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Abstract

Glaciers fluctuate in response to climate change and record these changes by build-

ing sedimentary landforms, including moraines. Therefore, glacial landscapes are a

potentially valuable archive of terrestrial palaeoclimate change. Typically, a cooling

climate causes glaciers to expand and a warming climate causes glaciers to shrink.

However, the glacier response time and the influence of mountainous topography on

glacier dynamics complicates this behaviour, such that moraines are not always a

straightforward indicator of glacier change in response to climate change. We used a

glacial landscape evolution model to simulate the response of a hypothetical moun-

tain glacier to simple changes in climate and the resulting formation and preservation

of moraines. These results show that the rate of climate change relative to the glacier

response time determines the geometry, number, and position of moraines. Glaciers

can build distinct moraines in the absence of climate change. The distance from the

maximum ice extent may not represent the chronological order of moraine formation.

Moraines can be preserved after being overrun and eroded by subsequent glacia-

tions, but moraine sequences may also contain gaps that are unidentifiable in the

field.
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1 | INTRODUCTION

The transfer of climate signals through the ocean and the atmosphere

modifies the behaviour of the climate system from the predictable

patterns produced by orbital forcing, and results in variability in the

timing and magnitude of climate change between oceanic and terres-

trial environments (Broecker, 2003). During periods of abrupt climate

change—such as the termination of the Last Glacial Maximum (LGM;

Termination 1 occurred around 18 ka)—Earth’s climate oscillated rap-

idly, providing valuable opportunities to understand the transient

response of the climate system to internal and external forcing (Clark

et al., 2012; Denton et al., 2010). The mechanisms of global climate

change can be interpreted from a range of palaeoclimate proxy

records (e.g., Overland et al., 2016; Shakun et al., 2012). Although

many atmospheric and oceanic palaeoclimate archives are available

(e.g., marine sediment cores and ice cores; Kaspari et al., 2008;

Lisiecki & Raymo, 2005; Sime et al., 2009) equivalent terrestrial

proxies are scarce (e.g., palynological records and lacustrine sediment

cores; Bakke et al., 2021; Zhang et al., 2017). Understanding the

mechanisms driving the global climate system requires quantifying

palaeoclimate at a wide range of latitudes and elevations and across

continental land masses, but there are currently few possible terres-

trial archives with a wide spatial coverage (Kaufman et al., 2020).

Glacial landscapes are one such archive, as glaciers, ice caps and ice

sheets fluctuate in response to climatic forcing and record changes in

ice volume by building distinctive moraines (Barr & Lovell, 2014;

Smedley et al., 2017).

Glaciers spread sediment over the landscape forming till sheets

and higher-relief ridges during advance and if the ice margin stabilises

during recession (Greenwood & Clark, 2009). These ridges, called ice-

marginal (lateral and terminal) moraines, are observed and preserved

in a wide range of terrestrial settings, revealing former glacier dimen-

sions (Penck, 1905). Despite the long-standing use of ice-marginal

moraines to reconstruct palaeoglaciers and infer palaeoclimate
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(Mackintosh et al., 2017), to our knowledge, only one study has

explored the relationship between glacier expansion and moraine for-

mation (Vacco et al., 2009). While moraines can be a straightforward

indicator of glacier length or volume change (e.g., Chandler

et al., 2020; Fu & Yi, 2009; Haeberli, 1995) they require careful inter-

pretation because (1) the response of glaciers to climatic forcing

depends on non-linear feedbacks between ice flow and topography

(Bahr et al., 1998; Huybers & Roe, 2009) and (2) the preservation

potential of these landforms is effectively unknown (Gibbons

et al., 1984) (Figure 1).

Statistical models of moraine preservation indicate that the num-

ber of moraines observed in a landscape is likely to represent only a

third of the number of major glacial advances (Gibbons et al., 1984;

Muzikar, 2016). Inferring palaeoclimate from glacier reconstructions

requires evaluating past variations in ice extent indicated by moraines

to understand the magnitude and timing of ice volume change com-

pared to the present day (e.g., Balco, 2020; Ely et al., 2021; Kelly

et al., 2014; Solomina et al., 2015). Palaeoclimate is often inferred by

calculating the Equilibrium Line Altitude (ELA) of the reconstructed ice

mass to estimate the change in mean annual air temperature (MAAT)

from present-day values represented by the difference in ice volume

(e.g., Anderson et al., 2019; Boston et al., 2015; Višnjevi�c et al., 2018).

However, this inverse approach is stymied by reliance on the circular

reasoning of inferring the local palaeoclimate from moraines that are

assumed to be representative of periods of ice margin stability.

