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Abstract The dynamic response of large mountain glaciers to climatic forcing operates over timescales of
several centuries and therefore understanding how these glaciers change requires observations of their behavior
through the Holocene. We used Be-10 exposure-age dating and geomorphological mapping to constrain the
evolution of glaciers in the Khumbu Valley in the Everest region of Nepal. Khumbu and Lobuche Glaciers

are surrounded by high-relief lateral and terminal moraines from which seven glacial stages were identified
and dated to 7.4 +0.2,5.0 +0.3,3.9 +0.1,2.8 + 0.2, 1.3 + 0.1, 0.9 & 0.02, and 0.6 + 0.16 ka. These stages
correlate to each of the seven latest Holocene regional glacial stages identified across the monsoon-influenced
Himalaya, demonstrating that a coherent record of high elevation terrestrial palaeoclimate change can

be extracted from dynamic mountain landscapes. The time-constrained moraine complex represents a
catchment-wide denudation rate of 0.8—1.4 mm a~! over the last 8 kyr. The geometry of the ablation area of
Khumbu Glacier changed around 4 ka from a broad, shallow ice tongue to become narrower and thicker as
restricted by the topographic barrier of the terminal moraine complex.

Plain Language Summary Satellite observations indicate that glaciers in the monsoon-influenced
Himalaya are changing rapidly in response to climate change. However, understanding why glaciers are
changing requires observing glacier behavior over longer timescales using the glacial geological record. We
mapped the geometry and measured the ages of ice-marginal moraines built by two adjacent glaciers in the
Everest region of Nepal. The moraines represent a complete record of glacier expansion during cold periods
in the monsoon-influenced Himalayan region over the last 8,000 years. Moraines formed by the large Khumbu
Glacier and the smaller, steeper Lobuche Glacier also reveal differences in how these glaciers have changed
since the last Ice Age. The results are useful to understand how monsoon-influenced Himalayan glaciers
respond to climate change, and to improve projections of their future behavior.

1. Introduction

Glaciers in the monsoon-influenced Himalaya have undergone rapid changes in their mass and dynamic behavior
during the Holocene (Murari et al., 2014; Saha et al., 2019; Solomina et al., 2015, 2016). Recent satellite obser-
vations suggest rapid glacier mass loss, and that debris-covered and clean-ice glaciers lose mass at similar rates
(Hugonnet et al., 2021). However, a limitation of such remote-sensing observations is that they represent a rela-
tively short timescale (decades) compared to the response times of mountain glaciers to climatic forcing (centu-
ries) (Hambrey et al., 2008). Understanding the processes that affect how glaciers have responded to climate
change through the Holocene (~11 ka to present) is required to identify the drivers of longer-term change and
constrain projections of future glacier evolution (Nicholson et al., 2021; Owen et al., 2009; Rowan et al., 2015).

More than a thousand moraine ages produced using terrestrial cosmogenic nuclide exposure-age dating constrain
multiple regional stages of Quaternary glaciation in the monsoon-influenced Central Himalaya, termed monsoonal
Himalayan-Tibetan stages (Murari et al., 2014). The moraine ages indicate 13 regional glacial stages during the
Last Glacial from 91 + 15 to 12.9 + 0.9 ka, and 11 regional stages during the Holocene from 11.4 + 0.7 to
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0.4 + 0.1 ka (Murari et al., 2014; Saha et al., 2018). Identification of the timing of moraine building by indi-
vidual glaciers within the same valley can be informative in determining the timing of local stages of glacier
expansion, both for comparison with regional glacial stages and to identify the processes that result in differing
responses of adjacent glaciers to the same change in palacoclimate. Past glacier volume can be inferred from the
position of terminal and lateral moraine crests (e.g., Braumann et al., 2021; Solomina et al., 2015). The timing of
moraine formation and the rate of glacier change can be determined by dating boulders exposed on the crests of
ice-marginal moraines (Balco, 2020). Be-10 in quartz is particularly useful in young glacial environments as the
well-defined production rate and can give precise results when dating surfaces with an exposure history of several
hundreds of years (e.g., Saha et al., 2016, 2018).

Glaciers in the Khumbu Valley, Nepal, in common with those elsewhere in the Central Himalaya, fluctuated
during the Late Quaternary and Holocene and formed substantial ice-marginal moraines (Finkel et al., 2003;
Owen et al., 2009). Previous studies have investigated the timing of moraine building in the Khumbu Valley to
constrain the timing of the local Last Glacial Maximum (LGM) to two stages: 24.4 + 1.2 and 17.1 + 0.3 ka, with
three subsequent periods of moraine building identified at 11.5 +0.2,4.5 + 0.1, and 1.3 + 0.3 ka (Figure 1; Finkel
et al., 2003). The periods of Holocene glacier expansion are synchronous with three of the regional glacial stages
but the remaining stages have not been identified in the Khumbu Valley.

In tectonically active glacierised settings such as the Himalaya, glaciers can build high-relief moraines due to
the substantial volume of sediment produced by glacial and periglacial erosion (Heimsath & McGlynn, 2008;
Scherler, 2014). When sediment supply to a glacier exceeds the rate of sediment evacuation to moraines, a suprag-
lacial debris layer may develop from the glacier terminus and extend across the ablation area (Anderson &
Anderson, 2018; Benn et al., 2012; Kirkbride, 2000). Supraglacial debris thicker than a few centimeters reduces
ablation, allowing the glacier tongue to persist at a lower elevation than a climatically equivalent clean-ice surface
(Anderson et al., 2021; Nicholson & Benn, 2013; Rounce et al., 2018). Glaciers in the Khumbu Valley are currently
mantled by extensive debris layers that formed in response to recent mass loss (Herreid & Pellicciotti, 2020;
Rowan et al., 2015). During periods of glacier expansion, the majority of supraglacial debris forms ice-marginal
moraines that indicate periods of ice-margin stability exceeding the transient response of the glacier to a change
in mass balance (Rowan et al., 2022).

We quantified the timing of Holocene moraine building by two adjacent glaciers in the upper Khumbu Valley to
identify if their response to regional palacoclimate change differed due to glaciological controls. Khumbu Glacier
and Lobuche Glacier occupy the same valley and have therefore undergone similar climatic forcing, but differ
from each other in their geometry and dynamic behavior. The moraine geochronology is used to constrain the
inception of the Holocene moraine complex and the sediment volume is then used to estimate of the long-term
catchment-wide denudation rate.

2. Field Site

The upper Khumbu Valley forms part of the headwaters of the Dudh Koshi that is a major tributary of the Ganges
(Figure 1; Hambrey et al., 2008; Owen et al., 2009). Khumbu Glacier is 16 km long and 19 km? in area with a
low-angle tongue and a median elevation of 5,570 m above sea level (a.s.l.) (RGI Consortium, 2017). Extensive
lateral and terminal moraines surround the glacier and merge with the debris-covered terminus. The present-day
glacier is mantled with rock debris up to several meters thick near the terminus that generally thins up-glacier
(Rowan et al., 2021). Changri Nup Glacier and Changri Shar Glacier are former tributaries; satellite imagery
indicates that they were confluent with Khumbu Glacier until at least 1984 CE. Lobuche Glacier is 2 km long
and 0.9 km? in area with a relatively steep surface. The active glacier ranges in elevation from 5,060 to 5,850 m
a.s.l. (RGI Consortium, 2017) and is detached from the former debris-covered tongue, which is surrounded by
closely spaced lateral and terminal moraines. Geodetic mass balance for glaciers in this region was estimated
as —0.38 + 0.11 m water equivalent a=! from 2009 to 2018 (King et al., 2020). The equilibrium line altitude of
debris-covered glaciers is difficult to infer from their geometry, as heavily debris mantled termini persist at lower
elevations than would be possible for climatically equivalent clean-ice glaciers, but is estimated from numerical
modeling as being above 6,000 m a.s.l. (Rowan et al., 2021).
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Figure 1. Map of moraine crests and the previous geochronology for the upper Khumbu Valley (Finkel et al., 2003;
Richards, 2000; Richards et al., 2000; Rowan, 2017). Ages (in ka) were measured using Be-10 exposure-age dating of
moraine crests (Finkel et al., 2003; Owen et al., 2009) and OSL dating of glacial sediments (Richards, 2000; Richards
et al., 2000). The ages for each glacial stage are the error-weighted mean of sample ages with the standard deviation of
the internal uncertainties from Finkel et al. (2003) after recalibration and a chi-squared test to identify outliers. The two
Be-10 ages identified with an asterisk are presented in Finkel et al. (2003) but produced by Aoki and Imamura (1999). The

underlying image is the 8-m High Mountain Asia Digital Elevation Model (Shean, 2017) and glacier outlines from the

