits amenable for 1°Be dating. These are
the Mubuku, Bujuku, and Nyamugasani valleys, described in more
detail below.

2.2.1. Bujuku valley

The Bujuku valley trends eastward from the area between Mt.
Baker, Mt. Stanley, and Mt. Speke before turning southeast toward
the Mubuku-Bujuku Rivers’ confluence (Figs. 1 and 2). The southern
side of the valley floor is composed primarily of volcanic lithologies
whereas the northern side of the valley, including the slopes of Mt.
Speke, are predominantly gneissic (McConnell, 1959). The valley
walls are steep and, in the upper valley near Lake Bujuku, they are
obscured by scree and rockfall deposits (Fig. 2). Where unobscured
by vegetation, glacial molding and striations are visible on the
bedrock valley walls and floor. Above the Mubuku-Bujuku Rivers’
confluence are a series of Lake Mahoma stage moraines deposited
on steep valley walls (Osmaston, 1989). Eight kilometers upvalley
from the Mubuku-Bujuku Rivers’ confluence a large (~1 km wide)
wetland, the Bigo Bog, marks an infilled reach of the valley at the
confluence of multiple catchments (Osmaston, 1989)(Fig. 2). The
bog is bounded on both its up- and downvalley sides by Omur-
ubaho stage moraines (Osmaston, 1989). Additional Omurubaho
stage moraines occur ~1.5 km upvalley of Bigo Bog. No other mo-
raines are preserved between these Omurubaho deposits and
presumed historical-age deposits on the slopes of Mt. Speke and
Mt. Baker (Osmaston, 1989).

2.2.2. Mubuku valley

The eastern flank of Mt. Baker (4844 m asl) marks the head of
the Mubuku valley (Figs. 1 and 2). The valley trends east-west and
its upper reaches are bounded by steep, faulted bedrock walls
composed of strongly foliated gneisses (McConnell, 1959). The
lower Mubuku valley is marked by large (>100 m high) Lake
Mahoma stage lateral moraines (Osmaston, 1989) dated to
~29.0—-21.5 ka (Kelly et al., 2014; Jackson et al., 2019) that formed
where ice from the Mubuku and Bujuku valleys coalesced during
the LGM. Deglaciation from the LGM maximum extent began ~21.5
ka (Kelly et al., 2014; Jackson et al., 2019). Inboard of these LGM
deposits, additional lower-relief (10—30 m high) moraines occur
along the valley floor up to ~3000 m asl. Many of these moraines
are bisected by the Mubuku River and all are classified as Lake
Mahoma stage deposits by Osmaston (1989). These include one
right-lateral moraine in the central Mubuku valley ~1.5 km inboard
of the Mubuku-Bujuku Rivers’ confluence that dates to ~17.9 ka
(Jackson et al., 2019). No Omurubaho-stage moraines occur upval-
ley of the Lake Mahoma stage moraines.

2.2.3. Nyamugasani valley

The southward trending Nyamugasani valley extends from Mt.
Weisman (4619 m asl) to the southern edge of the Rwenzori massif,
where prominent Lake Mahoma stage moraines rise at least 100 m
above the Nyamugasani River (Fig. 1). The valley is underlain by
migmatic gneiss and granite with some areas of amphibolite
(McConnell et al., 1959). The upper reach of the Nyamugasani valley
contains numerous lakes, some of which are dammed by bedrock
and some by Omurubaho stage moraines (Fig. 2). The upper Nya-
mugasani valley walls are less steep than those in the Mubuku and
Bujuku valleys. Exposed, glacially molded bedrock is readily visible
along areas of the valleys walls and floor, although much of the
valley floor is infilled with lakes and wetlands.

3. Methodology

Fieldwork took place over four field seasons between 2009 and
2016, during which we identified and classified glacial-geomorphic
features based on their morphology, weathering characteristics,
and relative (stratigraphic) position (Tables 1 and 2). We also uti-
lized 0.5-m resolution WorldView-1 satellite imagery to aid in
identifying and contextualizing glacial features and then con-
structed detailed glacial-geomorphic maps of the field area with
these data. All glacial-geomorphic maps are drawn onto a 30-m
resolution digital elevation model of the Rwenzori massif.

We collected samples for '°Be dating from the uppermost sur-
faces (<5 cm) of boulders on moraines and boulders set down on
bedrock using a hammer and chisel or the “drill-and-blast” method
of Kelly (2003). We selected boulders that showed no indication of
post-depositional movement or alteration and recorded their lo-
cations using a handheld GPS (+3 m vertical, + 1 m horizontal;
Table 2). We prioritized sampling flat rock surfaces with no surface
dip in order to minimize potential uncertainties in the shielding
correction. Where necessary, we measured the rock-surface dip and
dip direction using a handheld compass. We recorded topographic
shielding using a handheld clinometer (Table 2). Where low clouds
prevented the measurement of topographic shielding in the field,
we estimated shielding values using a 30-m digital elevation model
of the Rwenzori. This method yielded shielding values similar
(within ~2%) to those based on field measurements.

We crushed the rock samples and used a series of H304P/NaOH
and HF/HNOs leaches to purify quartz from the crushed
250—-710 pm size fraction. We spiked the samples and process
blanks with a known amount of beryllium-9 (Table 3) and used a
modified version of the methods described in Schaefer et al. (2009)
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Fig. 2. (A) The Guy Yeomen hut is in the upper reach of the Mubuku valley, which is bounded by steep, faulted bedrock walls. (B) The Mubuku valley floor contains numerous
moraine forms, though it is primarily infilled by wetland. View is toward the southeast. (C) In the Bujuku valley, Bigo Bog marks the confluence of multiple catchments and is
bounded by steep, gneissic bedrock walls. Moraines border much of the bog perimeter. View is toward the west. (D) Many moraines in and surrounding Bigo Bog, including the
Bujuku 2 moraine, plunge into the modern bog surface. View is toward the west. (E) In the upper Nyamugasani valley, Lake Africa (foreground) is one of two moraine-dammed
lakes. The peak of Mt. Weisman (distance) marks the head of the valley. View is to the north. (F). The Nyamugasani valley, with view to the south. Lake Kopello, dammed by
bedrock, is visible in the foreground, with the moraine-dammed Lakes Bigata and Africa in the distance. Moraines are highlighted by red arrows.

to isolate beryllium from the samples and process blanks (Tables 2
and 3). All sample preparation took place at the Dartmouth College
Cosmogenic Nuclide Laboratory. Beryllium ratios were measured at
the Lawrence Livermore National Laboratory Center for Accelerator
Mass Spectrometry and normalized to the 07KNST3110 standard
(Nishiizumi et al., 2007).

We calculated the Rwenzori 1°Be ages using a high-elevation,
low-latitude production rate (Kelly et al, 2015) and time-
invariant (“St”) scaling (Lal, 1991; Stone, 2000) using version 3 of
the online exposure-age calculator described by Balco et al. (2008
and subsequently updated). Two °Be production rate calibration
datasets from high-elevation, low-latitude sites (Blard et al., 2013;
Kelly et al.,, 2015) yield the most accurate and precise results
(lowest uncertainty by total scatter; Balco et al., 2008) when paired

with “St” scaling; all '°Be ages included within the results and
discussion text are ages as calculated using “St” scaling and are
presented in years before present (yr BP) relative to the year of
sample collection (Tables 1 and 2). We also report '°Be ages
calculated using an alternative, time-dependent scaling framework
(“LSDn” scaling; Lifton et al., 2014) in Table 1. There is a maximum
~4.5% difference in the 1°Be ages calculated with these two meth-
odologies, although we note that the choice of scaling framework
used does not alter our overall interpretations. New °Be produc-
tion rate calibrations, if and when available, may alter the 1°Be ages
and interpretations presented here.

We measured certain samples multiple times (that is, we iso-
lated and measured beryllium in two separate quartz aliquots from
the same rock sample) in order to check for consistency in
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Table 1

Surface-exposure ages. Samples are listed according to valley, landform, sample name, and corresponding map identification number (as in Figs. 4—6). 1°Be ages are calculated
using the high-altitude, low-latitude production rate of Kelly et al. (2015) and are presented using both time-invariant “St” scaling (Lal, 1991; Stone, 2000) and time-variant
“LSDn” scaling (Lifton et al., 2014). Sample ages considered to be outliers are presented in italics. Arithmetic-mean moraine ages are calculated using time-invariant “St” ages
and include only primary sample measurements. All '°Be ages are presented with both one-sigma ‘internal’ uncertainty (int; '°Be measurement uncertainty), and ‘external’ or
total uncertainty (ext; uncertainty inclusive of all age calculation parameters).