The magnitude of glacier length or volume change in response to

climatic forcing is strongly influenced by the feedbacks between ice

flow and high-relief topography (Magrani et al., 2021; Pedersen &

Egholm, 2013). Therefore, palaeoglacier reconstructions that do not

consider these dynamic feedbacks may underestimate or over-

estimate the climatic forcing suggested by differences in length or vol-

ume change between individual glaciers (e.g., Boston et al., 2015; Ely

et al., 2021). For example, the distribution of moraine ages produced

by the North American ice sheets during the last deglaciation indicate

that complex topography underlying the Cordilleran Ice Sheet had a

profound influence on ice flow compared to the simple response of

the Laurentide Ice Sheet that occupied the lowlands (Menounos

et al., 2017). In the European Alps, regional variations in the timing of

glacial maxima could have resulted from variations in palaeoclimate,

glacier dynamics or uncertainties in the dating methods used to con-

strain the ages of moraines, or a combination of these factors, which

are difficult to explain from inverse modelling (Seguinot et al., 2018).

Moreover, the margins of ice sheets and glaciers fluctuate year-to-

year in response to interannual variability in climate (that is, weather)

such that changes in ice margin position of an equivalent magnitude

to those observed between the Little Ice Age and the present day

may not represent a genuine change in climate (Burke & Roe, 2014;

Roe & O’Neal, 2009). Few studies have investigated if interannual

fluctuations in ice volume could be recorded by moraine sequences,

and if so, how they can be distinguished from moraines formed over

longer timescales that are more representative of palaeoclimate

change (Anderson et al., 2014; Balco, 2020).

Glacial geomorphology is therefore not yet a reliable indicator of

palaeoclimate, and better understanding is required of the climatic–

topographic feedbacks and non-linear glacier behaviours that modify

how climate forcing translates into moraine building (Anderson

et al., 2012). A tension exists when moraines are used as

palaeoclimate indicators because the non-climatic influences on gla-

cier change need to be resolved (e.g., Chandler et al., 2016; Doughty

et al., 2017). Glacier–climate reconstructions rely on the assumption

that the moraines remaining after the ice has vanished represent a

complete record of glacier change, whereas glaciers can fluctuate

without building moraines and erase moraines formed during previous

glaciations (Kirkbride & Brazier, 1998). Field observations also demon-

strate that moraines can be composite features, where multiple

changes in ice volume are superimposed into a single landform (Lukas

et al., 2012). Here, we use a novel forward-modelling approach to test

the hypothesis that observable moraine sequences reflect the timing

and magnitude of Late Quaternary palaeoclimate change.

2 | METHODS

We used a glacial landscape evolution model that simulates the ero-

sion, transport and deposition of sediment by glaciers using the

higher-order equations for ice flow (Egholm et al., 2011, 2012) to

investigate the impact of climate change on moraine building in a

mountainous landscape. The glacier model used a synthetic fluvial

topography to represent a 20 km � 40 km domain with a 160 m

� 160 m grid spacing, as used in previous studies of glacial landscape

evolution (Brædstrup et al., 2016; Magrani et al., 2021). Climate vari-

ables (e.g., air temperature, precipitation) were not explicitly defined

F I GU R E 1 Cumulative length change from observational records
for three Swiss glaciers with different dynamic response times during
a period of overall recession showing how glacier size affects climatic
filtering. Inferred periods of moraine building and preservation are
indicated by dots, whereby moraine formation occurs when a glacier
advances to a maximum position then recedes, and preservation
occurs when not subsequently overrun by a more extensive advance.
Small glaciers fluctuate more frequently than larger glaciers and can
build a greater number of moraines if sufficient sediment is available

(modified from Haeberli, 1995)
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in the glacier model. Instead, we used a temperature-dependent mass

balance function where accumulation and ablation are related to

topographic height above or below the ELA, which is defined by the

MAAT and the atmospheric lapse rate. We forced each simulation

with change in MAAT (hereafter ΔT). The model was spun up to reach

mass balance equilibrium with climate where ΔT at sea level was

7.0�C with a lapse rate of –6.0�C km�1. The resulting ice volume was

used as the starting point for all further simulations, except where the

simulation started with advance in which case the simulation was

spun up to MAAT of 14�C.

The glacial erosion rate (E) was scaled by a non-linear erosion law:

E¼Ka �ubn ð1Þ

where ub is the velocity of basal sliding, Ka = 10�6 a m�1 is an empiri-

cal constant that is dependent on the hardness of the bedrock and

the thermal properties of the glacier bed, and n = 2 is the sliding-

power coefficient (Herman et al., 2015; Koppes et al., 2015), to give

transport-limited conditions where sediment produced within the

landscape was readily entrained by the glacier.