Randolph Glacier Inventory (RGI Consortium, 2017).
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3. Methods
3.1. Geomorphological Mapping

Geomorphological mapping was undertaken using the 8-m High Mountain Asia Digital Elevation Model (DEM;
Shean, 2017) and satellite imagery from ALOS PRISM (2.5-m resolution; panchromatic) and Google Earth.
Shaded relief maps and slope maps were produced from the DEM to minimize directional bias when identifying
and mapping landforms (Smith & Clark, 2005). These images were interpreted qualitatively alongside photo-
graphs from previous field expeditions (Figure 2) to identify moraine crests (Figure 3). Some moraine surfaces
host low-lying vegetation that was used to distinguish between moraines of different ages. Unvegetated moraine
surfaces composed of loose sediment are generally younger than surfaces where fine-grained sediment supports
a sparse covering of grasses, mosses and occasional small shrubs. The moraines are composed of a mixture of
clasts of leucogranite and sillimanite gneiss (Searle et al., 2003), which are visually similar at this scale and
cannot be used to define individual landforms. Moraine crests were identified and mapped as polylines in ESRI
ArcMap (v.10.7) according to their morphology, proximity to glaciers, areas prone to slope collapse, and areas
modified by fluvial activity. The mapping was evaluated and refined using field observations in April-May 2018.

3.2. Be-10 Exposure-Age Dating

Moraine crests were examined in the field to ensure they were undisturbed since deposition (Kirkbride &
Winkler, 2012). We collected 35 boulders per moraine to increase the likelihood of age clustering and hence the
precision of the resulting landform ages (Balco, 2011; Owen & Dortch, 2014). Boulders on the moraine crests
were chosen to ensure that they represented the last phase of moraine building (Kirkbride & Winkler, 2012).
Large, flat-topped boulders were selected to ensure limited topographic shielding and minimal post-depositional
movement (Heyman et al., 2016). Vegetation cover was insufficient to cause any shielding of the boulders
sampled. Samples were collected from boulders composed of either leucogranite or sillimanite gneiss, which are
compositionally similar but differ texturally.

Thirty-three samples were collected from boulders embedded in the crests of four moraines formed by Khumbu
and Changri Nup Glaciers and three formed by Lobuche Glacier (Table 1). About 1 kg of rock was collected
from the uppermost 0.04 m of each boulder by hand using a hammer and chisel to minimize self-shielding of the
sample and environmental damage. The samples were crushed and sieved to separate the grains. The 250-500 pm
fraction was washed, dried, and separated magnetically to recover the non-magnetic component. The samples
were placed in a 6:1:1 solution of water, 37% HCI and 68% HNO, (aqua regia) on a hot plate (50°C) to remove
organic matter, carbonates and soluble oxides. A mixture of 100:1 of water to concentrated (40%) HF was used to
etch the feldspar and mica grains slightly, helped by placing on a shaker table for 1 hr. The sample was then mixed
with eucalyptus oil and placed into a surfactant solution to remove feldspar and mica grains by froth flotation
(Herber, 1969). The floating minerals were discarded, and the remaining quartz grains recovered and placed into
a solution of water, HF (40%), and HNO, at a ratio of 150:2:1 in a high-power ultrasonic tank for 24 hr, repeated
three times to remove meteoric '°Be by isolating the quartz grain cores.

An aliquot of the quartz cores was sampled and tested for purity by dissolving and measuring the content of
Al, Be, Fe, Ca, and Ti using ICP-OES. Samples that were not considered sufficiently pure were returned to the
water, HF, and HNO, solution. Samples containing less than 175 ppm Al were dissolved in pure HF, and each
sample spiked with 0.2 mg of °Be using an in-house carrier solution obtained from Phenakite. Once dissolved,
the samples were dried to evaporate HF and converted to a chloride by the addition of HCl. The samples were
then passed through an anion exchange chromatography column to remove Fe. The Fe-free samples were dried to
evaporate all the HCI, and H,SO, was added to convert the sample into a sulfate. The sample was then passed
through a cation exchange chromatography column to remove the Ti and B, and to separate out the Al and Be
fractions, eluted using HCI solutions. The remaining Be fractions were precipitated as hydroxides, and then
oxidized at 900°C. The subsequent BeO was mixed with Nb at a ratio of 1:6 and pressed into copper cathodes for
Accelerator Mass Spectrometer (AMS) analysis (Mendelova et al., 2020; Xu et al., 2010).

Twenty-five samples were measured at the Scottish Universities Environmental Research Center AMS facil-
ity. '°Be concentrations ranged between 2.06 X 10~'*and 7.43 x 10~!2 1°Be/°Be and were scaled to a nominal value
of 2.79 x 10! 1°Be/*Be or NIST SRM4325 standard (Nishiizumi et al., 2007). Procedural blank measurements
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ranged between 0.06% and 21% of the sample °Be/°Be ratios. Eight samples (PYR1, PYR2, PYR3, PYR4,
NEP10, NEP11, NEP12, and NEP14B) were analyzed using AMS at Center Européen de Recherche et D'ensei-
gnement des Géosciences De L'Environnement, Aix-en-Provence, France. Measurements were calibrated against
the in-house standard STD-11 with an assigned '°Be/°Be ratio of 1.191 + 0.013 x 10~!! (Braucher et al., 2015)
using a '°Be half-life of 1.387 + 0.0012 x 10° years (Chmeleff et al., 2010). The uncertainty of these corrections
is included in the stated standard internal uncertainties. External uncertainties including the production rate and
scaling uncertainties give a systematic uncertainty of +4.8% for the data set.

Exposure ages for each sample were calculated using the online cosmogenic nuclide exposure-age calculator
v.3 (Balco et al., 2008) with a global production rate (Borchers et al., 2016) and the Lifton/Sato scaling method
(Lifton et al., 2014). Topographic shielding calculated from the 8-m DEM compared favorably with skyline
measurements made in the field. Field measurements were not used as low cloud frequently limited visibility of
the skyline. For each sample, a rock density of 2.65 g cm~3 was used and the erosion rate was assumed to be zero
due to the resistant nature of the boulder surfaces, in line with Finkel et al. (2003) who estimated that an erosion
rate of 1-5 mm a~! would result in underestimation of an age of 1%-4%. We did not apply a snow-cover correc-
tion because the moraine crests are often windswept and shed snow efficiently, while the present-day snowpack
in this region is thin (Owen et al., 2009). A chi-squared test identified possible outliers from the sample ages for
each moraine (Balco et al., 2008). The ages can be recalculated using different scaling protocols and production
rate calibrations through the Informal Cosmogenic Nuclide Exposure-age Database (https://version2.ice-d.org/
alpine/).

4. Results

Moraines were numbered sequentially from the most proximal to the most distal for each glacier. Moraine expo-
sure ages are reported as the error-weighted mean of the samples from each moraine with the internal uncertainty
given as one standard deviation of the mean to a 95% confidence interval, except for the Lobuche 2 moraine for
which the confidence interval was lower and so the standard error is used (Table 1, Figure 4).