Map ID Landform Sample ID Age (St)  + (int; St) + (ext; St)  Age (LSDn)  + (int; LSDn) =+ (ext; Mean (St)  Std. Dev. Std. Err.
LSDn)

Mubuku valley

1 Mubuku 0 RZ-16-41 11,170 280 690 11,290 280 710

2 Mubuku 0 RZ-16-43 13,790 350 850 13,670 340 860

3 Mubuku 0 RZ-16-44 12,600 330 780 12,680 330 800 12,520 1,310 760

Bujuku valley

4 Bujuku 8 RZ-16-07 2,190 290 310 2,650 350 380
5 Bujuku 8 RZ-16-08 13,860 400 880 13,890 410 900
6 Bujuku 7 RZ-16-02 16,770 310 1000 16,330 310 990
7 Bujuku 7 RZ-16-03 15,370 370 950 15,110 370 950
8 Bigo Drift RZ-16-09 11,200 350 720 11,190 350 740
9 Bigo Drift RZ-16-11 16,130 480 1,030 15,450 460 1,010
10 Bigo Drift RZ-16-13 22,750 460 1,370 20,770 420 1,270
11 Bujuku 6 RZ-16-24 9,490 270 600 9,770 270 630
12 Bujuku 6 RZ-16-25 13,800 360 860 13,430 350 850
13 Bujuku 5 RZ-16-21 15,490 340 940 14,850 320 920
14 Bujuku 5 RZ-16-26 14,930 320 900 14,390 300 890 15,210 390 280
15 Bujuku 4 RZ-16-17 15,380 410 960 14,810 390 940
16 Bujuku 4 RZ-16-18 14,860 400 930 14,340 390 920 15,120 370 260
17 Bujuku 3 RZ-16-14 14,090 420 900 13,740 410 890
18 Bujuku 2 RZ-12-11 15,540 300 930 14,870 280 910
19 Bujuku 2 RZ-12-12 14,700 280 880 14,150 270 860
20 Bujuku 2 RZ-12-13 13,920 260 830 13,550 260 830
Bujuku 2 RZ-12-13x 13,550 260 810 13,200 250 800 14,720 810 470
21 Bujuku 1 RZ-12-14 14,010 300 840 13,630 290 840
22 Bujuku 1 RZ-12-15 14,060 230 830 13,670 220 820
23 Bujuku 1 RZ-12-16 14,310 280 860 13,870 270 850 14,130 160 90
24 Bujuku 0 RZ-12-17 11,500 220 690 11,280 210 690
25 Bujuku 0 RZ-12-18 12,180 380 780 11,840 370 780
26 Bujuku 0 RZ-16-31 11,550 230 690 11,310 220 690 11,740 380 220
27 Bujuku Slide RZ-16-35 12,360 230 730 11,920 220 720
28 Bujuku Slide RZ-16-36 11,030 210 660 10,930 200 660
29 Bujuku Slide RZ-16-39 11,030 210 660 10,930 200 660

Nyamugasani valley

30 Katunda boulder ~ RZ-15-05 14,110 270 840 13,530 260 830
31 Katunda boulder ~ RZ-15-06 13,780 230 810 13,220 220 800
32 Nyamugasani 2 LA-2 11,560 220 690 11,270 220 690
33 Nyamugasani 2 LA-1 12,730 280 770 12,310 270 760
Nyamugasani 2 LA-1x 12,250 370 790 11,820 360 770
34 Nyamugasani 2 LA-3 12,490 240 750 12,060 230 740
35 Nyamugasani 2 LA-5 11,780 220 700 11,390 220 690
Nyamugasani 2 LA-5x 11,620 190 680 11,280 190 680 12,140 560 280
36 Nyamugasani 1 RZ-12-33 11,520 220 690 11,210 210 680
37 Nyamugasani 1 RZ-12-34 11,380 210 680 11,130 210 680
38 Nyamugasani 1 RZ-12-36 11,270 210 670 11,060 210 670
39 Nyamugasani 1 RZ-12-37 11,150 230 670 10,990 230 680 11,330 160 80
40 Nyamugasani 0 RZ-12-38 11,660 220 690 11,300 210 690
41 Nyamugasani 0 RZ-12-39 11,040 210 660 10,910 210 660
42 Nyamugasani 0 RZ-12-41 11,140 210 660 10,980 210 670
43 Nyamugasani 0 RZ-12-44 11,020 280 680 10,890 270 690 11,220 300 150
44 Kopello boulder KOP-1 10,450 270 650 10,390 270 660

(continued on next page)
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Table 1 (continued )

Map ID  Landform Sample ID Age (St)  +(int; St) =+ (ext; St)  Age (LSDn)  + (int; LSDn) =+ (ext; Mean (St)  Std. Dev.  Std. Err.
LSDn)

45 Kopello boulder KOP-2 11,770 290 720 11,360 280 710

46 Kopello boulder KOP-4A 12,080 340 760 11,600 320 740

47 Kopello boulder KOP-5 8,300 210 510 8,220 200 520

48 Kopello boulder RZ-15-12 11,030 210 660 10,900 210 660

beryllium ratios. The secondary sample measurements (aliquot ‘X’)
are reported in Tables 1 and 3. We do not include these data in our
analysis or discussion, and these samples are not assigned Map ID
numbers in Tables 13

For each landform with multiple °Be ages, we report
arithmetic-mean moraine ages with the associated standard error
of the mean and standard deviation in Table 1. We interpret the
mean moraine ages as the time of ice recession following a glacial
readvance or stillstand (i.e., the cessation of sediment deposition on
the moraine). Where °Be ages of landforms are out of stratigraphic
order with other dated deposits up or downvalley, or samples do
not yield a single age population, we report individual °Be ages
rather than a mean moraine age. We do not report mean ages for
populations of boulders on bedrock, which we interpret as the time
of ice thinning or retreat past a given position rather than the age of
a discrete landform.

We did not correct the °Be ages for the potential influence of
boulder surface erosion or cover by snow. Many boulders featured
granular surface textures and, in some cases, showed evidence of
exfoliation. The apparent degree of weathering, however, was
variable among individual boulders and among lithologies. Prior
work using 1°Be dating in the Rwenzori showed that raised quartz
veins and boulder surfaces on the same moraine yield statistically
similar ages (for LGM-age deposits; Jackson et al., 2019). Due to the
uncertainty in erosion rates and the apparently negligible influence
of erosion on '°Be ages of LGM moraines, we refrain from correcting
the °Be ages reported here for erosion. We note that snow likely
does not persist for a considerable length of time at the sample sites
due to the intense equatorial solar radiation and warm daytime
temperatures.

We also did not correct the '°Be ages for cover by vegetation, but
we describe its occurrence and potential influence in detail because
most Rwenzori boulders sampled are surrounded by a thick vege-
tation and/or forest cover (Fig. 2). The moraines we sampled in the
Mubuku and Bujuku valleys are located in Montane Forest
(1500—2500 m asl), Bamboo (2500—3000 m asl), and Heather/
Rapanea (3000—4000 m asl) vegetation zones (Osmaston, 2006).
Moraines sampled in the Nyamugasani valley are located in the
Heather/Rapanea (3000—4000 m asl) and Alpine (3800—4500 m
asl) vegetation zones (Osmaston, 2006). In general, sampled boul-
ders were covered by moss that was ~1—15 cm thick. In some cases,
boulders were covered by small shrubs (~1—1.5 m high) and trees
(~10—40 cm diameter).

Prior work estimating the impact of vegetation cover on surface-
exposure ages used a ‘shredded biomass’ model that assumes a
uniform thickness and density of vegetation on a rock surface (Plug
et al.,, 2007; Dunai et al., 2010). The average biomass of mosses in
the Rwenzori Montane Forest zone is 0.004—0.25 g/cm? (Pentecost,
1998; Osmaston, 2006). We sampled the vegetation and moss cover
on a moraine in the Bujuku valley (Mahoma 8 moraine, ~2650 m
asl; Fig. 4) and determined a dry weight vegetation density of
~0.02—0.20 g/cm?. Using the ‘shredded biomass’ model, vegetation
cover 0—15 cm thick and of density 0.02—0.25 g/cm? atop a boulder
would require a reduction of the final '°Be exposure age of ~0—3%
(Plug et al., 2007; Dunai et al., 2010). Beyond direct moss or

vegetation cover, modeled impacts of temperate boreal or rain-
forest vegetation on the incoming cosmic ray flux suggest that
nuclide production rates may be reduced by ~2—7% in areas of
dense forest cover (Plug et al., 2007). The majority of this amelio-
ration is caused by tree stems, although some also comes from
shielding by the tree canopy.

Due to the uncertainty of vegetation type and thickness over
time, we refrain from correcting the Rwenzori °Be ages for the
potential impacts of vegetation cover. In all three valleys the timing
and pattern of forest succession since deglaciation from the LGM is
uncertain and the types and thicknesses of vegetation cover on the
boulders has likely varied over time due to changes in climate. We
note that there is no clear pattern of younger apparent exposure
ages with thicker vegetation cover on single moraine forms, sug-
gesting that vegetation does not have a significant impact on the
19Be ages reported over the time scales of consideration in this
study (Fig. 3). However, we suggest that any correction would likely
reduce the °Be ages by only a few percent and, therefore, would
not alter our overall interpretations.

All previously published '°Be ages referenced in the text are
presented as calculated using the same low-latitude, high-altitude
production rate (Kelly et al., 2015) and scaling framework (“St”
scaling; Lal, 1991; Stone, 2000) we use for the Rwenzori chronology.
In addition, all radiocarbon ages are presented in calibrated years
before present (cal yr BP) as midpoint (2-sigma uncertainty) ages,
calibrated using the IntCa13 radiocarbon curve (Reimer et al., 2013)
and Calib 7.1 (Stuiver et al., 2019).