The glacier model deposited sediment at the bed by basal melting

and entrained sediment that was either previously deposited or pro-

duced by glacial erosion from the bed. Sediment entrainment was

assumed to be controlled by ice regelation into a granular bed. The

rate of sediment entrainment, vs, was implemented through

Equation 29 in Egholm et al. (2012) and scaled with the thickness of

englacial sediment, hs, the effective pressure, N, and rate of basal

melting, mb:

vs ¼ kg �Nhs�ks �mb ð2Þ

where kg= 10�7 m2 Pa�1 a�1 and ks= 0.1 are constants representing

the apparent thermal conductivity of debris to ice (Alley et al., 1997;

Iverson, 1993) and the basal ice debris concentration. Note that

sediment entrainment occurred when the rate of ice regelation

exceeded the rate of basal melting (vs was positive) and sediment

deposition occurred when melting outpaced regelation (vs was nega-

tive). The relationship between effective pressure (i.e., the difference

between the ice overburden pressure and subglacial water pressure)

at the bed and regelation of sediment for a temperate glacier was

determined experimentally by Iverson (1993), who showed that ice at

the melting temperature regelated into a dense array of debris clasts

and caused the clasts to move by entrainment. These experiments

showed that the balance between sediment deposition by melting of

basal ice and regelation of basal ice into a layer of debris clasts was

driven by the ice temperature gradient that resulted from differences

in effective pressure across the glacier bed (Iverson, 1993). Sediment

collected from the bed was advected upwards, allowing the glacier to

successively erode and entrain previously deposited moraines such

that they might be partially or wholly erased. This model differs from

that presented by Egholm et al. (2012) in that here sediment transport

varied through the ice column in three dimensions rather than as one

depth-integrated layer, following the approach used in Rowan

et al. (2015).

We tested the impact of climate change on glacier volume change

and moraine building and preservation under a stable climate and a

variable climate over timescales from 103 to 104 years. First, we

imposed interannual variability to an otherwise stable climate forced

by a random normal distribution of ΔT with a mean of 7�C and a stan-

dard deviation (σT) of 0.5�C, 1.5�C or 3.0�C. In this experiment, the

value for ΔT was constant for each year but varied randomly between

years. The experiment was designed to be similar to that of Anderson

et al. (2014) except that our simulations were not forced by a com-

bined mass balance forcing including precipitation. Anderson

et al. (2014) found that glaciers in Colorado experienced 10–15%

length change due to interannual variability in climate; equivalent to

σT of 1.5�C in our experiment. Second, we simulated advance and

recession using step changes in ΔT between 7�C and 14�C (equivalent

a change of 80% of the maximum glacier length) in increments of

0.35�C every 100 years for 2,000 years, and every 1,000 years for

10,000 years. Third, we imposed warming–cooling cycles over

2,000 years and 20,000 years using the same ΔT values as in previous

simulations.

3 | RESULTS

Moraines are identified in chronological order of formation (t1�n).

Where the moraine numbering sequence is incomplete this indicates

the removal of moraines formed earlier in the simulation. Changes in

ice margin position are presented in terms of length change, where

negative values indicate change of the trunk glacier margin in the up-

valley direction (recession) and positive values indicate change in the

down-valley direction (advance). We identified moraines from the

sediment layer by their exceptional crest heights, and report changes

in sediment-covered area where the thickness exceeded the mean

value at that point in time.

3.1 | Moraine building without change in climate

In the spin-up simulation, the e-folding response time to reach mass

balance equilibrium (i.e., when about two-thirds of the change in gla-

cier mass to ‘steady state’ was complete) with climate from an

unglaciated domain was 188 years. The calculated response time was

used to define the duration of the climatic forcing required for the gla-

cier to respond completely to a change in climate. The glacier reached

equilibrium then built a prominent moraine 224 m in relief close to

the maximum ice extent over 500 years. The sediment-covered area

then gradually declined and the maximum moraine relief increased as

subglacial sediment was moved to the ice margin.