4.1. Khumbu Glacier Moraines and Geochronology

Khumbu Glacier is bounded by seven distinct lateral moraines, the Khumbu 1-7 moraines, with each crest sepa-
rated by 50-100 m horizontally (Figures 3 and 4a). The terminal moraine is over 500 m wide with a frontal ramp
250 m in relief and two distinct crests identified as the Khumbu 2 and Khumbu 6 moraines (Figure 2b). Close
to the present-day glacier, the terminal moraine contains multiple small ice-cored ridges, indicating that the
formation of this moraine was accompanied by substantial glacier thickening resulting from strong compressive
flow at the terminus (Hambrey et al., 2008). The debris-covered tongue has receded 1-2 km from the terminal
moraine, with the area immediately inside the moraine occupied by ice-cored debris and stagnant ice with a simi-
lar surface elevation to the terminal moraine crest (Figure 2c).

The Khumbu 1 lateral moraine is fragmented and only identifiable from 1 to 2 km up-glacier from the terminus
and south of Changri Nup Glacier (Figure 2f). The Khumbu 1 moraine has unvegetated surfaces and unstable
proximal slopes with crest heights up to 40 m above the current glacier surface and much lower than the Khumbu
2 moraine. This moraine is undated but may be similar in age to the Changri Nup 1 moraine.

The Khumbu 2 lateral moraine is nearly continuous for 8—9 km between the terminal moraine and the upper abla-
tion area (Figures 2c and 2g) with an asymmetrical cross-profile such that the distal surfaces are stable, vegetated
and dissected by relict gullies, while the proximal slopes are steep and actively backwasting. The relief of the
lateral moraine crest varies from 60 m above the valley floor at about 1 km from the terminal moraine up to 200 m
further upglacier. The true-left lateral moraine has one distinct crest, indicating that the three cirque glaciers on
this side of the valley disconnected prior to the formation of this moraine. Three samples (KH1, KH2, and KH3)

Figure 2. Photographs of moraines in the upper Khumbu Valley and boulders sampled for Be-10 exposure-age dating. (a) The Last Glacial Maximum Pheriche
moraines formed by Khumbu Glacier looking downvalley, (b) the Last Glacial and Holocene terminal moraines of Khumbu Glacier looking upvalley, (c) the Holocene
Khumbu and Lobuche Glacier moraines looking downvalley, (d) the Changi Shar Glacier moraines looking across the former glacier ablation area to the south, (e) the
Changi Nup Glacier moraines looking across the former glacier ablation area to the north, (f) the Khumbu 1 moraine looking upglacier, (g) the Khumbu 2 moraine
looking upglacier, (h) the boulder from which sample KH1 was collected, (i) the Lobuche 3 moraine looking upglacier, (j) the boulder from which sample LB11 was
collected. Note people and tents circled in red for scale.
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Figure 3. Map of moraine crests in the Khumbu Valley and sample locations where (a) shows an overview of the Khumbu Valley and locations of the sampled
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boulders for each glacier, with detail of sample locations for (b and ¢) Changri Nup Glacier moraines, (d) Khumbu Glacier moraines, and (e) Lobuche Glacier moraines.
Glacier outlines are from the Randolph Glacier Inventory (RGI Consortium, 2017). Topographic imagery is from Landsat bands 7, 5, and 4 in 2015. Moraine crests are
indicated by colored lines, where those that are not differentiated into detailed glacial stages are assigned as either Holocene or Late Glacial.
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Table 1

Sample Description and Be-10/Be-9 Measurement Data, With Ages Calculated Using the Online Cosmogenic Nuclide Exposure-Age Calculator v.3 (Balco

et al., 2008) Using a Global Production Rate (Borchers et al., 2016) and the Time Dependent Scaling Method of Lifton et al. (2014)

Boulder size (m)

Longitude Elevation Sample Shielding Quartz
Moraine Sample ID Latitude (dd) (dd) (ma.s.l) a-axis  b-axis  c-axis  thickness (cm)  correction mass (g)

Khumbu 2 KH1 27.9487 86.8151 4,974 3.1 2.2 1.0 1.9 0.989 18.74
KH2 27.9488 86.8151 4,974 4.1 24 1.6 2.9 0.989 20.41

KH3 27.9485 86.8150 4,974 6.5 5.7 3.0 2.0 0.989 14.78

Khumbu 6 KH8 27.9451 86.8113 4,920 2.2 1.6 0.8 1.7 0.988 17.57
KH9 27.9469 86.8128 4,938 4.6 3.1 22 1.9 0.988 20.77

KH10 27.9469 86.8128 4,938 2.5 1.7 0.9 2.7 0.989 20.00

Changri Nup 1 CN6 27.9680 86.8228 5,084 2.6 1.8 1.5 2.4 0.990 17.12
CN7 27.9730 86.8226 5,293 1.7 1.7 1.2 2.0 0.993 20.81

CN8 27.9730 86.8226 5,295 3.8 2.6 1.6 24 0.993 20.27

CN10 27.9737 86.8214 5,201 2.6 2.5 1.6 1.0 0.993 19.84

Changri Nup 2 CN1 27.9823 86.8067 5,314 2.7 2.0 1.1 24 0.994 18.83
CN2 27.9824 86.8064 5,324 3.0 1.3 1.1 2.7 0.994 18.92

CN4 27.9823 86.8059 5,329 2.1 1.3 0.8 2.6 0.994 20.71

CN5 27.9822 86.8058 5,326 2.9 2.7 1.1 1.8 0.994 18.78

Lobuche 1 LB1 27.9565 86.8125 5,018 44 2.9 24 24 0.983 19.20
LB2 27.9561 86.8129 5,012 3.5 3.2 2.4 2.8 0.984 18.11

LB4 27.9551 86.8135 5,009 2.3 22 1.2 2.9 0.986 19.38

LB5 27.9552 86.8134 5,012 3.7 2.6 2.1 43 0.986 18.85

PYR1 27.9576 86.8113 5,016 2.2 1.5 1.1 3.0 0.960 23.15

PYR2 27.9573 86.8114 5,023 1.6 0.7 0.7 3.0 0.960 28.92

NEP14B 27.9562 86.8131 5,017 1.5 1.0 0.9 2.0 0.984 14.11

NEP11 27.9562 86.8136 5,015 1.7 1.2 1.0 3.5 0.910 26.40

NEP12 27.9573 86.8115 5,020 3.3 2.6 0.7 3.5 0.988 19.32

Lobuche 2 LB7 27.9548 86.8140 4,997 1.4 1.3 1.0 33 0.986 19.57
LB9 27.9546 86.8141 4,995 2.0 0.9 0.8 23 0.986 19.46

LB10 27.9549 86.8140 4,998 5.0 4.1 34 1.9 0.986 19.48

PYR3 27.9576 86.8108 5,023 1.1 0.8 0.6 3.0 0.983 14.43

PYR4 27.9573 86.8113 5,022 0.8 0.6 0.5 3.0 0.960 36.07

NEP10 27.9572 86.8122 5,003 24 1.8 0.7 3.5 0.988 18.87

Lobuche 3 LBI1 27.9546 86.8146 4,986 32 2.8 1.5 2.8 0.986 17.23
LB12 27.9546 86.8146 4,985 2.6 2.1 1.3 1.6 0.986 19.62

LB13 27.9530 86.8145 4,970 3.6 3.6 2.3 3.0 0.987 18.81

LB14 27.9533 86.8147 4,970 43 3.8 3.8 1.9 0.987 19.13
CB221019 (blank) 231.69
CB270220 (blank) 240.95

MBLO02 (blank) 535.8

VJB7 (blank) 159.9

BKVRO07 (blank) 203.8

Note. Ages are reported with their internal uncertainties. Be-10/Be-9 measurements for blanks used to calculate the internal uncertainties are reported below the table.
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Be-10
Be-9 added Be-10/Be-9 uncertainty Internal
Be-9 added (bg)  uncertainty (ug) Be-10/Be-9 uncertainty Blankused ~ Be-10 (atoms g7')  (atoms g~!)  Age (ka)  uncertainty (ka)