4. Results

All sampled moraines were originally classified as Omurubaho
stage deposits by Osmaston (1989), except those in the Mubuku
valley and in the Bujuku valley near the Mubuku-Bujuku Rivers’
confluence, which were classified as Lake Mahoma stage deposits.
In order to discuss the pattern of deglaciation in individual valleys,
we identify each moraine by the name of the valley in which it
occurs and a number corresponding to its stratigraphic position
relative to other dated moraines in the valley. The innermost (most
upvalley) °Be-dated moraine in any catchment is denoted as
moraine ‘0". All 1°Be ages (in yr BP) are shown on maps of the three
catchments (Figs. 4—6) with associated internal age uncertainty
and are given in Table 1.

4.1. Bujuku valley

In the Bujuku valley, two left-lateral moraine segments, Bujuku
8 and Bujuku 7, occur ~100—300 m upvalley of the Mubuku-Bujuku
Rivers’ confluence (Fig. 4). These mark the extent of ice after it had
separated from the once-joined Mubuku-Bujuku glacier, which
deposited the large Lake Mahoma stage moraines dated to the LGM.
The Bujuku 8 and 7 moraine crests vary along their length from
sharp and well-defined to rounded and less distinct. The moraines
have ~1—-5 mrelief above the valley wall upon which they occur and
are located ~30—50 m above the Bujuku River, which has incised
the valley floor. Two samples from the Bujuku 8 moraine yield 1°Be



Table 2
10Be sample information. All samples are listed according to valley, landform, sample name, and corresponding map identification number (as in Figs. 4—6). Sample location, elevation, thickness, topographic shielding, and year of
sample collection are presented here with calculated '°Be concentrations in atoms/gram quartz.

Map ID Landform Sample ID Latitude Longitude Elev. Atm. Thickness Density Shielding Erosion 10ge +1%Be Year
(DD) (DD) (m) (cm) (g/cm?) (mmy/yr) (atoms/g) (atoms/g) collected

Mubuku valley

1 Mubuku 0 RZ-16-41 0.34533 29.95181 2955 std 14 2.65 0.965 0 1.74 E+05 4.32 E+03 2016

2 Mubuku 0 RZ-16-43 0.34547 29.95206 2975 std 2.8 2.65 0.965 0 2.15 E+05 5.37 E+03 2016

3 Mubuku 0 RZ-16-44 0.34543 29.95196 2948 std 2.1 2.65 0.942 0 1.90 E+05 4.90 E+03 2016

Bujuku valley

4 Bujuku 8 RZ-16-07 0.35942 29.97108 2673 std 24 2.65 0.964 0 2.92 E+04 3.80 E+03 2016
5 Bujuku 8 RZ-16-08 0.35855 29.97204 2630 std 23 2.65 0.960 0 1.79 E+05 5.20 E+03 2016
6 Bujuku 7 RZ-16-02 0.36100 29.96632 2776 std 29 2.65 0.956 0 2.32 E+05 4.32 E+03 2016
7 Bujuku 7 RZ-16-03 0.36040 29.96773 2737 std 1.8 2.65 0.977 0 2.15 E+05 5.20 E+03 2016
8 Bigo Drift RZ-16-09 0.38174 29.93753 3332 std 2.7 2.65 0.957 0 2.09 E+05 6.46 E+03 2016

Bigo Drift RZ-16-11 0.38177 29.93755 3240 std 2.9 2.65 0.957 0 2.86 E+05 8.55 E+03 2016
10 Bigo Drift RZ-16-13 0.38180 29.93758 3320 std 1.2 2.65 0.943 0 4.20 E+05 8.35 E+03 2016
11 Bujuku 6 RZ-16-24 0.38550 29.93015 3473 std 1.5 2.65 0.974 0 1.95 E+05 5.44 E+03 2016
12 Bujuku 6 RZ-16-25 0.38540 29.93022 3470 std 1.5 2.65 0.974 0 2.83 E+05 7.30 E+03 2016
13 Bujuku 5 RZ-16-21 0.38590 29.92945 3491 std 24 2.65 0.974 0 3.19 E+05 6.91 E+03 2016
14 Bujuku 5 RZ-16-26 0.38500 29.93023 3465 std 1.9 2.65 0.973 0 3.05 E+05 6.40 E+03 2016
15 Bujuku 4 RZ-16-17 0.38381 29.93081 3436 std 33 2.65 0.977 0 3.07 E+05 8.06 E+03 2016
16 Bujuku 4 RZ-16-18 0.38370 29.93089 3433 std 2.1 2.65 0.974 0 2.98 E+05 7.98 E+03 2016
17 Bujuku 3 RZ-16-14 0.38148 29.93198 3347 std 4.0 2.65 0.977 0 2.67 E+05 7.91 E+03 2016
18 Bujuku 2 RZ-12-11 0.38679 29.92037 3526 std 1.6 2.65 0.966 0 3.25 E+05 6.14 E+03 2012
19 Bujuku 2 RZ-12-12 0.38679 29.92047 3514 std 0.6 2.65 0.977 0 3.12 E+05 5.91 E+03 2012
20 Bujuku 2 RZ-12-13 0.38622 29.92126 3473 std 0.6 2.65 0.977 0 2.89 E+05 5.46 E+03 2012

Bujuku 2 RZ-12—-13x 0.38622 29.92126 3473 std 0.6 2.65 0.977 0 2.82 E+05 5.32 E+03 2012
21 Bujuku 1 RZ-12-14 0.38660 29.92165 3450 std 13 2.65 0.972 0 2.85 E+05 5.97 E+03 2012
22 Bujuku 1 RZ-12-15 0.38670 29.92143 3454 std 0.4 2.65 0.95 0 2.82 E+05 4.61 E+03 2012
23 Bujuku 1 RZ-12-16 0.38667 29.92144 3443 std 0.9 2.65 0.972 0 2.91 E+05 5.67 E+03 2012
24 Bujuku 0 RZ-12-17 0.37908 29.90679 3719 std 0.9 2.65 0.955 0 2.63 E+05 4.98 E+03 2012
25 Bujuku 0 RZ-12-18 0.37927 29.90700 3705 std 0.4 2.65 0.952 0 2.77 E+05 8.51 E+03 2012
26 Bujuku 0 RZ-16-31 0.37900 29.90649 3730 std 23 2.65 0.954 0 2.67 E+05 5.26 E+03 2012
27 Bujuku Slide RZ-16-35 0.37595 29.89511 3913 std 0.8 2.65 0.901 0 2.93 E+05 5.41 E+03 2016
28 Bujuku Slide RZ-16-36 0.37596 29.89498 3913 std 0.8 2.65 0.931 0 2.70 E+05 5.03 E+03 2016
29 Bujuku Slide RZ-16-39 0.37576 29.89535 3916 std 14 2.65 0.929 0 2.68 E+05 4.99 E+03 2016

Nyamugasani valley

30 Katunda boulder RZ-15-05 0.27685 29.89385 3814 std 6.1 2.65 0.976 0 3.31 E+05 6.29 E+03 2015
31 Katunda boulder RZ-15-06 0.27712 29.89385 3817 std 2.7 2.65 0.976 0 3.32 E+05 5.48 E+03 2015
32 Nyamugasani 2 LA-2 0.29487 29.89638 3871 std 4.0 2.65 0.979 0 2.84 E+05 5.43 E+03 2009
33 Nyamugasani 2 LA-1 0.29488 29.89633 3870 std 1.0 2.65 0.976 0 3.19 E+05 6.94 E+03 2009

Nyamugasani 2 LA-1x 0.29488 29.89633 3870 std 1.0 2.65 0.976 0 3.08 E+05 9.35 E+03 2009

(continued on next page)

SSH901 (0Z02) £FT SMatady a0ua1ds Aipwiaipiip) / 1o 32 uosyIn[ S



Table 2 (continued )

Year

+1%Be

1OBe

Thickness Density Shielding Erosion

Longitude Elev. Atm.