With interannual variability in climate, as σT increased from 0.5�C

to 3.0�C the number of moraines increased from one to five, the

width of the area occupied by moraines increased, and the maximum

moraine relief decreased from 213 m to 92 m (Figure 2). The ice mar-

gin excursion from the initial position that represented the glacier in

mass balance equilibrium with climate increased from 1.2 km (0.4% of

the maximum glacier length) to 9.6 km (34% of the maximum glacier

length). In each case, the ice margin receded slightly within the first

200 years of the simulation because sediment accumulated at the ini-

tial maximum extent during the first 100 years (Figure 2D). The accu-

mulation of sediment at the terminus caused the ice thickness here,

and therefore the glacier extent, to reduce slightly. This effect is

ROWAN ET AL. 3



F I GU R E 2 2,000-year simulations with interannual variability in weather imposed on an otherwise stable climate. Moraine relief is shown for
a standard deviation in mean annual air temperature (σT) of (A) 1.5�C, (B) 0.5�C and (C) 3.0�C. the black lines in each map show the moraine
location and their order of formation (tn), with the largest moraine shown by a dashed line and smaller moraines by dotted lines. The star indicates
the position of the terminal moraine produced in the equilibrium simulation. Plots to the right of (A) show the climate forcing used as input to the
simulation where σT = 1.5�C, and the resulting mass balance in metres water equivalent (w.e.) per year as annual values (grey points) with a
10-year running mean (black line). Plots below (A) show fluctuations in the mean position of the ice margin along the main valley (i.e., glacier
length change) and ice volume over time, and change in mean and maximum moraine relief and sediment-covered area over time. Each plot is
normalised relative to the start of the simulation where the ice margin is in mass balance equilibrium with the initial climate. Grey shading
indicates the main stages of moraine building. Plots in (D) show the change in position of the ice margin and the change in sediment-covered area
for each simulation
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illustrated by the correlation in the timing of the increase in sediment-

covered area and the decrease in glacier extent, and the asymmetry in

the direction of ice margin excursions (i.e., glacier length change). The

ice margin fluctuated predominately in the up-glacier direction (indi-

cated by negative values for the ice margin excursion) and not equally

on either side of the initial terminus position.

The smallest ice margin excursion from the initial position

occurred where σT = 0.5�C to give �0.9 km and 0.3 km (a range of

1.2 km; 0.4% of the maximum glacier length) and one distinct moraine

was built in the main valley (Figure 2B). When σT = 1.5�C, the ice

margin excursion was �3.7 km to 0.8 km (4.5 km; 16% of the maxi-

mum glacier length) and formed three moraines (Figure 2A). The larg-

est ice margin excursion occurred where σT = 3.0�C to give �8.7 km

to 1.0 km (9.6 km; 34% of the maximum glacier length) and formed

five moraines (Figure 2C). In the simulation where σT = 1.5�C,

moraine t1 was built within 40 years. During the next 100 years, the

glacier removed t1 and built a larger moraine t2 further up valley that

gradually lengthened and increased in relief. Moraine t2 breached at

both the terminus and where tributary glaciers met the trunk glacier

at 950 years, and a smaller moraine t3 formed down valley from this

position in the same location as t1. The glacier then receded slightly to

rebuild t2 and form a smaller moraine t4 further up-valley (Figure 2A).

3.2 | Climate forcing shorter than the glacier
response time

The 2,000-year simulations were forced by step changes in ΔT at

100-year intervals, chosen to be shorter than the glacier response

time. Three simulations were made to represent a cooling climate

(advance), a warming climate (recession), and warming–cooling cycles.

Under a cooling climate, cirque glaciers initiated and formed

moraines 10–12 m in relief, then coalesced into a valley glacier that

advanced 20 km from the initial cirque glaciers and entrained and

redeposited these moraines down-valley to form a single ridge. Small

terminal moraines were preserved where cirque glaciers did not coa-

lesce with the valley glacier and lateral moraines were partially pre-

served on hillslopes (Figure 3A and Supporting Information Video S1).

A single terminal moraine t1 20 m in relief and up to 1000 m wide

occupied the main valley at the maximum extent of the glacier sur-

rounded by lateral moraines of a similar relief and 200–400 m in

width preserved on the hillslopes. Glacier volume expanded smoothly

with cooling but the maximum moraine relief oscillated, with short-

lived erosion of the crest of 1 to 2 m every 100 years, to reach 23 m

in relief at the end of the simulation (Figure 3A).

Under a warming climate, the glacier initially receded through the

main valley, leaving a thin sheet of sediment a few metres thick that

was reworked and had no identifiable moraine ridges. When the

glacier reached the tributary valleys, a set of small but distinct

moraines up to 7 m in relief formed with each ΔT (Supporting

Information Video S3).

Under warming–cooling cycles, the mass balance response was

asymmetrical, with rapid mass loss after the onset of warming and

more gradual mass gain. Although the magnitude of ΔT was the same

as for the single advance, the duration of cooling was not sufficient to

reach mass balance equilibrium. Therefore, advances were less exten-

sive, and the position of the highest-relief moraine represented a sub-

stantially different length change to that of a single advance

(Figure 3). At the onset of recession, a small moraine t1 was built at

the maximum glacier extent and removed after 60 years (Figure 3B

and Supporting Information Video S2). During the subsequent

advance, moraine t2 started to form when the minimum ΔT was

F I GU R E 3 2,000-year simulations with centennial changes in climate for (A) recession forced by warming of ΔT = 0.35�C at 100-year
intervals, and (B) symmetrical warming–cooling cycles. The symbology is the same as in Figure 2. Animated model results for these simulations are

shown in the Supporting Information Videos S1–S3
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reached where the tributary glaciers coalesced at the valley floor and

was removed in the following 100 years as the glacier continued to

expand. Moraine t3 was built further down-valley as the climate

warmed (Figure 3B). After a further 100 years the glacier receded,

then reoccupied t3 during the subsequent advance. During the first

advance, the glacier took 50 years to build moraine t3 in the main val-

ley with a maximum relief of 17 m. During the second period of

advance, the height of t3 (now t4) increased to 36 m over 60 years.