230.16 3.25 9.15E-14 3.55E-15 CB221019 73,400 3,200 1.29 0.06
231.78 3.28 1.07E-13 3.33E-15 CB221019 79,500 2,900 1.41 0.05
230.25 3.26 6.89E—14 2.32E-15 CB221019 69,500 2,800 1.23 0.05
232.37 3.29 4.68E—13 1.01E-14 CB221019 411,000 11,000 7.30 0.20
231.86 3.28 5.47E-13 9.79E—-15 CB221019 406,300 9,300 7.22 0.17
231.95 3.28 5.60E—13 1.03E—14 CB221019 433,000 10,000 7.59 0.18
246.46 3.48 4.05E-14 1.52E-15 CB270220 36,800 1,700 0.71 0.03
227.70 3.22 2.48E—14 1.61E—15 CB221019 16,600 1,400 0.30 0.03
230.76 3.26 1.86E—14 1.29E—-15 CB221019 12,500 1,200 0.23 0.02
241.54 3.41 3.48E-14 1.40E-15 CB270220 26,400 1,300 0.49 0.02
231.18 3.27 6.88E—12 1.24E—-13 CB221019 5,650,000 130,000 65.52 1.53
242.90 343 7.42E-12 7.57TE—-14 CB270220 6,370,000 110,000 74.56 1.31
225.32 3.19 5.21E-12 9.58E—-14 CB221019 3,782,000 88,000 42.04 0.99
229.48 3.24 2.32E—-12 4.40E—-14 CB221019 1,893,000 45,000 22.58 0.54
240.10 3.39 6.30E—14 2.18E—15 CB270220 50,700 2,100 0.96 0.04
239.59 3.39 1.90E—-14 1.21E-15 CB270220 14,700 1,300 0.31 0.03
240.52 3.40 5.58E—14 1.82E—-15 CB270220 44,300 1,800 0.87 0.04
241.12 341 5.78E—14 1.92E—-15 CB270220 47,400 1,900 0.93 0.04
156.6 0.62 3.50E-14 3.59E-15 VIB7 43,810 5,144 0.88 0.10
115.1 0.46 6.51E—14 5.48E—-15 VIB7 49,064 4,569 0.96 0.09
155.3 0.62 2.56E—14 3.42E-15 BKVRO07 52,091 7,650 0.98 0.14
158.7 0.63 3.86E—14 2.40E-15 BKVRO07 44,284 2,986 0.93 0.06
500.5 2.50 3.14E-14 4.86E—15 MBLO02 44,497 8,289 0.87 0.16
243.92 3.45 2.38E—13 4.23E-15 CB270220 196,600 4,500 3.73 0.09
239.59 3.39 2.51E-13 4.78E—15 CB270220 204,500 4,900 3.84 0.09
240.52 3.40 2.64E—13 5.05E—-15 CB270220 216,000 5,200 4.02 0.10
500.2 2.50 6.85E—14 4.18E—15 MBLO02 143,721 9,546 2.70 0.18
156.3 0.62 1.80E—-13 1.83E—-14 VIB7 155,550 16,032 2.99 0.31
488.1 2.44 9.30E—14 3.17E—14 MBLO02 148,444 53,642 2.82 1.02
242.30 342 2.85E—13 4.44E-15 CB270220 265,500 5,700 4.99 0.11
241.96 3.42 3.09E-13 7.60E—15 CB270220 253,000 7,200 4.68 0.13
245.87 3.48 3.23E-13 7.02E—15 CB270220 280,200 7,300 5.29 0.14
241.37 341 3.11E-13 7.66E—15 CB270220 259,800 7,500 4.87 0.14
3.28 2.12E-15 9.45E—16

341 2.36E—15 7.26E—16

2.67 4.72E-15 4.71E-16

0.63 2.97E-15 1.08E—-15

0.81 5.21E-15 1.15E-15
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were collected from boulders on the crest of the Khumbu 2 lateral moraine at a mean elevation of 4,974 m a.s.l.
close to the terminal moraine of Lobuche Glacier (Figure 3d) to give an exposure age of 1.31 + 0.1 ka.

The Khumbu 2 lateral moraine forms the highest crest above a more complex distal slope superimposed upon
the Khumbu 6 moraine (Figure 2c¢). For 1 km downglacier of the palaeoconfluence with Changri Nup Glacier,
the lateral moraine has a complex structure with multiple overlapping moraine lobes and ridge crests (Figure 4a).
Geomorphological mapping revealed a divergence between the Khumbu 2 and Khumbu 6 moraines and the pres-
ence of deposits representing the Khumbu 3, Khumbu 4 and Khumbu 5 moraines; these moraines have no visible
equivalent further downglacier where they are buried under the Khumbu 2 moraine (Figure 6). Upglacier from
the palaecoconfluence, the Khumbu 3—5 moraines reappear and continue for about 1.2 km where they have been
disturbed by large-scale slumping and were not sampled (Figure 3a).

The Khumbu 6 lateral moraine has multiple discontinuous crests and extends from 1.2 km upglacier of the
terminus to the Changri Nup palacoconfluence. The crest is rounded and has a relief of about 20 m above the
valley floor. Three samples (KH8, KH9, and KH10) were collected from boulders on the crest of the true right
Khumbu 6 lateral moraine at a mean elevation of 4,932 m a.s.l. downglacier of the section where the Khumbu
3-5 moraines are visible (Figure 3d) to give an exposure age of 7.37 + 0.20 ka.

The Khumbu 7 lateral moraine is about 50 m wide and 15-20 m in relief, extending 1 km upglacier from the north-
ern edge of the Lobuche terminal moraine (Figures 3a and 4a). This moraine was not sampled for exposure-age
dating but based on its position is older than the Khumbu 6 moraine and therefore is early Holocene in age (older
than 7.4 ka).

4.2. Changri Nup Glacier Moraines and Geochronology

Changri Nup and Changri Shar Glaciers have two sets of closely spaced moraines with distinct crests and asym-
metrical slopes (Figures 2d and 2e). The moraines were identified on both sides of Changri Nup Glacier and
along the topographic high marking the confluence with Changri Shar Glacier (Figures 3a and 4b).

The Changri Nup 1 moraine is 100 m in relief ranging in elevation from 5,110 to 5,401 m a.s.l., and continuous
along the true left of Changri Nup Glacier from the convergence of the two glaciers to about 2.1 km upglacier.
The Changri Nup 1 moraine is less distinct on the true right of the glacier where it is obscured by mass movement.
Distinct crests extend 1.3 km upglacier from the former confluence with Khumbu Glacier with 50-70 m relief
above the debris-covered former glacier surface. Four samples (CH6, CH7, CHS, and CH10) were collected from
boulders with a mean elevation of 5,218 m a.s.l. (Figure 3b). A chi-squared test separated these samples into two
pairs, with CN6 and CN10 giving an exposure age of 0.60 + 0.16 ka, and CN7 and CN8 giving an exposure age
of 0.26 + 0.05 ka.

The Changri Nup 2 moraine is up to 300 m wide and 1.8 km long with a distinct crest ranging in elevation from
5,289 m to 5,443 m a.s.l. and proximal slopes inclined at 20°-38°. The Changri Nup 2 moraine is more vegetated
than the Changri Nup 1 moraine with 70-80 m of relief from the base of the lateral morainic trough between
these landforms. Four samples (CN1, CN2, CN4, and CN5) were collected from boulders at a mean elevation
of 5,323 m a.s.l. (Figure 3c) with exposure ages ranging from 22.6 + 0.5 to 74.6 + 1.3 ka. As discussed in
Section 5.2, we consider that the ages from this moraine are affected by inheritance of Be-10 prior to deposition
in their sampled location.