(DD)

Latitude
(DD)

Sample ID

Landform

Map ID

collected

2009
2009
2009

(atoms/g) (atoms/g)

(mm/yr)

(g/em?)
2.65

(cm)
1.0

(m)

5.99 E+03
5.86 E+03
5.01 E+03

3.15 E+05
3.09 E+05
3.05 E+05

0.979
0.978
0.978

std

3872
3968
3968

29.89642
29.89685
29.89685

0.29490
0.29502

-3
-5

LA-5x

Nyamugasani 2

2.65
2.65

14
14

std
st

0.29502

Nyamugasani 2
Nyamugasani 2

35

2012

5.83 E+03
5.70 E+03
5.70 E+03
6.21 E+03

3.09 E+05
3.03 E+05
3.03 E+05
2.99 E+05

0.987

2.65
2.65
2.65
2.65

std 0.5

3980

29.89462
29.89468
29.89513
29.89515

0.30186

RZ-12-33
RZ-12-34
RZ-12-36
RZ-12-37

Nyamugasani 1

36
37
38
39

2012

0.987

std 1.0
1.2
1.5

3974
3981

0.30180

Nyamugasani 1

2012

0.993

std

0.30214

Nyamugasani 1

2012

0.993

std

3980

0.30222

Nyamugasani 1

2012

5.72 E+03
5.62 E+03
5.64 E+03
7.30 E+03

3.04 E+05
2.98 E+05
2.99 E+05
2.90 E+05

0.971

2.65
2.65
2.65
2.65

35
0.8

std

4007

29.89303
29.89288
29.89296
29.89175

0.30624

0.30551

RZ-12-38
RZ-12-39
RZ-12-41

Nyamugasani 0

2012

0.984
0.983

std

4001

Nyamugasani 0

41

2012

std 1.1

4001

0.30515

Nyamugasani 0

42

2012

0.966

std 2.0

4013

0.30509

RZ-12-44

Nyamugasani 0

43
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2009
2009
2009
2009
2015

7.42 E+03
7.62 E+03
8.86 E+03
5.34 E+03
5.59 E+03

2.87 E+05
3.12 E+05
3.20 E+05
2.17 E+05
2.93 E+05

0.992

2.65
2.65
2.65
2.65
2.65

13
2.0
1.8
3.0

std
2.1

4033

29.89162
29.89142
29.89180
29.89270
29.89111

0.31085
0.31108
0.31070
0.30958
0.31107

KOP-1

der
der
der

0.963

std

4032

KOP-2

0.963

std

4030

KOP-4A
KOP-5

0.963
0.97

std

4022

der
der

std

4025

RZ-15-12

Kope
Kope
Kope
Kope
Kope

44
45

46

47

48

ages of 13.9 + 0.4 ka (RZ-16-08) and 2.2 + 0.3 ka (RZ-16-07).
Immediately upvalley, two samples from the Bujuku 7 moraine
yield '°Be ages of 15.4 + 0.4 ka (RZ-16-03) and 16.8 + 0.3 ka (RZ-16-
02).

The area surrounding Bigo Bog is blanketed by drift (Fig. 5). This
drift deposit is identifiable in aerial imagery as a distinct change in
vegetation, presumably due to differences in subsurface drainage,
and on the ground through the appearance of large (1—3 m high)
boulders on the valley floor and walls. The extent of the deposit is
delineated in Fig. 5 as late-glacial moraine. Three samples from
boulders atop the outermost, downvalley limit of the drift yield
19Be ages of 22.8 + 0.5, 16.1 + 0.5, and 11.2 + 0.4 ka (RZ-16-13, 11,
09). These boulders are not associated with a moraine ridge.

Bigo Bog is bounded by a series of tightly spaced moraines. The
Bujuku 6 to Bujuku 3 moraines occur along the bog’s more eastern,
downvalley limit near where the Bujuku River emerges from the
bog and continues to flow downvalley (Fig. 5). These moraines
feature sharp crests and have ~10—20 m relief above the bog sur-
face. Two samples from the outermost sampled moraine, Bujuku 6,
yield '°Be ages of 13.8 + 0.4 (RZ-16-25) and 9.5 + 0.3 ka (RZ-16-24).
Immediately inboard of Bujuku 6, two samples from the Bujuku 5
moraine yield a mean age of ~15.2 + 0.4 ka (RZ-16-21, 26). Inboard
of the Bujuku 5 moraine, two samples from the Bujuku 4 moraine
yield a mean age of ~15.1 + 0.4 ka (RZ-16-17, 18). A single sample
from a dissected ridge segment on the Bujuku 3 moraine dates to
14.1 + 0.4 ka (RZ-16-14).

A bedrock knob bisects the valley floor on the western, upvalley
edge of Bigo Bog. A series of right-lateral moraines on the northern
flank of the knob both abut and plunge into the modern bog sur-
face; these ridges mark the former position of a glacier that flowed
from the upper Bujuku valley (Fig. 5). Three samples from one of
these lateral moraines (Bujuku 2) yield a mean age of ~14.7 + 0.8 ka
(RZ-12-11, 12, 13). Approximately 30 m below the Bujuku 2
moraine, three samples from the lateral Bujuku 1 moraine yield a
mean age of ~14.1 + 0.2 ka (RZ-12-14, 15, 16). The next preserved
moraines in the Bujuku valley occur ~1.5 km upvalley from Bigo
Bog, where a cluster of partially preserved lateral moraines marks
the most upvalley position of ice in the vicinity. Three samples from
aright-lateral (Bujuku 0) moraine yield a mean age of ~11.7 + 0.4 ka
(RZ-12-17, 18; RZ-16-31). We note that no additional moraines
occur between the Bujuku O moraine and the (estimated)
historical-age moraines on the slopes of Mt. Speke and Mt. Stanley
(Osmaston, 1989).

In addition to boulders on moraines we dated three boulders on
the toe of a landslide deposit near the outlet of Lake Bujuku,
roughly 2 km upvalley from the Bujuku O moraine (Fig. 5). Two of
these samples yield '°Be ages of 11.0 + 0.2 ka (RZ-16-36, 39) and a
third yields a'”Be age of 12.4 + 0.2 ka (RZ-16-35).

4.2. Mubuku valley

The left-lateral Mubuku O moraine occurs ~2.5 km upvalley of
the Mubuku and Bujuku Rivers’ confluence and is the innermost
moraine within a sequence of moraines in the Mubuku valley
(Fig. 4). The crest of the moraine is well-defined, undulatory and
has roughly 10 m relief above the valley floor. The ice-contact
moraine slope is steep and may have been partially eroded by the
Mubuku River. Three samples collected from the Mubuku
0 moraine yield '°Be ages of 11.2 + 0.3,13.8 + 0.3, and 12.6 + 0.3 ka
(RZ-16-41, 43, 44).

4.3. Nyamugasani valley

In the Nyamugasani valley, two boulders on a bedrock rise that
dams Lake Katunda yield '°Be ages of 14.1 + 0.3 (RZ-15-05) and
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Table 3

19Be sample chemistry. Samples are listed according to valley, landform, sample name, and corresponding map identification number (as in Figs. 4—6). Quartz weight,
beryllium-9 carrier weight added to each sample, beryllium-9 carrier concentration, the sample '°Be/°Be ratio, and the process blank '°Be/°Be ratio are included here. All
10Be/?Be ratios were measured at Lawrence Livermore National Laboratory Center for Mass Spectrometry (CAMS) and normalized to the 07KNSTD3110 standard (Nishiizumi
et al,, 2007).

Map ID  Landform Sample ID Cathode ID  Quartz Carrier wt.  Carrier Conc.  Sample + Sample  Process Blank  Blank + Blank
(g) (g) (ppm) ("°Be/°Be)  ('°Be/®Be)  Cathode ID ('°Be/°Be)  ('°Be/°Be)

Mubuku valley

1 Mubuku 0 RZ-16-41 BE43141 3.1667 0.1548 1349 3.959E-14 9.796E-16  BE43147 5.689E-16  1.274E-16

2 Mubuku 0 RZ-16-43 BE43142 3.0083 0.1576 1349 4.551E-14 1.137E-15 BE43147 5.689E-16  1.274E-16

3 Mubuku 0 RZ-16-44 BE43143 3.0327 0.1562 1349 4.096E-14 1.056E-15 BE43147 5.689E-16  1.274E-16

Bujuku Valley

4 Bujuku 8 RZ-16-07 BE42145 5.1013 0.3499 1344 4.738E-15 6.177E-16  BE42147 6.176E-16  5.124E-16
5 Bujuku 8 RZ-16-08 BE42146 5.0411 0.1547 1344 6.491E-14 1.887E-15 BE42147 6.176E-16  5.124E-16
6 Bujuku 7 RZ-16-02 BE42143 5.0669 0.2008 1344 6.529E-14 1.213E-15 BE42147 6.176E-16  5.124E-16
7 Bujuku 7 RZ-16-03 BE42144 5.0408 0.1976 1344 6.102E-14 1.476E-15 BE42147 6.176E-16  5.124E-16
8 Bigo Drift RZ-16-09 BE43561 2.0904 0.2040 973 6.792E-16  2.579E-16  BE43567 6.792E-16  2.579E-16
9 Bigo Drift RZ-16-11 BE43562 2.0968 0.2034 973 6.792E-16  2.579E-16  BE43567 6.792E-16  2.579E-16
10 Bigo Drift RZ-16-13 BE43563 2.1483 0.2039 973 6.792E-16  2.579E-16  BE43567 6.792E-16  2.579E-16
11 Bujuku 6 RZ-16-24 BE43569 2.1943 0.2014 973 3.275E-14 9.116E-16  BE43573 4.475E-16  1.317E-16
12 Bujuku 6 RZ-16-25 BE43570 2.2332 0.1996 973 4.878E-14 1.256E-15 BE43573 4.475E-16  1.317E-16
13 Bujuku 5 RZ-16-21 BE43568 2.2553 0.1988 973 5.567E-14 1.206E-15 BE43573 4.475E-16  1.317E-16
14 Bujuku 5 RZ-16-26 BE43571 2.1882 0.1999 973 5.129E-14 1.078E-15 BE43573 4.475E-16  1.317E-16
15 Bujuku 4 RZ-16-17 BE43565 2.0313 0.2040 973 6.792E-16  2.579E-16  BE43567 6.792E-16  2.579E-16
16 Bujuku 4 RZ-16-18 BE43566 2.0427 0.2043 973 6.792E-16  2.579E-16  BE43567 6.792E-16  2.579E-16
17 Bujuku 3 RZ-16-14 BE43564 2.0240 0.2038 973 6.792E-16  2.579E-16  BE43567 6.792E-16  2.579E-16
18 Bujuku 2 RZ-12-11 BE36868 6.3178 0.1622 1328 1.427E-13  2.696E-15 BE36874 3.833E-16  1.416E-16
19 Bujuku 2 RZ-12-12 BE36869 4.8772 0.1628 1328 1.053E-13  1.994E-15 BE36874 3.833E-16  1.416E-16
20 Bujuku 2 RZ-12-13 BE37992 8.0182 0.1629 1335 1.597E-13  3.015E-15 BE37998 4.378E-16  1.493E-16