No erosion of the moraine took place as the glacier receded rapidly

with the onset of warming. Although the magnitude of ΔT was the

same here as in the simulation of a single advance, the duration of

cooling was not sufficient for the glacier to reach equilibrium with cli-

mate, and therefore advances were less extensive and the position of

the highest-relief moraines represent substantially different glacier

extents (Figure 3).

3.3 | Climate forcing longer than the glacier
response time

The 20,000-year simulations were forced by step changes in ΔT at

1,000-year intervals, chosen to be longer than the glacier

response time.

Under a cooling climate, glacier volume change was similar to the

shorter simulation, except that the glacier reached mass balance equi-

librium with each ΔT and a greater volume of sediment was produced.

A single narrow terminal moraine t1 125 m in relief and 200–300 m

wide occupied the main valley at the maximum extent surrounded by

lateral moraines of a similar size. The maximum moraine continued to

build as the glacier produced and transported sediment to the ice

margins at the start of each cooling step (see Supporting Information

Video S4).

Under a warming climate, the glacier underwent a similar

change in ice extent to the simulation with centennial climate forc-

ing, but the net mass balance remained closer to zero as the glacier

had sufficient time to reach mass balance equilibrium. A complete

sequence of 17 moraines was preserved, with one moraine forming

at the start of each ΔT until the cirque glaciers were too small to

generate sufficient sediment. The moraine representing the maxi-

mum ice extent, t5, formed around 5 kyr and was 184 m in relief,

with two preceding moraines (t3 and t4) and one subsequent

moraine (t6) of a similar size (Figure 4A and Supporting Information

Video S6).

Under warming–cooling cycles, two moraines greater than 100 m

in relief were preserved in the main valley representing the major

excursions during periods of cooling – one representing the maximum

excursion of the glacier down-valley (t5) and another representing the

terminal position of a smaller valley glacier (t1) (Figure 4B and

Supporting Information Video S5). Moraine t1 was substantially

eroded during subsequent advances but not removed. Moraine t5

formed at the maximum extent of the first advance and was

reoccupied and breached during the second advance. No further

moraines were built in the main valley. Three smaller moraines (t2–t4)

formed up-valley from t1 during each recession and were reoccupied

then removed during subsequent advances. Moraine t1 was the larg-

est moraine and the maximum relief increased from 165 m at the start

of the first warming period to 306 m during the second warming

period, then to 710 m in the final warming period, with erosion of the

moraine crest at the start of each advance of about 30 m over

1,000 years (Figure 4B).

F I GU R E 4 20,000-year simulations with millennial changes in climate for (A) recession forced by warming of ΔT = 0.35�C at 1,000-year
intervals, and (B) symmetrical warming–cooling cycles. The symbology is the same as in Figure 2. Animated model results for these simulations are

shown in the Supporting Information Videos S4–S6
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4 | DISCUSSION

4.1 | Timescales of glacial erosion and sediment
production

At the start of our simulations, sediment was produced as the glacier

selectively eroded the fluvial landscape to a more glacial landscape,

with erosion focussed around cirque accumulation areas and topo-

graphic highs in the main valley. The total volume of sediment pro-

duced was greater in the longer simulations and in simulations where

the ice margin fluctuated more frequently than in simulations where

glaciers only advanced (Figure 3). The formation of the highest-relief

moraines was more strongly influenced by the magnitude of ice mar-

gin excursions than the availability of sediment. Moraines with a simi-

lar relief formed under interannual variability in climate (i.e., due to

variability in weather between years rather than climate change) to

those moraines formed under climatic forcing of 20,000 years of

advance or recession (92–213 m compared to 126 and 184 m),

despite the total sediment yield being 76% lower (Figures 2 and 4).

However, the larger interannual variability in the most extreme simu-

lation (σT = 3.0�C) was equivalent to a change in glacier length of

34% (Figure 2D), which may be excessive in comparison with the

observed magnitude of climatic variability during the Late Holocene.

We consider the simulation where σT = 1.5�C to be representative of

the response of a typical mountain glacier to interannual variability in

climate as the magnitude of glacier length change was similar to that

observed in Colorado by Anderson et al. (2014). We note that the dis-

tribution of ice margin excursions in our simulations was not symmet-

rical around the initial (climatic mean) margin position, as was the case

in Anderson et al. (2014), because the accumulation of sediment at

the glacier terminus limited the extent that the glacier could expand

down-valley (Figure 2D). Our results show that the feedback between

sediment deposition and ice flow caused ice margin excursions in the

up-glacier direction to be 3–8 times greater than those in the down-

glacier direction.