4.3. Lobuche Glacier Moraines and Geochronology

Lobuche Glacier is surrounded by three compound ice-marginal moraines about 100 m wide, the Lobuche 1-3
moraines, bordering ice-cored moraine representing the former debris-covered tongue (Figures 3 and 4c) and
indicating when Lobuche Glacier was confluent with Khumbu Glacier (Figure 2c¢). The closely spaced moraine
crests are similar in elevation to the Khumbu 2 moraine and decrease in relief by about 100 m between the
proximal and the distal crest. The Lobuche 2 and Lobuche 3 moraines are more rounded and vegetated than the
Lobuche 1 moraine.
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Figure 4. Perspective photographs of the moraines from which samples were collected for Be-10 exposure-age dating and
the ages produced for each sample for (a) Khumbu Glacier, (b) Changri Nup Glacier, and (c) Lobuche Glacier. Note that the
photograph of Khumbu Glacier shows the true right lateral moraines in the foreground where the complete sequence of seven
moraines below the Changri Nup palaeoconfluence merges into three moraines further down-glacier. This section is shown in
detail in Figure 6.
The Lobuche 1 moraine is the proximal crest that ranges from 5,009 m to 5,023 m a.s.l., reaching 80 m above the
valley floor and 30 m above the former glacier surface. The sharp-crested moraine was traced from the terminus
through the lateral moraines to where they merge into the valley sides (Figure 4c). Nine samples (LB1, LB2,
LB4, LBS5, PYRI1, PYR2, NEP11, NEP12, and NEP14B) were collected from boulders with a mean elevation
HORNSEY ET AL.
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of 5,016 m a.s.l. (Figure 3e) and a chi-squared test identified LB2 as an outlier. The exposure age based on the
remaining eight samples is 0.92 + 0.02 ka.

The Lobuche 2 moraine ranges from 4,930 to 5,010 m a.s.l. and is 55 m in relief. Six samples (LB7, LB9, LB10,
PYR3, PYR4, and NEP10) were collected from boulders with a mean elevation of 5,006 m a.s.l. (Figure 3e). A
chi-squared test identified two statistically distinct clusters of three samples, to give two ages for this moraine
with 90% confidence intervals of 2.78 + 0.15 ka (Lobuche 2A) and 3.85 + 0.05 ka (Lobuche 2B).

The Lobuche 3 moraine ranges from 4,921 to 4,950 m a.s.l. and is 35 m in relief. Four samples (LB11, LB12,
LB13, and LB14) were collected from boulders with a mean elevation of 4,978 m a.s.l. (Figure 3e) to give an
exposure age of 4.96 + 0.26 ka.

S. Discussion
5.1. Uncertainties Associated With Moraine Exposure Ages

Moraine exposure ages are subject to internal uncertainties arising from the measurement of Be-10 that are
consistently low in our study, and systematic external uncertainties associated with the cosmogenic nuclide
production rate and scaling. There is no production rate scaling method specific to Asia and therefore we used
the global production rate scaling of Borchers et al. (2016). We assume that all the ages produced in this study
and from Finkel et al. (2003) are subject to the same Be-10 production rate due to their location within one valley
and compared these datasets using their internal uncertainties. When comparing the moraine exposure ages for
the Khumbu Valley with those for regional glacial stages for the monsoon-influenced Himalaya in Section 5.3,
we use their external uncertainties to account for regional variation in the Be-10 production rate. The Finkel
et al. (2003) geochronology was recalibrated using the most recently updated production rate and a chi-squared
test following the same approach as for the samples measured in this study, such that the Holocene moraine ages
were 25%-31% older and the pre-Holocene ages were 4%—13% older.

Moraine exposure ages are subject to uncertainties arising from the geomorphological context of the sample
(Kirkbride & Winkler, 2012); for example, if the boulder has been exposed prior to deposition in the sampled
location. In Section 3.2, we addressed each of these potential sources of geomorphological uncertainty and
conclude that our moraine exposure ages have not been significantly affected by past variations in vegetation,
snow cover, or erosion of the boulder surfaces, that the lithology of the sampled boulders does not introduce an
uncertainty to the exposure ages, and that shielding of the sampled boulder by the surrounding topography has
been accurately constrained. The close clustering of the exposure ages for the Holocene moraines implies limited
or no inheritance of Be-10. The wide distribution of ages for the Changri Nup 2 moraine is likely to result from
inheritance of Be-10 during exposure prior to deposition in the sampled location. The accumulation of Be-10
during supraglacial transport depends on the rate of ice motion, and was minimal at Chhota Shigri Glacier in the
Indian Himalaya (Scherler & Egholm, 2020). For Rongbuk Glacier, adjacent to the northern headwall of Khumbu
Glacier, the exposure ages of three supraglacial boulders were 0.1-0.4 ka (Owen et al., 2009).

5.2. Interpretation of Individual Moraines

The Changri Nup 2 moraine represents a maximum extent of the upper ablation area of Khumbu Glacier. A
chi-squared test identified samples CN4 and CN5 as similar at a 95% confidence interval, which would give a
landform age of 70.0 + 6.4 ka. However, while the scatter of the individual ages for the Changri Nup 2 moraine is
large, ranging from 22.6 + 1.4 to 74.6 + 4.7 ka across four samples (Figure 5c), the internal uncertainties for each
age are similar to those for the other samples in this study and therefore likely to represent inheritance of Be-10
from earlier exposure prior to moraine formation. The Changri Nup 2 moraine is located close to the Himalayan
Main Divide, indicating that LGM moraines may survive in protected localities even in the highest valleys.

The Khumbu 6 moraine age does not correlate with the moraines formed by Lobuche Glacier (Figure 5a). Close
to the Changri Nup palacoconfluence, the lateral moraine of Khumbu Glacier forms a set of overlapping lobate
moraines of a different form to the approximately parallel Khumbu 2 and Khumbu 6 moraine crests to the south
(Figure 6a). Two well-developed lateral moraines and one smaller lateral moraine lie between the Khumbu 2 and
Khumbu 6 moraines and each moraine overlaps the older landforms. This site reveals five moraine overtopping
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Figure 5. Normalized kernel age density plots for moraines surrounding Khumbu Glacier, Changri Nup Glacier, and Lobuche Glacier where (a) shows the Holocene
geochronology, (b) shows moraine ages less than 2 ka with one sample (LB2) identified as an outlier that is shown but not used for calculation of the moraine age, and
(c) shows Last Glacial ages from the Changri Nup 2 moraine. The bars show the local glacial stages identified by Finkel et al. (2003).

events of which the youngest (Khumbu 2; 1.3 + 0.1 ka) and oldest (Khumbu 6; 7.4 + 0.2 ka) bracket the ages of
the intervening three undated moraines. The Khumbu 2 moraine is older than the Lobuche 1 moraine.

Lobuche Glacier is the only location where both terminal and lateral moraines were sampled. The exposure ages
revealed four distinct periods of moraine building from three moraine crests; Lobuche 1 (0.9 + 0.02 ka), Lobu-
che 2A (2.8 + 0.2 ka), Lobuche 2B (3.9 + 0.1 ka), and Lobuche 3 (5.0 + 0.3 ka). The two ages for the Lobuche
2 moraine are significantly different and suggest that the terminal section is older than the lateral sections. The
timing of moraine formation may therefore have been time-transgressive, with the lateral moraine being over-
topped by a later phase of glacier expansion, implying that the moraine crest is a palimpsest feature.