Bujuku 2 RZ-12—-13x  BE41130 8.4586 0.1639 1341 1.623E-13  3.064E-15 BE41134 8.484E-16  2.320E-16
21 Bujuku 1 RZ-12-14 BE36870 3.3612 0.1613 1328 6.689E-14 1.401E-15 BE36874 3.833E-16  1.416E-16
22 Bujuku 1 RZ-12-15 BE36871 6.0607 0.1629 1328 1.183E-13  1.935E-15 BE36874 3.833E-16 1.416E-16
23 Bujuku 1 RZ-12-16 BE37993 4.4068 0.1627 1335 8.830E-14 1.722E-15 BE37998 4.378E-16  1.493E-16
24 Bujuku 0 RZ-12-17 BE36872 6.7221 0.1623 1328 1.228E-13  2.323E-15 BE36874 3.833E-16 1.416E-16
25 Bujuku 0 RZ-12-18 BE36873 4.7221 0.163 1328 9.053E-14 2.778E-15 BE36874 3.833E-16  1.416E-16
26 Bujuku 0 RZ-16-31 BE43572 3.1557 0.1996 973 6.491E-14 1.278E-15 BE43573 4.475E-16  1.317E-16
27 Bujuku Slide RZ-16-35 BE42269 30.226 0.1997 1345 4.934E-13  9.113E-15 BE42272 1.510E-15 2.046E-16
28 Bujuku Slide RZ-16-36 BE42270 26.1295 0.2022 1345 3.885E-13  7.227E-15 BE42272 1.510E-15  2.046E-16
29 Bujuku Slide RZ-16-39 BE42271 22.0332 0.2021 1345 3.257E-13  6.051E-15 BE42272 1.510E-15  2.046E-16

Nyamugasani Valley

30 Katunda boulder  RZ-15-05 BE39120 4.083 0.1650 1335 9.175E-14  1.745E-15 BE39123 1.129E-15  2.180E-16
31 Katunda boulder  RZ-15-06 BE39121 4.103 0.1628 1335 9.389E-14 1.548E-15 BE39123 1.129E-15  2.180E-16
32 Nyamugasani 2 LA-2 BE30979 6.5752 0.1989 1030 1.365E-13  2.609E-15 BE30980 3.602E-16  1.092E-16
33 Nyamugasani 2 LA-1 BE33734 6.0074 0.1623 1318 1.342E-13  2.918E-15 BE33740 2.873E-16  1.109E-16

Nyamugasani 2 LA-1x BE41126 8.113 0.1615 1341 1.724E-13  5.243E-15 BE41134 8.484E-16  2.320E-16
34 Nyamugasani 2 LA-3 BE33735 6.0693 0.1554 1318 1.396E-13  2.659E-15 BE33740 2.873E-16  1.109E-16
35 Nyamugasani 2 LA-5 BE33736 6.0111 0.1617 1318 1.305E-13  2.474E-15 BE33740 2.873E-16  1.109E-16

Nyamugasani 2 LA-5x BE41127 8.2705 0.1644 1341 1.712E-13  2.815E-15 BE41134 8.484E-16  2.320E-16
36 Nyamugasani 1 RZ-12-33 BE34160 6.1051 0.1634 1319 1.311E-13  2.473E-15 BE34168 4.070E-16  1.436E-16
37 Nyamugasani 1 RZ-12-34 BE34161 6.0271 0.1625 1319 1.276E-13  2.398E-15 BE34168 4.070E-16  1.436E-16
38 Nyamugasani 1 RZ-12-36 BE34162 6.005 0.1627 1319 1.267E-13  2.385E-15 BE34168 4.070E-16  1.436E-16
39 Nyamugasani 1 RZ-12-37 BE34163 6.0069 0.1624 1319 1.253E-13  2.604E-15 BE34168 4.070E-16  1.436E-16
40 Nyamugasani 0 RZ-12-38 BE34164 6.0051 0.1631 1319 1.271E-13  2.387E-15 BE34168 4.070E-16  1.436E-16
41 Nyamugasani 0 RZ-12-39 BE34165 6.0051 0.1633 1319 1.242E-13  2.344E-15 BE34168 4.070E-16  1.436E-16
42 Nyamugasani 0 RZ-12-41 BE34166 6.1877 0.1633 1319 1.286E-13  2.423E-15 BE34168 4.070E-16  1.436E-16
43 Nyamugasani 0 RZ-12-44 BE34167 6.0497 0.1631 1319 1.222E-13  3.071E-15 BE34168 4.070E-16  1.436E-16
44 Kopello boulder ~ KOP-1 BE30978 6.5625 0.1961 1030 1.396E-13  3.609E-15 BE30980 3.602E-16  1.092E-16
45 Kopello boulder ~ KOP-2 BE33737 6.018 0.1619 1318 1.316E-13  3.216E-15 BE33740 2.873E-16  1.109E-16

(continued on next page)
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Table 3 (continued )

Map ID  Landform Sample ID Cathode ID  Quartz Carrier wt.  Carrier Conc.  Sample + Sample  Process Blank  Blank + Blank
(g) (g) (ppm) ('°Be/°Be)  ('°Be/°Be) Cathode ID ("°Be/°Be)  (°Be/°Be)
46 Kopello boulder KOP-4A BE33738 6.034 0.1614 1318 1.359E-13  3.763E-15 BE33740 2.873E-16  1.109E-16
47 Kopello boulder KOP-5 BE33739 6.0837 0.1616 1318 9.292E-14 2.285E-15 BE33740 2.873E-16  1.109E-16
48 Kopello boulder RZ-15-12 BE39122 4.004 0.1637 1335 8.038E-14 1.533E-15 BE39123 1.129E-15 2.180E-16
3
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Fig. 3. Individual beryllium-10 exposure ages from Rwenzori moraines plotted versus vegetation thickness in cm (top) and boulder height (bottom). All data are color coded by
individual moraines or, where moraines are in close geographic proximity, by moraine group.

13.8 + 0.2 ka (RZ-15-06)(Fig. 6). Approximately two kilometers
upvalley from Lake Katunda, the upper Nyamugasani valley fea-
tures a sequence of moraine ridges, some of which dam lakes. Lake
Africa is dammed by the most downvalley of these moraines, which
we term the Nyamugasani 2 moraine. This moraine occurs at a
constriction in the valley, has ~1—2 m relief above the valley floor,
and features a single rounded crest. Four samples from the moraine
yield 1°Be ages of 11.6 + 0.2 (LA-2), 11.8 + 0.2 (LA-5), 12.7 + 0.3 (LA-

1) and 12.5 + 0.3 ka (LA-3). These ages provide a mean moraine age
of ~12.1 + 0.6 ka.

Roughly 1 km upvalley from the Nyamugasani 2 moraine, the
Nyamugasani 1 moraine has ~5 m relief above the valley floor and
features a sharp crest (Fig. 6). Four samples from this moraine ridge
yield a mean age of ~11.3 + 0.2 ka (RZ-12-33, 34, 36, 37). Inboard of
the Nyamugasani 1 moraine, Lake Bigata is dammed by the Nya-
mugasani 0 moraine. The Nyamugasani O moraine is similar in form
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to the Nyamugasani 1 moraine with ~5 m relief above the valley
floor. Four samples from the Nyamugasani 0 moraine yield a mean
age of ~11.2 + 0.2 ka (RZ-12-38, 39, 41, 44).

There are no moraines preserved upvalley of the Nyamugasani
0 moraine although numerous boulders occur on the valley floor.
Approximately 0.5 km upvalley from Lake Bigata, Lake Kopello is
dammed by a bedrock rise that transits the valley floor. Five sam-
ples from boulders on this bedrock rise yield 1°Be ages of 10.5 + 0.3
(KOP-1),11.8 + 0.3 (KOP-2), 12.1 + 0.3 (KOP-4A), 8.3 + 0.2 ka (KOP-5)
and 11.0 + 0.2 ka (RZ-15-12)(Fig. 6).