As our experiments started from an unglaciated, fluvial landscape

over timescales that were short relative to the timescales over which

glacial erosion reshapes a landscape (Herman et al., 2018), simulated

erosion focussed in the upper parts of the catchment rather than res-

haping the valley floor more widely to create erosional feedbacks with

glacier evolution (Anderson et al., 2012; Kaplan et al., 2009;

MacGregor et al., 2009; Pedersen & Egholm, 2013). However, over

Quaternary timescales, glacial erosion will dramatically reshape fluvial

topography such that, where erosion outpaces rock uplift, moraines

become more proximal through multiple glaciations because the

hypsometry of the landscape influences glacier mass balance

(Anderson et al., 2012; Brocklehurst & Whipple, 2004; Pedersen &

Egholm, 2013; Whipple et al., 1999). Based on previous studies of

Quaternary glacial landscape evolution, we expect the extent of

advances and therefore the position of terminal moraines to become

more proximal over successive glaciations when the rate of glacial

erosion outpaces the rate of rock uplift – the ‘far-flung moraines’
hypothesis (Anderson et al., 2012). As Anderson et al. (2012) demon-

strate, this process favours the preservation of older moraines located

beyond the limits of later glacial erosion. Previous glacier modelling

has shown that the extent of glacier expansion in response to climatic

forcing changes with the number of glaciations, from near-linear in an

unglaciated fluvial landscape to highly non-linear in a glacially eroded

landscape when the ELA (snowline) reaches the hypsometric maxi-

mum (Pedersen & Egholm, 2013). The tendency for glacier expansion

to reduce in magnitude with ongoing erosion can be overcome by a

change in climatic forcing such as the mid-Pleistocene transition

around 1 Ma, which resulted in shorter-lived, but more expansive, gla-

ciations in a glacially preconditioned landscape compared to in an

unglaciated landscape (Pedersen & Egholm, 2013). We therefore

expect that moraines formed when glaciation occurs across an initially

unglaciated landscape (as is the case in our simulations) will provide

the most straightforward record of palaeoclimate change, and the

preservation potential of these moraines over Quaternary timescales

will be good unless the rate of rock uplift exceeds the rate of glacial

erosion.

Moraine formation in landscapes that were previously glaciated

occurs more frequently and is less straightforward to interpret. Some

of the oldest mountain glacier moraines identified using terrestrial

cosmogenic nuclide exposure-age dating are older than the mid-

Pleistocene transition (e.g., Hein et al., 2011; Smith et al., 2005) and

could be used to explore variability in the extent of glaciations in

response to landscape modification through the Quaternary, but this

is beyond the scope of our study. Over Late Quaternary timescales,

the direction of change in climate will also affect moraine preservation

regardless of topographic feedbacks, as if the climate becomes less

conducive to glacier expansion then moraine preservation becomes

more likely. For example, older glacial landforms are more frequent in

the arid rather than monsoon-influenced Himalaya where increasing

monsoon intensity promoted extensive Late Glacial and Holocene gla-

ciation and enhanced fluvial and hillslope erosion that partially or

completely removed older moraines (Owen et al., 2005).

The erosion rate was calibrated such that the glacier was readily

able to entrain new sediment as it was produced. If the erosion rate

was lower, then the relative moraine relief would reduce but the pat-

terns of moraine formation would be similar, because moraine relief is

controlled by the magnitude of the ice margin fluctuations. If the ero-

sion rate was higher, such that large sediment volumes accumulated

at the glacier bed, this would not necessarily lead to an increase in ice

flow (Zoet & Iverson, 2020) and therefore the resulting moraine

sequences would be similar to those formed by a glacier flowing over

a rock bed where sediment flux was lower. In tectonically active

mountain ranges, high rates of glacial erosion can produce more sedi-

ment than can be exported to form moraines when the net annual gla-

cier mass balance is close to zero or negative (Scherler et al., 2011).

Sediment accumulates supraglacially and insulates the ice surface,

resulting in a decoupling of the glacier mass balance from climatic

forcing and the potential for the glacier to expand without any change

in climate (Anderson et al., 2018; Rowan et al., 2015). Debris-covered

glaciers can form ice-cored moraines that are abandoned and then

reactivated during a later advance, resulting in composite landforms

with a complex geochronology (Crump et al., 2017; Kirkbride &

Brazier, 1998). Therefore, moraines formed by debris-covered glaciers

can be more challenging to interpret in the context of palaeoclimate

change compared to those formed by relatively clean-ice glaciers over

a similar timescale to the glacier response time, such as during the

Late Holocene (Solomina et al., 2016). However, while palimpsest

landforms may be difficult to identify in the field, surface exposure-

age dating can identify distinct periods of moraine formation
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(e.g., Peltier et al., 2021). When interpreting changes in palaeoclimate

from moraines over longer (Quaternary) timescales, debris-covered

glaciers are less likely to be a concern, because large changes in ice

volume will result in glaciers exporting most supraglacial debris to the

ice margins at the start of each advance before moraine building is

complete (Rowan et al., 2015).