5.3. Interpretation of Moraine Ages in the Context of Regional Glacial Stages

Exposure-age dating of moraines is widely used across High Mountain Asia to determine the timing and dura-
tion of regional glacial stages (e.g., Owen & Dortch, 2014; Saha et al., 2018, 2019; Solomina et al., 2015). We
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Table 2

Correlation of Moraine Ages Produced in This Study With Glacial Stages Identified the Upper Khumbu Valley by Finkel
et al. (2003) and the Regional Glacial Stages Identified for the Monsoon-Influenced Himalaya (MOHITS) by Murari
etal. (2014)

MOHITS regional glacial
stages (Murari et al., 2014)

Khumbu Valley Correlative Local moraine age Khumbu Valley glacial

moraine name moraine (ka) stage (Finkel et al., 2003) Name Age (ka)
Changri Nup 1 Khumbu 1? 0.60 = 0.16 - MOHITS 1A 04 +0.1
Lobuche 1 - 0.92 + 0.06 - MOHITS 1B 0.7+ 0.1
Khumbu 2 - 1.31 £ 0.12 Lobuche (1.3 + 0.31) MOHITS 1C 1.5+0.2
Khumbu 3 Lobuche 2A 2.78 +£0.22 Lobuche (1.3 + 0.31) MOHITS 1D 23+0.1
Khumbu 4 Lobuche 2B 3.85+0.23 - MOHITS 1E 3.5+04
Khumbu 5 Lobuche 3 4.96 + 0.39 Thuklha (4.5 + 0.30) MOHITS IF 54+06
Khumbu 6 = 7.37 +£0.45 = MOHITS 1G 7.7+0.6

— _ - = MOHITS 1H 8.1+0.8
— _ - = MOHITS 11 9.1+03
— - MOHITS 1J 10.1 £ 0.8
Khumbu 7 - 11.5 + 0.70 Chhukung (11.5 + 0.70) MOHITS 1K 114 +0.7
— _ - = MOHITS 2A 129 +0.9
- - MOHITS 2B 155+13
_ _ - = MOHITS 2C 173 +0.3
Pheriche 2 - 17.1 £ 1.0 Pheriche 2 (17.1 + 1.0) MOHITS 2D 18.7 + 1.8
Changri Nup 2 Pheriche 1 226+14n=1) Pheriche 1 (24.4 + 1.2) MOHITS 2E 22.0+20

Note. The external uncertainties associated with each moraine age are used here to enable a regional comparison. The
moraines dated in this study are in bold text. Ages in italic text are recalibrated from Finkel et al. (2003). Note that the
Changri Nup 2 moraine age is given as the youngest sample age for this moraine.

compared our results from the upper Khumbu Valley with a regional moraine geochronology that identified 11
Holocene glacial stages (Table 2; Murari et al., 2014). To account for regional variation in the Be-10 production
rate, we compared the geochronology for the Khumbu Valley to that for the monsoon-influenced Himalaya using
the external uncertainties associated with each moraine age.

The regional LGM was dated to 22 + 2 ka (MOHITS 2E) and correlates to Marine Isotope Stage 2 and the global
LGM (Murari et al., 2014). This stage is similar in age to the youngest sample from the Changri Nup 2 moraine
(22.6 + 1.4 ka) and the Pheriche 1 moraine (24.4 + 2.2 ka) identified by Finkel et al. (2003). The four oldest
Holocene MOHITS stages were dated to 11.4 + 0.7, 10.1 + 0.5, 9.1 + 0.3, and 8.1 + 0.8 ka (MOHITS 1K-1H).
The oldest of these stages is similar in age to the Chhukung stage (11.5 + 0.7 ka) in the Khumbu Valley (Figure 1,
Table 2) and to the ages of three OSL samples collected from glacier-associated sediments, one of which was
collected from a supraglacial sand deposit within the terminal moraine of Khumbu Glacier (Figure 1; Richards
et al., 2000).

Seven of the regional Holocene glacial stages (MOHITS 1G-1A) are represented by the Khumbu and Lobuche
Glacier moraines (Table 2). There are two events within the Holocene Climatic Optimum: the Khumbu 6 moraine

Figure 6. Interpretation of the lateral moraine sequence on the true right (west) of Khumbu Glacier immediately below the palaeoconfluence with Changri Nup
Glacier, and the Holocene moraine volume. (a) Photograph of the lateral moraines looking eastwards toward Khumbu Glacier from the Last Glacial lateral moraine. (b)
Geomorphological interpretation of the moraines shown in (a). The schematic cross-sections (¢ and d) are drawn with a vertical exaggeration of 1.5 to show (c) where
only the Khumbu 2 and Khumbu 6 moraines are visible at the surface, and (d) further upglacier where the complete sequence of Khumbu moraines are visible. The
question marks indicate the inferred contacts between different moraines in the subsurface. The Khumbu 2 moraines are about 40-50 m in relief above the valley floor
and the entire landform is about 200 m in width. (e) Estimation of Holocene moraine volume in the lower ablation area of Khumbu Glacier showing the long-profile
sections estimated from observations of the position of the glacier bed and extrapolated from radio echo-sounding surveys (indicated by Line 3 and Line 2; Gades

et al., 2000), and the estimated sediment area at four cross-sections through the long profile, indicated as A-D. These measurements were used to calculate the total
sediment volume and to infer catchment denudation rate, as described in the Supporting Information S1.
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(7.4 + 0.4 ka) correlates to the MOHITS 1G stage (7.7 + 0.6 ka) and the Lobuche 3 moraine age (5.0 + 0.4 ka)
correlates to the MOHITS 1F stage (5.4 + 0.6 ka), which is similar to the Thuklha stage (4.5 + 0.3 ka). There
are three events within the Roman humid period: Lobuche 2B (3.9 + 0.2 ka) correlates to the MOHITS 1E
stage (3.5 + 0.4 ka) and Lobuche 2A (2.8 + 0.2 ka) is slightly older than the MOHITS 1D stage (2.3 + 0.1 ka).
The Khumbu 2 moraine (1.3 + 0.1 ka) correlates to the MOHITS 1C stage (1.5 + 0.2 ka) and the Lobuche
stage (1.3 + 0.3 ka). There is one event within the Medieval Warm Period: the Lobuche 1 moraine (0.9 + 0.05 ka)
is slightly older than the MOHITS 1B stage (0.7 + 0.1 ka). The Changri Nup 1 moraine (0.60 + 0.16 ka) corre-
lates to the MOHITS 1A stage (0.4 + 0.1 ka) and the Little Ice Age (LIA) maximum (Murari et al., 2014;
Rowan, 2017). C-14 dating of glacier-associated landforms in the Khumbu Valley gave ages between 1.49 + 0.2
and 0.34 + 0.2 ka from 21 samples (summarized in Rowan, 2017) supporting the interpretation that this was an
active phase of moraine building. The Khumbu 1 moraine is morphostratigraphically consistent with the Changri
Nup 1 moraine and its age could therefore be equivalent to the LIA.

Finkel et al. (2003) suggested two phases of glacier expansion during the Lobuche stage in the upper Khumbu
Valley: one representing the late Roman humid period and one the LIA maximum, with a combined age of
1.3 + 0.3 ka (Figure 1). Applying a chi-squared test to their five samples separates the ages into the Lobuche
stage (1.3 + 0.3 ka; n = 3) and a historical event (0.10 + 0.03 ka; n = 2). The older stage is similar to the Khumbu
2 moraine and MOHITS 1C, while the younger event could indicate the end of the LIA or later reworking of
the moraine surface. Two of the three Be-10 ages used to define the Lobuche stage were from moraines in the
Chhukung Valley and one from the terminal moraine of Khumbu Glacier, with a similar OSL age from the
outwash deposits at Lhotse Nup Glacier.

The Lobuche 1 moraine age is unlikely to be affected by inheritance from supraglacial transport as the duration
of ice flow through this small, steep glacier would be shorter than for the Rongbuk Glacier (see Section 5.1),
and therefore we expect this moraine to correlate to the MOHITS 1B stage even when geomorphological uncer-
tainty is accounted for. The formation of the Changri Nup 1 moraine and the undated Khumbu 1 moraine were
likely contemporaneous to the development of extensive supraglacial debris across Khumbu Glacier (Rowan
et al., 2015). The debris mantle is unlikely to have extended upglacier of the Changri Nup 1 lateral moraine as
this location in the upper ablation area was only subject to supraglacial debris transport over short distances.
However, the Khumbu 1 lateral moraine formed in the lower ablation area and could have accumulated an inher-
ited signal during supraglacial transport, such that the exposure age of this moraine may be up to 0.4 ka older than
the Changri Nup 1 moraine. Alternatively, the dynamic response of Khumbu Glacier to late Holocene climate
change could have resulted in a genuine difference in moraine ages based on their positions, as discussed in the
following section.