5. Discussion
5.1. Rwenzori ice extents during the last glacial termination

Deglaciation from the LGM glacial extents in the Rwenzori
began at ~21.5 ka (Kelly et al., 2014). Formerly conjoined ice from
the Mubuku and Bujuku catchments separated by at least ~17.9 ka
(Jackson et al., 2019). In the Bujuku valley, ice retreated ~3 km
upvalley of the ~21.5 ka position and ~300 m upvalley of the
Mubuku-Bujuku river confluence by ~16.8—15.4 Ka, as indicated by
ages of the Bujuku 7 moraine. Ice then retreated an additional
~8 km upvalley to the position of the Bujuku 4 and 5 moraines near
Bigo Bog by ~15.0 ka. Together, these data indicate that between
~21.5 and 15.0 ka the glacier in the Bujuku valley retreated ~11 km,
an ~54% reduction in the glacier’s length relative to its LGM
maximum extent (Fig. 7).

Whether the slowdown in glacial retreat at ~15—14 ka marked
by the Bujuku 4 and 5 moraines near Bigo Bog was influenced
primarily by topography is unclear. Bigo Bog is a depression at the
confluence of multiple catchments and it is possible that the
overdeepened reach may have encouraged the stagnation and
stillstand of the ice margin. Because the dated Bujuku 2 and 1
moraines are lateral moraines that terminate in the modern bog,
the position of the glacier terminus at ~14.7—14.1 ka is uncertain.
However, the position and ages of the Bujuku 2 and 1 moraines
indicate that the glacier thinned between ~15 and 14 ka before fully
retreating from Bigo Bog at ~14 ka (Figs. 5 and 7).

There are no moraines preserved on the valley floor between the
Bujuku 1 moraine (~14.1 ka) and the Bujuku O moraine (~11.7 ka)
located ~1.5 km upvalley. After ~11.7 ka glacial recession in the
valley is constrained by the occurrence of an undisturbed rockfall
deposit ~1.5 km upvalley of the Bujuku 0 moraine. The rockfall
transits the valley floor and dates to ~11.0 ka (n = 2). One sample
from the toe of the rockfall yields an age of 12.4 + 0.2 ka (RZ-16-35),
out of stratigraphic order with the dated Bujuku O moraine
downvalley. We suggest that this age likely results from inherited
19Be within the rock surface. The lobate and undisturbed form of
the rockfall suggests that it was free to travel unimpeded. Therefore
the rockfall site was ice free at the time of deposition and the
Bujuku glacier was upvalley of the rockfall by at least ~11.0 ka.

In the Mubuku valley, although the age of the Mubuku
0 moraine is uncertain, the available data indicate that ice retreated
at least an additional kilometer upvalley from its ~17.9 ka extent by
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Fig. 5. Glacial-geomorphic map of the Bujuku valley and '°Be ages as reported in Table 1. The area surrounding Bigo Bog is bounded by moraine ridges that delineate the former
extent of glaciers fed from multiple catchments. '°Be ages include boulders on moraines (boxed in black) and boulders on bedrock (boxed in purple). Three samples from the toe of a
landslide at the outlet of Lake Bujuku are also included (boxed in purple). Ages we consider to be affected by post-depositional processes or to contain inherited '°Be are shown in
red. Arithmetic-mean moraine ages are boxed in yellow. Sample ID numbers as in Tables 13 are in grey.

~14-11 ka (Jackson et al., 2019, Fig. 7). This retreat is consistent with
the glacial chronology inferred from the Bujuku valley described
above.

In the Nyamugasani valley, two boulders on bedrock near the
outlet of Lake Katunda indicate that ice had retreated ~6.8 km
upvalley from outermost mapped Lake Mahoma stage moraines by
~14 ka, an ~54% reduction in the glacier’s length relative to its
estimated LGM maximum extent (Fig. 7). Two kilometers upvalley
from the Katunda boulders, four samples from the Nyamugasani 2
moraine show a bimodal age population. It is possible that the two
older 1°Be ages (~12.7 and 12.5 ka) are a result of inherited 1°Be, or
that the two younger °Be ages (~11.8 and 11.6 ka) reflect post-
depositional exhumation or movement of the boulders. The con-
sistency of ages in both the older and younger samples, however,
may counter either interpretation. Conservatively, we suggest that
ice was at the Nyamugasani 2 moraine position by ~12.6 ka and that
ice had abandoned the moraine by ~11.6 ka. After ~11.6 ka, ice
retreated upvalley and deposited the Nyamugasani 1 and 0 mo-
raines at ~11.3 and ~11.2 ka, respectively. Moraine deposition
ceased in the Nyamugasani valley after ~11.2 ka. The boulders on
the bedrock ridge that dams Lake Kopello yield scattered °Be ages
ranging from ~12 to 8 ka. Some of these ages, which are out of
stratigraphic order with the dated moraines downvalley, may
reflect inherited '°Be in the sample surfaces. We interpret the

Kopello ages to indicate continued ice thinning or recession past
this location after ~11.2 ka.

Overall, the Rwenzori glacial chronology indicates coherent ice
recession in multiple catchments during the last glacial termina-
tion. Deglaciation from the LGM was underway by ~21.5 ka (Kelly
et al., 2014; Jackson et al., 2019). By ~15—14 ka glaciers in the
Bujuku and Nyamugasani valleys had retreated by more than 50%
relative to their LGM maximum extents. Recession continued after
~15—14 ka, albeit at a slower net rate. Glaciers then retreated
rapidly after ~11.7 ka. A primary implication of these results is that
Rwenzori glaciers retreated significantly during HS1. Glacial fluc-
tuations during the subsequent B-A/ACR and YD are less clear, but
indicate a slower rate of glacial recession than during HS1 followed
by rapid early Holocene retreat.

5.2. Tropical glacial fluctuations during the last glacial termination

Records of glacial fluctuations elsewhere in the tropics, both in
Africa and South America, show patterns of deglaciation broadly
similar to that in the Rwenzori. On Mt. Elgon in eastern Uganda,
two radiocarbon ages from Lake Kilimili (4150 m asl) indicate
glacial recession prior to ~12.9—12.6 cal kyr BP (Hamilton and
Perrott, 1978). On Mt. Bada in the Arsi Mountains in Ethiopia, a
minimum-limiting radiocarbon age from a bog at ~4130 m asl
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indicates glacial recession prior to ~13.3 cal kyr BP (Hamilton,
1982). Sediments from Lake Garba Guacha (~3950 m asl) in the
Bale Mountains, Ethiopia, indicate that deglaciation from the LGM
was underway by at least ~17 cal kyr BP (Tiercelin et al., 2008). High
sedimentation rates in Garba Guacha between ~13.4 and
12.5 cal kyr BP are interpreted to reflect increased glacial melt,
although this signal may be complicated by bank or slope desta-
bilization or changes in vegetation. Glacier-derived sediment input
to the lake decreased after ~12.5 cal kyr BP and the catchment was
ice free by ~11.8 cal kyr BP (Tiercelin et al., 2008). Recent chlorine-
36 (38C1) surface-exposure dating of moraines in the Bale Moun-
tains suggests that glaciers in the Harcha and Wasama Valleys
retreated during portions of HS1 (Ossendorf et al.,, 2019). In the
Harcha Valley, two ‘Stage II' moraines date to ~17.1 + 0.8 ka (n = 2)
and ~16.6 + 2.1 ka (n = 3), respectively. Inboard of these ‘Stage II”
moraines, two ‘Stage III' moraine segments yield ages of ~16.3 + 1.4
ka (n = 3) and ~15.3 + 0.3 ka (n = 3). In the Wasama Valley, one
‘Stage II’ moraine dates to ~17.5 + 0.9 ka (n = 3). Farther upvalley,
one ‘Stage III’ moraine yields an age of ~14.2 + 0.3 ka (n = 3). In both
the Wasama and Harcha Valleys there are no dated moraines
inboard of the ‘Stage III’ deposits.

On Kilimanjaro in Tanzania, 3®Cl ages from a left-lateral moraine
on the south-facing slope of Mawenzi peak yield a mean age of
17.3 + 2.9 ka (n = 7)(Shanahan and Zreda, 2000). Inboard of this
moraine, a suite of 3—4 nested moraines yield a mean age of
15.8 + 2.5 ka (n = 12). A second group of samples from a lateral
moraine on the eastern flank of Kibo peak are dated at 13.9 + 2.3 ka
(n = 4). On Mt. Kenya, two samples from a lateral moraine in the

lower Gorges Valley yield a mean >6Cl age of 14.7 + 1.1 ka, and three
samples upvalley yield a mean age of 13.0 + 1.9 ka (Shanahan and
Zreda, 2000). For comparison with the 38Cl ages on Mt. Kenya,
minimum-limiting radiocarbon ages of these moraines indicate
deposition by 15.2 + 1.2 cal kyr BP (Mahaney, 1982), within un-
certainty of the 36Cl ages. We note, however, that there are undated
moraines on Kilimanjaro and Mt. Kenya both downvalley and
upvalley of dated deposits.