4.2 | Controls on moraine formation

Moraine formation is not instantaneous, even over the geological

timescales of Quaternary climate change (Crump et al., 2017;

Kirkbride & Winkler, 2012). Our results support the observation of

Anderson et al. (2014) that moraines tens of metres in relief can be

built in about 50 years. However, we also demonstrate that moraine

building can be a discontinuous process, with individual moraines

being partially eroded when the glacier recedes before the moraine

crests are reconstructed during subsequent advances if the glacier

expands to the same position (Figure 3B). In this case, the timescale

for building a single moraine can be several thousands of years, with

shorter (101–102 years) periods of sediment deposition interspersed

with longer (102–103 years) periods of no sediment accumulation and

some erosion of the landform; as mentioned earlier, surface exposure-

age dating can separate these events and may help to explain the

sometimes wide distribution of exposure ages of individual moraines

as a geomorphological rather than geochronological source of uncer-

tainty (Kirkbride & Winkler, 2012). A series of additions to a single

moraine are likely to result in a distribution of exposure-ages that vary

both across the moraine and with depth (Tomkins et al., 2021).

An important control on the geometry of moraines is the time-

scale over which the ice margin fluctuates, as, given more time, a gla-

cier will consolidate pre-existing deposits. The 20,000-year recession

simulation produced an order of magnitude more sediment than the

2,000-year recession, and this sediment was distributed into moraines

that occupied only one-third of the area of those produced in the

shorter simulation (Figure 4). If an ice margin remains relatively stable

over timescales of centuries rather than decades, entrainment and

redeposition of subglacial sediment will result in narrower ice-

marginal moraines than those formed during a shorter time period

(cf. Figures 3 and 4), similar to the moraines formed by the southern

Laurentide Ice Sheet (Clark, 1992).

The duration, rather than the magnitude, of change in climate rel-

ative to the glacier response time is important for the timing of

moraine formation. Under warming–cooling cycles where the rate of

ΔT was greater than the response time, moraine formation was con-

temporary to the occurrence of maximum climate cooling (Figure 4B).

However, when the rate of ΔT was shorter than the glacier response

time, moraine building began with the onset of recession and was

completed 50 years after the end of the maximum cooling (Figure 3B).

The duration of change in climate relative to the glacier response time

is also important for the position of moraine formation. In the

20,000-year simulation, the glacier was able to advance twice as far

down-valley than in the 2,000-year simulation, as the duration of

changes in ΔT were greater than the response time (Figure 3A). Only

the 20,000-year recession generated a complete set of moraines

(t1–t17) representing each ΔT as the glacier margin stabilised with

each ΔT (Figure 4A). This sequence of landforms is similar to the

postglacial moraines observed in the central Southern Alps,

New Zealand, that formed during a period of overall recession

(Denton et al., 2021).

Hypsometry is a primary control on glacier extent, as when the

ELA reached the low-relief topography in the main valley, the rate of

glacier length change with ΔT increased compared to in the steeper

tributary valleys, because a small change in ELA represents a larger

area of the valley. Therefore, moraine spacing in the main valley was

greater than in the tributary valleys despite no difference in the

amount of palaeoclimate change (i.e., the magnitude of ΔT was the

same). The largest moraines often formed at two pinning points:

(1) the break in slope where tributary glaciers coalesced at the head of

the main valley; (2) at a bend in the middle of the main valley

(Figures 3B and 4). These patterns are observed in glacial landscapes

where topography promotes ice margin stability, for example, where a

break in slope occurs, as seen in north-eastern Russia (Barr &

Clark, 2012) and where valley width changes, as seen in southern

Norway (Lukas, 2007); more detailed discussions are presented in

Barr & Lovell (2014) and Mackintosh et al. (2017).