5.4. Moraine Building as an Indicator of the Dynamic Response of Glaciers to Climate Change

Be-10 exposure ages identified eight periods of Holocene moraine crest aggradation in the upper Khumbu Valley
(Table 2). Geomorphological mapping identified seven Holocene moraines formed by Khumbu Glacier (Figure 6)
whereas only three equivalent landforms were identified for Lobuche Glacier. The composite Holocene moraine
sequence in the upper Khumbu Valley appears to be coherent and complete (sensu Kirkbride & Winkler, 2012).
We sampled the lateral moraines of Khumbu and Changri Nup Glaciers and the terminal and lateral moraines
of Lobuche Glacier because glaciers transporting large volumes of sediment can become impounded by their
moraines such that the terminal moraines may not be a reliable record of glacier change (Anderson et al., 2021;
Rowan et al., 2022). However, placing our moraine geochronology in the context of regional glacial stages indi-
cates that the timing of formation of the Last Glacial and Holocene moraines was unaffected by the influence of
supraglacial debris on mass balance and ice flow. We infer that moraine building occurred largely by deposition
of supraglacial debris in the early stages of overtopping of bounding moraine ridges as glaciers thickened, with
limited accretion of basal till onto the proximal faces of the moraines. The glacier response times were shorter
than the intervals of 0.6-2.0 kyr between phases of moraine construction (Table 2). The dynamic response time of
Khumbu Glacier to the change in mean annual air temperature between the LIA and the present day was quanti-
fied using numerical modeling as 200-300 years (Rowan et al., 2021) and for Lobuche Glacier this will be shorter
due to its relatively small size and steep slope (Oerlemans, 1989). Therefore, we suggest that the difference in
the number of glacial stages represented at Khumbu and Lobuche Glaciers is the result of the superimposition of
sediment that has buried some older moraine crests.
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Undated Last Glacial stage moraines in the upper Khumbu Valley indicate that Lobuche Glacier converged with
Khumbu Glacier during the LGM (Figure 3). The earliest Holocene moraine identified is the undated Khumbu 7
moraine that occupies the valley floor between Khumbu Glacier and Lobuche Glacier (Figure 3). This moraine
formed prior to the deposition of the Khumbu 6 moraine and may be equivalent to the Chhukung stage (11.5 +0.2
ka). From the position of the Khumbu 7 moraine, we infer that Lobuche Glacier was not confluent with Khumbu
Glacier during the early Holocene and has responded independently to climate change during this period. We
therefore consider the Holocene moraine geochronologies as resulting from the response to the same change in
climate of two distinct glaciers with differing geometries and dynamic behavior. The Khumbu 6 moraine has
relatively low relief and its crest is more distal than the Khumbu 2 moraine, indicating that during the early
Holocene the glacier surface was wider and at a lower elevation before multiple phases of moraine superposition
built the crest represented by the Khumbu 2 moraine. This period of moraine building indicates a greater ice
thickness during later expansion, as the glacier was unable to override or remove moraine barriers formed during
previous advances. This resulted in the accumulation of a large volume of subglacial sediment that raised the
glacier bed in the lower ablation area, as indicated by a pronounced reversal of bed slope in the subglacial long
profile (Figure 6e).

5.5. Evolution of Khumbu Glacier From the LGM to the Late Holocene

The Last Glacial Khumbu Glacier formed the two Pheriche terminal moraines at 4,300 m a.s.l. during the global
LGM and the local LGM (MOHITS 2E-2D), indicating that the glacier was 22.5 km long at the LGM. Lobuche
and Changri Nup Glaciers were tributaries of Khumbu Glacier during the Last Glacial and the Changri Nup 2
lateral moraine formed during the global LGM in the upper ablation area of Khumbu Glacier. Regional Late
Glacial stages (MOHITS 2C-2A) were not identified and glacier change in the Khumbu Valley during this period
is unconstrained.

The early Holocene advance identified from the Chhukung stage lateral moraines (MOHITS 1K), assumed to
include the Khumbu 7 lateral moraine, suggests that the terminus of Khumbu Glacier was in the upper part of
the Pheriche Valley below Dughla Village at 4,400—4,500 m a.s.l. and that the glacier was about 18 km long
(Figures 1 and 2b). Our estimate of subglacial sediment thickness suggests that the glacier rests on bedrock or a
thin sediment layer upglacier of the Khumbu 7 moraine, and the position and low relief of this moraine indicates
that the glacier tongue was narrower and thicker later in the Holocene, rather than that a similar ice thickness
accommodated by a higher bed. Three subsequent early Holocene stages (MOHITS 1J-1H) were not identified.

During the mid-Holocene, the terminus of Khumbu Glacier was located around 4,900 m a.s.l. and the glacier
was 16.5 ka long, similar to the present-day extent. Lobuche Glacier detached from Khumbu Glacier before 7.4
ka (MOHITS 1G) and formed the oldest (Lobuche 3) terminal moraine during the Thuklha stage (MOHITS
1F) which is also recorded by the Nuptse and Lhotse Nup Glacier moraines in the Chhukung Valley (Figure 1).
During this time, Khumbu Glacier underwent a major shift in dynamic behavior, from responding to each glacial
stage through a change in terminus position in the early Holocene to thickening of the ablation area to build
a closely spaced set of moraines with increasing crest heights through subsequent glacial stages. This change
in dynamic behavior suggests that Khumbu Glacier was unable to advance beyond the barrier created by the
Khumbu 6 moraine, and therefore that mass gain was accommodated by thickening of the glacier tongue. The
glacier overtopped the lateral moraines in the upper ablation area to form the Khumbu 5 moraine but did not
expand sufficiently further downglacier to overtop moraines in the lower ablation area (Figures 6b—6d).

During the late Holocene, the terminus remained in a similar position at 4,900 m a.s.l. and the Khumbu 4 and
Khumbu 3 moraines represent an increase in ice surface elevation without any widening during MOHITS 1E and
1D, suggesting a reduced ice flux from the Changri Nup and Changri Shar tributaries. Lobuche Glacier may have
undergone a similar change in dynamic behavior as these two periods are represented by the Lobuche 2 moraine
that yielded two distinct ages and could be interpreted as an initial expansion of the lower ablation area to build
the terminal moraine followed by lateral expansion upglacier during the later glacial stage when the terminus was
constrained (Figure 4c).

The last glacier expansion in the Khumbu Valley represented by the Khumbu 2 moraine occurred around 1.3 ka
(MOHITS 1C) when the glacier surface overtopped the Khumbu 5-3 moraines in the lower ablation area without
expanding beyond the Khumbu 6 moraine (Figure 6). This stage is represented in the Chhukung Valley, where
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each of the five major glaciers built moraines contemporaneously with the Khumbu 2 moraine (Figure 1). This
stage was not identified for Lobuche Glacier; the Lobuche 1 moraine may bury the equivalent to the Khumbu 2
moraine and is similar in age to MOHITS 1B.

The change in length of Khumbu Glacier between the LGM and the mid-late Holocene was 6.0 km (27% of
the LGM glacier length) and equivalent to a change in ice surface elevation of 600 m. The length of Khumbu
Glacier reduced by 4.5 km with a change in elevation of 100-200 m from the LGM to the early Holocene, then
by 1.5 km with a change in elevation of 400-500 m from the early Holocene to the late Holocene around 8 ka
when a change in dynamic behavior was initiated by the formation of large moraines that constrained subsequent
ice margin fluctuations.

5.6. Estimated Holocene Catchment-Wide Denudation Rate

When the export of coarse sediment from a glacier is suppressed by the decoupling of the glacier from proglacial
transport systems (Benn et al., 2003), englacial debris becomes trapped in ice-marginal and subglacial moraines
and most of the sediment yield from the glacierized catchment is stored in raised-bed superposed moraine
complexes (Lliboutry, 1986). Decoupled glacial-proglacial systems can be used to estimate the catchment denu-
dation rate over timescales of 103 years if robust geochronological constraints on the accumulation of the moraine
edifice are available. The catchment upvalley from the early Holocene terminal moraine drains the highest topog-
raphy on Earth, and a multi-millennia denudation rate will integrate sediment yield by nival, periglacial and
glacial erosion in this extreme environment.