In summary, prior glacial extent records from East Africa suggest
that recession from the LGM maximum glacial extents was un-
derway by at least ~17 ka and that readvances or standstills
occurred between ~15 and 13 ka. In catchments where data are
available, glaciers were apparently more extensive during the early
B-A/ACR than during the YD. However, due to both the low
numbers of dated landforms and the resolution of dating tech-
niques employed, there is not sufficient resolution in the existing
data to resolve the precise timing of glacial fluctuations at all sites.

Outside of tropical Africa, most prior work on the timing and
magnitude of past tropical glacial fluctuations has been conducted
in South America. In order to make a direct comparison between
Rwenzori and tropical South American glacial chronologies we
choose to focus our discussion on prior work that applied 1°Be
dating of glacial deposits (rather than deposits dated using radio-
carbon or other cosmogenic nuclides). We report South American
10Be ages as calculated using the same production rate (Kelly et al.,
2015) and scaling scheme (“St”; Lal, 1991; Stone, 2000) as we use
for the Rwenzori chronology. Based on our review of prior work,
deglaciation in the South American tropics initiated by ~20-19 ka
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Fig. 7. Changes in glacial extents in the Bujuku, Mubuku, and Nyamugasani catchments during the last glacial termination. Dashed lines indicate inferred ice extents where '°Be
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and continued during HS1, with glaciers retreating by ~30—60%
relative to their LGM maximum extents by ~14 ka (e.g., Shakun
et al., 2015; Bromley et al., 2016). We note that glaciers in both
the northern and southern South American tropics underwent
temporally coherent changes during deglaciation (Jomelli et al.,
2014; Bromley et al., 2016). There are several moraines dated to
between ~14 and 12 ka (Jomelli et al., 2014, 2017), and existing
chronologies show that net glacial recession slowed during this
interval relative to the rate of net recession during HS1 (Mark et al.,
2017; Jomelli et al., 2017). Although glaciers in tropical South
America did not retreat markedly between ~14 and 12 ka, glaciers
in the region were apparently more extensive during at least some
of the B-A/ACR than during the YD (Jomelli et al., 2014; Stansell
et al.,, 2017). After ~12—11 ka, glaciers largely receded to near or
within their late-Holocene extents (Jomelli et al., 2014; Mark et al.,
2017).

We suggest that the °Be chronologies from the Rwenzori,
elsewhere in tropical Africa, and tropical South America show ev-
idence, to a first order, of temporally similar glacial fluctuations
during the last glacial termination. Specifically, these data show
that glaciers across the tropics retreated during HS1 and that
retreat rates slowed at ~15—14 ka. After ~11 ka glaciers again
retreated more rapidly, in many cases to near or within their late-
Holocene extents. We note that not all sites feature dated land-
forms that span the last deglaciation, so the precise timing and
phasing of millennial-scale glacial fluctuations across the tropics is

yet unknown. Although the existing data are not of the resolution
necessary for precise correlation of the glacial chronologies with
discrete millennial-scale climate events, the results presented here
and prior work discussed above suggest a broad similarity in glacial
extent changes across the tropics during the last glacial termina-
tion. These results also highlight target areas for continued future
efforts to reconstruct and refine past glacial fluctuations.

5.3. Drivers of tropical glacial fluctuations during the last glacial
termination

The apparent similarity of glacial fluctuations in tropical Africa
and South America, particularly the marked retreat of ice during
HS1, suggests that low-latitude glaciers on both continents may
have responded to a common forcing mechanism during the last
glacial termination. Temperature and precipitation are primary
factors that control glacial mass balance (Kaser and Osmaston,
2002) and are the main paleoclimate variables to consider in
establishing the drivers of past tropical glacial fluctuations. The
regional coherence of tropical South American glacial fluctuations
during the last deglaciation in spite of regionally variable precipi-
tation has been noted by previous studies (e.g., Mark et al., 2017)
and used to argue for temperature rather than precipitation as the
primary control on tropical glacial mass balance (Jomelli et al,,
2014; Bromley et al., 2016). Recent investigation of modern
Rwenzori glaciers leaves unsettled the question of whether air
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temperature (Taylor et al., 2006) or humidity (Molg et al., 2003a)
dominated mass balance over the last century, although humidity
appears to have been an important and perhaps dominant factor at
higher elevation East African sites (i.e., Kilimanjaro; Molg et al.,
2003b). Below we review temperature and precipitation records
from tropical Africa and South America, examine the pan-tropical
pattern of paleoclimate conditions, and relate these to tropical
glacial fluctuations.

Two branched glycerol dialkyl glycerol tetraether (brGDGT)
paleotemperature records from alpine lakes on Mt. Kenya, 800 km
east of the Rwenzori (Fig. 1), provide estimates of high-elevation
temperature that can be compared directly with Rwenzori glacial
fluctuations (Fig. 8). These records show marked warming during
HS1, an interval of more subdued warming after ~15—14 ka, and
temperatures near pre-industrial values by ~11 ka (Loomis et al.,
2012, 2017). The Rwenzori glacial chronology generally follows
the same pattern with significant glacial recession during HS1, a
period of less rapid (net) recession between ~15 and 11 ka, and
rapid recession after ~11 ka. However, tropical African brGDGT-
based paleotemperature records from the wider region do not
show a unified signal of temperature change during the HS1, B-A/
ACR and YD (i.e., Powers et al., 2005; Weijers et al., 2007; Tierney
et al.,, 2008; Loomis et al., 2017).

Empirical orthogonal function analyses of African precipitation
records and climate model experiments indicate that sites to the
north, south, west, and east of the Rwenzori experienced similar
precipitation regimes during the last glacial termination (Otto-
Bliesner et al., 2014). Therefore, we suggest that the Rwenzori
likely experienced precipitation changes similar in sign and timing
to this broader pattern. Across tropical Africa, a relatively dry LGM
was followed by intensified aridity during HS1, indicated by records
of soil acidity and geochemical lake sediment analyses (Weijers
et al., 2007; Tierney et al., 2008), as well as by the complete
desiccation of Lake Victoria (Gasse, 2000 and citations there-
in)(Fig. 9). Lake Albert, ~85 km north of the Rwenzori, also records
arid conditions during HS1 (Buening et al., 1997; Berke et al., 2014).
Glacial recession in the Rwenzori and elsewhere in East Africa
during HS1 was coincident with this regional aridity (Ossendorf
et al, 2019; Shanahan and Zreda, 2000; Tiercelin et al., 2008).
Precipitation in the African tropics increased near the end of HS1 at
~15—14.5 ka (Otto-Bliesner et al., 2014) followed by relative aridity
during the YD at Lake Albert (Buening et al., 1997; Berke et al.,
2014). The Rwenzori Bujuku 4 and 5 moraines indicate a pause in
ice recession at or just before ~15.2 ka, roughly coincident with this
increase in precipitation (Gasse, 2000)(Figs. 7—9). Although the
deposition of the Bukuju 4 and 5 moraines may, in part, be due to
valley topography (Section 5.1.), moraines of similar age in Ethiopia
(Ossendorf et al., 2019) and on Mt. Kenya (Shanahan and Zreda,
2000) suggest a regional pattern of glacial fluctuations likely
influenced by climate, possibly the increase in precipitation at ~15
ka (Powers et al., 2005; Tierney et al., 2008). We note, however, that
glacial recession in the Rwenzori and Bale Mountains (Ossendorf
et al, 2019), and perhaps on Kilimanjaro and Mt Kenya
(Shanahan and Zreda, 2000), continued after ~15 ka although
precipitation remained elevated. After a period of aridity during the
YD, a rapid return to wet conditions at ~11.6 ka marked the onset of
the African Humid Period (AHP), an interval of increased precipi-
tation in the African tropics that persisted until ~5 ka (Gasse, 2000;
deMenocal et al., 2000; Garcin et al., 2007). The ages of Rwenzori
moraines in the Bujuku and Nyamugasani valleys (~11.7—11 ka) are
coincident with this increase in precipitation at the onset of the
AHP. However, glacial recession continued after ~11.7 ka and the
apparent rapid retreat of Rwenzori glaciers after ~11.2 ka occurred
during sustained wet conditions.