4.3 | Controls on moraine preservation

The most distal Holocene moraines are not necessarily the oldest. In

the 20,000-year simulations, the moraines with the highest relief

formed where the tributary glaciers coalesced in the upper main val-

ley. However, these moraines represented different phases of the

sequence of glacier change; during recession this position was occu-

pied by moraine t5 (ΔT = 9.1�C) whereas under warming–cooling

cycles, this position was occupied by moraine t1 (ΔT = 8.75�C), which

had nearly four times greater relief (Figure 4) suggesting a greater like-

lihood of preservation of the moraine formed under a fluctuating cli-

mate rather than a warming climate. Moreover, the large t1 moraine

limited the expansion of subsequent advances, creating a non-linear

response in glacier length change with climatic forcing and enhancing

the likelihood of moraine preservation by preventing ice from overrid-

ing, eroding, and re-entraining the sediment. The crest of such a

moraine is likely to represent the exposure age of the landform as

contemporary to the initial formation of the moraine in response to a

single phase of ice volume change more accurately than a moraine

that as undergone episodes of erosion and addition of sediment. The

other moraines formed during the first warming–cooling cycle were

progressively eroded as the glacier reoccupied these positions during

subsequent warming–cooling cycles (Figure 3B and 4B). Therefore,

surface-exposure ages from moraine sequences formed during reces-

sion are likely to be more consistent across each landform and give

more accurate ages for moraine formation, assuming that the sedi-

mentology, and so landform stability, are similar (Tomkins

et al., 2021). Recessional moraine sequences, such as those formed

after Termination 1 by the Pukaki and Rakaia glaciers in the central

Southern Alps, New Zealand, are also most likely to provide a com-

plete record of palaeoclimate change (Figure 4A) (e.g., Denton

et al., 2021; Putnam et al., 2013).

Through simulations of multiple warming–cooling cycles, more

distal moraines were less likely to be preserved and were in some

cases removed (Figure 3B), giving the impression of more modest gla-

cier length change, and therefore palaeoclimate cooling, than was the
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case. However, over Quaternary timescales, more distal moraines may

represent much older glaciations, as when glacial erosion exceeds the

rate of rock uplift, glaciers can erode the valley floors sufficiently to

lower the ELA and reduce the extent of later advances (Anderson

et al., 2012; MacGregor et al., 2009). In two simulations, terminal

moraines were breached by later glacier expansion. Although not

included in our simulations, fluvial erosion will preferentially remove

terminal moraines that cross valley floors rather than lateral moraines

occupying the hillslopes such that lateral moraines may be better

preserved, particularly in arid climates where mass movement is less

frequent (Fu & Yi, 2009).

In comparison with mountain glaciers that respond rapidly to

small variations in climate, ice sheets have long response times and

are therefore coarser filters of climate signals (Bahr et al., 1998;

J�ohannesson et al., 1989). The moraine sequences formed by ice

sheets may contain more gaps and are more likely to reflect only

larger palaeoclimate excursions, giving the misleading impression of

relatively slow climate change (Hughes et al., 2016). Our results imply

that mountain glaciers with their relatively short response times can

build more complete sequences of moraines than larger ice masses.

However, the moraine sequences formed during shorter warming–

cooling cycles may be relatively poorly preserved, as these smaller

moraines are more readily overrun and eroded by subsequent glacia-

tions. While moraines produced over longer timescales are broadly

more likely to be preserved both because the volume of sediment

generated by erosion and available to form moraines is greater and

because longer-term ice margin stability allows sediment to be consol-

idated into narrower, higher-relief moraines, the largest moraine may

not represent the maximum ice extent. The largest landforms present

more formidable barriers to an advancing glacier than smaller

moraines and can restrict subsequent advances to similar limits, thus

recording a smaller-than-expected change in glacier extent while pro-

moting the preservation of more distal moraines.

5 | CONCLUSIONS

Ice-marginal moraine sequences can be diagnostic of terrestrial

palaeoclimate conditions, however, sediment availability and the rela-

tionship between the duration of palaeoclimate change and the glacier

response time will affect the geometry and geochronology of moraine

building and moraine preservation. Longer warming–cooling cycles

(104 years) produced larger, narrower moraines than shorter

warming–cooling cycles (103 years) with the same magnitude of

change in ΔT. An advancing glacier will record the maximum expan-

sion in ice volume by building a terminal moraine, and the size of this

moraine reflects the amount of sediment available and therefore the

erosional history of the glacier. Recessional moraines representing a

complete record of deglaciation can be preserved if the glacier

response time is shorter than the rate of change in climate sufficient

to force the ice margin to migrate; in this case, ΔT of 0.35�C per

100 years compared to the e-folding response time to reach mass bal-

ance equilibrium of 188 years.

We demonstrate that the moraines resulting from both transient

and equilibrium glacier volume changes can be preserved over time-

scales representative of Late Quaternary palaeoclimate change. For

glaciers capable of eroding and transporting sufficient volumes of

sediment and building prominent moraines, the response time is likely

to exceed the moraine building time, and therefore both transient and

equilibrium changes in ice volume are recorded by moraine formation.

However, our results also show that glaciers can form three high-relief

moraines even in the absence of a change in climate due to ice margin

fluctuations forced by interannual variability in climate (i.e., variations

in weather between years). Therefore, interpretations of glacial

geomorphology as a palaeoclimate archive should consider the

geometry and positions of individual moraines as indicators of the

duration of ice margin stability and in context of the glacier’s dynamic

response time.
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