Subglacial sediment volume can be predicted from a dimensionless index based on a ratio of catchment and glacier
properties; primarily headwall height, slope and area (Maisch et al., 1999; Zemp et al., 2005). Low-gradient
debris-covered glacier tongues in the Khumbu Valley are interpreted as having no erosional potential (Scherler
et al., 2011) and, using the criteria of Maisch et al. (1999), Khumbu Glacier is likely to rest on a raised sediment
bed. The geomorphology of the terminus supports this interpretation; for example, the main outwash stream does
not incise through the moraine rampart (Figure 2b; Benn et al., 2003; Hambrey et al., 2008). The glacier bed
long-profile shows a constant first-order down-valley slope of 0.03 between 3.2 and 8 km above the terminus
(Figure 6e; Gades et al., 2000; Miles et al., 2018). At this point there is a pronounced break of slope and the bed
slope reverses and rises toward the terminal moraine. This reversed bed slope is consistent with subglacial accre-
tion of sediment to form a raised bed beneath the low-gradient, slow-moving glacier tongue. The break of slope
is interpreted to mark the upper limit of a thick sediment bed. Be-10 exposure ages constrain the inception of the
subglacial-ice-marginal moraine edifice to shortly before the crest age of the Khumbu 6 moraine—placing the
main phase of Holocene moraine building within the last 8 ka.

The volume of the Holocene moraine complex was estimated by linear extrapolation of the bed long profile
down-glacier from 3.2 km above the terminus, assuming that this represents the depth of the bedrock. The
extrapolated bedrock surface was projected to emerge from beneath the terminal moraine ramp coincident with a
pronounced break of slope at 4,620 m a.s.l. near Dughla (Figure 2b). A center-line profile and four cross-sections
were constructed at 1 km intervals above the terminus and the moraine—bedrock contact was interpolated by
extending the valley-side profiles as parabolic curves to intersect the extrapolated centerline of the bedrock
surface. The upper cross-profile (D-D,) is located at the upvalley edge of the reverse slope and lower cross-profile
(A-A)) is located close to the terminus (Figure 6e). The volume of the moraine complex was estimated as the
mean cross-sectional area multiplied by the downvalley distance to the terminus and this was added to an estimate
of the volume of the frontal sediment ramp based on the extrapolated rock bed (Supporting Information S1).
Moraine volume was converted to whole rock volume using a void ratio of 0.3 (Conway & Rasmussen, 2000).

The estimated total moraine volume was 2.38 X 10® m? representing a sediment yield of 1.82 x 10° kg km=2 a™!
assuming a rock density of 2.2 X 10° kg m~3, to give a catchment-averaged denudation rate of 0.8 mm a~! (Table
S2 in Supporting Information S1). This value is a minimum estimate because; (a) we have not included the entire
lateral moraine system, and (b) a minor fraction of the sediment yield is evacuated via proglacial streams as
suspended sediment and during occasional outburst floods (Irvine-Fynn et al., 2017). To estimate the upper limit
of the catchment-wide denudation rate, we included the lateral moraine volume upglacier of the break of slope at
3.2 km. We assumed a mean vertical height over the whole length of lateral moraines of either 50 or 100 m from
the moraine crest to where the distal moraine slope meets the hillside over a distance of 10.8 km including the
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Changri Nup moraines. We derived the cross-sectional area assuming that the proximal and distal moraine slopes
form a right angle at the crest, using a distal slope of 38° and a proximal slope of 55° indicated from the DEM.
The estimated lateral moraine volumes combined with that for the lower ablation area give a sediment yield of
between 2.31 x 103 and 3.06 x 10° kg km~2 a~! depending on the assumed lateral moraine relief, equivalent to a
catchment-wide denudation rate of between 1.2 and 1.4 mm a~'.

Several studies calculated Late Pleistocene denudation rates using Be-10 surface exposure to represent rockwall
erosion over centennial to millennial timescales south of the Main Divide in the Central Himalaya, and gener-
ally show increasing denudation to the north, that is, with increasing elevation. Late Glacial (~16 ka) denu-
dation rates in the Yamuna Valley in northwest India were 1.9-3.0 mm a~! and present-day values are similar
(Kapannusch et al., 2020). Denudation rates are slightly lower in the Arun Valley in eastern Nepal (1.5 mm a~!;
Olen et al., 2015), at Chhota Shigri Valley in northwest India (0.6~1.3 mm a~'; Scherler & Egholm, 2020) and at
Milarepa's Glacier in central Nepal (1.2—-1.3 mm a~!; Heimsath & McGlynn, 2008). Catchment-wide denudation
rates from 30 valleys in central Nepal are 2-3 mm a~! (Godard et al., 2014). Last Glacial to late Holocene bedrock
incision in the Khumbu Valley was previously estimated as 3.9 mm a~! (Barnard et al., 2006); somewhat higher
than the catchment-wide rates estimated here and by previous studies. Our Holocene catchment-wide denudation
rate of 0.8-1.4 mm a~! for the Khumbu Valley is similar to that estimated for much of the Central Himalaya
close to the Main Divide. This estimate integrates short-term variations in erosion and sediment production over
millennial timescales and the spatial integration of debris production by extra-glacial and subglacial erosion
processes across the whole of the upstream catchment, comprising some of the highest-elevation topography on
Earth.

6. Conclusions

The response of Himalayan glaciers to climate change is complicated by the influence of active tectonics and
high-relief topography on ice flow and glacier mass balance. However, over millennial timescales, the timing of
regional glacier change was broadly synchronous across the monsoon-influenced Central Himalaya. We present
a geochronology for Holocene ice-marginal moraines in the upper Khumbu Valley in the Everest region of Nepal
that constrains seven glacial stages between 7.4 + 0.5 and 0.6 + 0.2 ka. The deglaciation after the LGM is indi-
cated by the local Pheriche 2 stage (17.1 & 0.3 ka). The Post Glacial moraine record is incomplete but does indi-
cate that glaciers in the Khumbu Valley generally receded until the local Chhukung stage (11.5 + 0.2 ka) at the
start of the Holocene. Eight of 11 regional stages Holocene glacial stages for the monsoon-influenced Himalaya
are recorded by moraines in the Khumbu Valley, including the seven most recent stages identified in this study.
The three Holocene glacial stages partially identified from the Khumbu Glacier moraines (Khumbu 5—-Khumbu
3) and the two stages not identified from the Lobuche Glacier moraines (Khumbu 6 and Khumbu 2) are probably
concealed within composite landforms where younger moraines were superimposed onto older ones. The iden-
tification of a complete sequence of seven regional glacial stages in the Khumbu Valley moraines indicates that
high-elevation monsoon-influenced glaciers have responded consistently to regional climate change and that the
moraines produced by such glaciers are useful indicators of their response to palaecoclimate change.

The Khumbu Glacier moraines indicate a change in glacier behavior during regional glacial stages after 8 ka:
from advance and recession of the ice margin along and across valley to vertical expansion of the glacier surface.
The ablation area of Khumbu Glacier has evolved from a wide, unconstrained ice tongue to a narrow, thick tongue
due to repeated superposition of lateral and terminal moraines after 8 ka, represented by the increasing relief of
five moraine crests (Khumbu 6-Khumbu 2). During the same period, the smaller, steeper Lobuche Glacier built a
sequence of moraines that appears to represent three or four stages of glacier expansion (Lobuche 3—Lobuche 1)
as Be-10 exposure ages suggest that the Lobuche 2 moraine may be a palimpsest feature representing two phases
of glacier expansion.

While glaciers in the Central Himalaya may be expected to exhibit differences in behavior compared to those
elsewhere in High Mountain Asia due to the influence of the Indian Summer Monsoon, regionally the moraines
formed by these glaciers indicate a coherent response to Late Quaternary climate change. These results suggest
that the moraines formed by monsoon-influenced glaciers in catchments with high-relief topography and high
sediment yields can provide a complete and accurate record of regional palaeoclimate change when the differ-
ences in the processes by which individual glaciers form and preserve moraines are carefully considered.
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