Overall, the existing data suggest that Rwenzori glaciers
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Fig. 8. Temperature and greenhouse gas (GHG) forcing changes during the last
deglaciation compared with the Rwenzori glacial chronology. High-latitude tempera-
ture records derived from ice cores in (A) Greenland (NGRIP Members, 2004) and (B)
Antarctica (WAIS Divide Project Members, 2013) suggest at times antiphased tem-
perature change between the northern and southern hemispheres. (C) Net GHG forcing
(black) derived from the summed forcing of CO, (orange), CH4 (red), and N,O
(blue)(Marcott et al., 2014; Rhodes et al., 2015; Ahn and Brook, 2008) and (D) high-
elevation temperature reconstructions from alpine lakes on Mt. Kenya (Rutundu,
dark green; Sacred, light green) show some similarity, but the inflection points in each
record do not align (Loomis et al., 2012, 2017). (E) The Rwenzori glacial chronology,
here plotted with mean moraine ages versus the normalized distance downvalley as in
Fig. 7, indicates recession during HS1 with slower net recession during the period
between ~15 and 11 ka.
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Fig. 9. Precipitation changes in the African and South American tropics during the last
glacial termination. Records of relative precipitation change from (A) the Congo Basin
(Weijers et al.,, 2007) and (B) Lake Tanganyika (Tierney et al.,, 2008) indicate regionally
coherent changes in hydroclimate and are similar to precipitation patterns inferred
from northern tropical South America such as in (C) the Cariaco Basin (Deplazes et al.,
2013). Records of precipitation from (D) Santiago Cave in Ecuador (Mosblech et al.,
2012) and from (E) Salaar Uyuni, Bolivia (Baker et al., 2001), suggest precipitation
changes different from that in Africa and the northern tropical Andes.

retreated during periods of both elevated and reduced precipita-
tion. For instance, regional aridity during HS1 likely encouraged
mass loss; the Bujuku 5 and 4 moraines, deposited coincident with
the onset of more humid conditions at ~15 ka, could reflect a
temporary slowdown or pause in glacial retreat resulting from
elevated precipitation. However recession apparently continued or
recommenced shortly after this climatic change point in spite of

continued elevated precipitation.

Our comparison of glacial extents with regional climate condi-
tions suggests that the Rwenzori glacial chronology reflects pri-
marily changes in temperature, with some glacial fluctuations
modulated by precipitation. This is supported by modern obser-
vational and modeling studies of tropical glaciers, including gla-
ciers in the Rwenzori (Rupper and Roe, 2008; Sagredo and Lowell,
2012; Sagredo et al., 2014; Doughty et al., in press). Regional tem-
perature reconstructions vary regarding the timing and magnitude
of changes during deglaciation, yet clearly document warming
during HS1 and between ~14 and 11 ka. Continued glacial recession
during this time in spite of elevated precipitation suggests that any
mass balance changes induced by changing precipitation were
overcome by the influence of rising temperatures. Recent work
modeling past Rwenzori glacial extents using the temperature re-
cord from Lake Rutundu (3081 m asl) on Mt. Kenya (Loomis et al.,
2017) shows glaciers reaching the late-glacial (~15—11 ka) mo-
raines in the Bujuku valley with a cooling of 4 °C and precipitation
decrease of 10% (Doughty et al., in press). Not all East African
temperature reconstructions show a late-glacial cooling of this
magnitude, but this brGDGT record and glacial reconstruction
support a 3—4 °C cooling during the late glacial (Doughty et al., in
press).

While there are no independent temperature reconstructions
(i.e., not based on glacier extents) from tropical South America
during the last glacial termination with which tropical South
American glacial fluctuations can be compared, there are many
precipitation records for this time. In contrast to the relatively
unified precipitation regime in tropical Africa, tropical South
America experienced more diverse and often hemispherically
antiphased precipitation variations during the last glacial termi-
nation (e.g., Novello et al., 2017 and references therein)(Fig. 9). Sites
in northern tropical South America experienced relative aridity
during HS1 and the YD whereas southern tropical regions were
relatively wet during these periods. If precipitation were the pri-
mary control on tropical glacial mass balance during deglaciation,
one would expect glacial fluctuations in the northern and southern
tropical Andes to have exhibited distinct patterns of change,
potentially anti-phased between regions (e.g., Mark et al., 2017). In
contrast, glaciers in both regions exhibit broadly similar histories.

The apparent coherence of glacial fluctuations in tropical Africa
and South America during the last glacial termination, particularly
during HS1, suggests that glaciers in both regions responded to a
common forcing mechanism. Although precipitation likely modu-
lated glacial mass balance changes, we suggest that temperature
exerted greater influence on tropical glaciers during the deglacial
warming. Changes in modern tropospheric temperature are
communicated rapidly across the low latitudes and, as a result, the
tropical troposphere is considered thermally homogenous
(Pierrehumbert, 1995; Wu et al., 2001). Presuming that this was the
case during the last deglaciation, it may serve as an explanatory
mechanism for the propagation of a unified temperature signal
across the tropics as reflected by tropical glaciers. Additional work
is needed, however, to determine the magnitude and timing of
temperature changes in the low latitudes during the last glacial
termination, as well as the influence of changing climate conditions
on individual glacial catchments.

5.4. Controls on tropical temperature during the last glacial
termination

Based on our assessment of tropical glacial chronologies and
paleoclimate reconstructions, we suggest that temperature was a
dominant influence on glacial fluctuations in the humid inner
tropics during the last glacial termination. The driver(s) of tropical
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temperatures during this period, however, is unclear. Mean-annual
equatorial insolation decreased throughout deglaciation (Berger
and Loutre, 1991), which would have encouraged tropical glacial
advances rather than retreats (Kaser and Osmaston, 2002). Boreal
summer insolation rose between ~24 and 11 ka, but whether and
how temperature changes in the northern high latitudes driven by
this forcing would be transmitted to the tropics is uncertain. Rising
boreal summer insolation and increasing austral summer duration
may have influenced the onset of tropical deglaciation at ~20—19 ka
through a reduction in net heat export from the low latitudes
(Jackson et al., 2019); although boreal summer insolation intensity
and austral summer duration continued to rise throughout the
termination, the large-scale ocean-atmosphere reorganizations
that marked the HS1, B-A, ACR, and YD would likely have had a
greater influence on tropical climate and heat transport than did
far-field insolation effects. In addition, the changes in the rate of ice
recession during the last deglaciation inferred across the tropics
cannot be explained solely by insolation forcing.

Atmospheric greenhouse gases (GHGs), particularly CO,, are a
primary control on tropical temperatures over glacial-interglacial
cycles (Lea, 2004) and may have driven millennial-scale tempera-
ture fluctuations (Shakun et al., 2012). Pan-tropical sea-surface
temperature reconstructions indicate that deglacial temperature
changes were broadly similar to changes in GHG concentrations
following the LGM (Shakun et al., 2012). However, tropical glaciers
receded from their LGM maximum extents by ~20-19 ka, before the
onset of deglacial CO; rise at ~18.2 ka (Shakun et al., 2015; Bromley
et al., 2016; Jackson et al., 2019). This suggests that low-latitude
temperatures were not necessarily coupled with GHG levels at
the onset of deglaciation (Shakun et al., 2015; Jackson et al., 2019).
Rising atmospheric CO, and methane after ~18.2 ka increased net
GHG radiative forcing (Marcott et al., 2014), coincident with trop-
ical glacial recession during HS1. Net GHG forcing stagnated during
the B-A/ACR and increased at the onset of the YD (Fig. 8); GHG
forcing may explain the observed pattern of glacial fluctuations, at
least in part. However, many tropical glacial chronologies show an
interval of deglacial cooling culminating at ~14 ka, prior to the end
of the B-A/ACR (sensu-stricto at ~13 ka) and the associated onset of
atmospheric CO; rise (Lemieux-Dudon et al., 2010). Net GHG forc-
ing again plateaued after ~11.7 ka, as tropical glaciers began to again
retreat more rapidly. Although more work is needed to determine
the millennial-scale fluctuations of tropical glaciers at all sites, we
suggest that GHG forcing alone cannot explain the inferred pattern
of tropical glacial fluctuations during the last glacial termination.

The Rwenzori and wider pan-tropical glacial chronologies dis-
cussed here show that any explanation for deglacial temperature
changes must account for tropical warming during HS1 and likely
cooler temperatures during the early B-A/ACR than during the YD.
In addition, the manifestations of these abrupt climate events in the
high-elevation tropics as inferred from the glacial-geomorphic re-
cord do not correlate directly with higher latitude climate changes.
Therefore, the terrestrial tropical regions did not adhere to a strictly
‘northern’ or ‘southern’ climate pattern. This highlights the tropics
as a distinct region for consideration when assessing past temper-
ature changes.

6. Conclusions

Following the onset of deglaciation from the LGM maximum
glacial extents, glaciers in the Rwenzori Mountains retreated dur-
ing HS1 before pausing ~15 ka. Recession continued after ~15—14
ka, though at a slower (net) rate relative to HS1 retreat. Further
glacial recession with intermittent moraine deposition after ~11.7
ka was followed by more rapid ice retreat during the early Holo-
cene. The Rwenzori glacial chronology shows fluctuations broadly

consistent with glacial fluctuations elsewhere in tropical Africa as
well as with similar (ie., '°Be) glacial chronologies in South
America. The apparent coherence of glacial fluctuations in this pan-
tropical region suggests that temperature, modulated by regional
variations in precipitation, was a dominant influence on glacial
extents during the last glacial termination, although more work is
needed to assess the millennial-scale pattern of deglaciation at all
sites. While the ultimate controls on tropical temperatures during
the last deglaciation remain unresolved, the glacial chronology
presented here provides important information on the global
footprint and expression of deglacial warming and abrupt climate
events. Future efforts to date glacial fluctuations in the Rwenzori
and elsewhere in the tropics will help elucidate the timing and
magnitude of millennial-scale temperature changes. These data are
crucial for establishing the drivers of tropical climate change and
the role of the tropics in the larger climate system.
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