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Article history: Most glaciers in western North America with reliable age control achieved their maximum Holocene
Recefved 22 Fel?ruary 2013 extents during final advances of the Little Ice Age. Tiedemann Glacier, a large alpine glacier in western
58383“’“1 in revised form 26 September Canada, is an enigma because the glacier constructed lateral moraines that are up to 90 m higher, and

extend 1.8 km farther downvalley, than those constructed during the Little Ice Age. Our data show that
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Editor: J. Lynch-Stieglitz many times during the past six thousand years. Surface exposure dating and radiocarbon ages of stumps

beneath till demonstrate that the glacier achieved its maximum Holocene extent at about 2.7 ka. We
Keywords: hypothesize that one or more rock avalanches delivered surface debris to the glacier and caused the
Holocene glacier fluctuations 2.7 ka glacier advance to be much larger than can be explained by climate forcing. To test our hypothesis,
surface exposure dating we developed and used a surface debris advection routine coupled to an ice dynamics model. Our results
numerical modeling show that even a moderately sized rock avalanche (10 x 106 m3) delivered to the top of the ablation

debris-covered glacier

zone could cause the glacier to thicken and advance far beyond its Little Ice Age limit.
rock avalanche
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1. Introduction of British Columbia, advanced well beyond its Little Ice Age limit
during this regional advance. In particular, the stratigraphic and

With few exceptions, glaciers in western North America geomorphic evidence for the late Holocene ‘Tiedemann Advance’
achieved their maximum Holocene extents during the final cen- at its type locality is compelling. Lateral moraines associated with
turies of the Little Ice Age. Many moraines that lie outside Little  this advance occur along the lower 12 km of the ablation zone of
Ice Age limits, initially believed to be Holocene landforms, are now  the glacier, rise up to 90 m above the Little Ice Age moraine crest,

known to be latest Pleistocene in age (Osborn and Luckman, 1988; ~ and extend 1.8 km downvalley from the outermost Little Ice Age
Davis et al., 2009). Denton and Karlén (1977) documented sev- terminal moraine. Glacier downwasting during the 20th century
eral mid-to-late Holocene (Neoglacial) terminal moraines in the exposed lateral moraines composed of multiple tills, glaciofluvial
Saint Elias Mountains in Yukon Territory that extend beyond Lit- sediments, and subfossil wood. Fulton (1971) obtained radiocar-

tle Ice Age deposits, but these glaciers surge or have unusually bon ages on bulk samples of organic sediments just above and
thick debris cover that complicates the relation between climate below a thin layer of outwash in a bog just outside the Tiede-
and glacier response (Denton and Karlén, 1977; Yde and Paasche, mann north lateral moraine. These ages constrain the age of the
2010). Tiedemann Advance to 2.16-3.33 ka (20 range) (kilo calendar yrs

Porter and Denton (1967) first described regional evidence for BP). Arsenault et al. (2007) narrowed this age range to 2.18-2.75 ka
an advance of North American alpine glaciers about 2700 years based on radiocarbon ages on conifer needles from the lower and

ago. Tiedemann Glacier, located in the southern Coast Mountains  Upper contact of the outwash. Radiocarbon ages from wood in the
north Tiedemann lateral moraine suggest that the Tiedemann Ad-

vance began about 3.30 ka and that the glacier remained in an
* Corresponding author. advanced position until 1.90 ka, after which it retreated (Ryder and
E-mail address: menounos@unbc.ca (B. Menounos). Thomson, 1986).

0012-821X/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsl.2013.10.008


http://dx.doi.org/10.1016/j.epsl.2013.10.008
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:menounos@unbc.ca
http://dx.doi.org/10.1016/j.epsl.2013.10.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2013.10.008&domain=pdf

B. Menounos et al. / Earth and Planetary Science Letters 384 (2013) 154-164 155

125°30'W

124°50'W
Features - Ve
B StudyAreal’y
A Mountain >

®  Glacier
7 {a “3

CANADA

British

Columbia | Alberta [

51°30'N
51°30'N

i) ¥ 7 48
- R Tiedemann|Gl z
g s U AP e, S
z .’y‘ g @205 7 Mt Munday, o
©° | ‘»Corrjdorgz.‘-'\ //\2\ k \(\‘k:':*(r/ ol

S

¥ f,} PN ‘“,{'.Nx“.‘{\—"'%‘ : e [ 5 10 20
125°30'W 125°10'W 125°0'W 124°50'W

125°20'W

Fig. 1. Color shaded relief map of the study area.

Given the unusual behavior of Tiedemann Glacier during the
middle Neoglacial, we reexamined the stratigraphy and moraine
record of the glacier. Our motivation was two-fold. First, we sought
to obtain additional stratigraphic and chronological information
that might reveal additional details about the behavior of Tiede-
mann Glacier during the period 3.3-1.9 ka. Continued mass wast-
ing of the lateral moraines and thinning of the glacier by several
tens of meters since Ryder and Thomson (1986) visited the glacier
in 1977 and 1978 offered the possibility that we could examine
new stratigraphic sections. Second, we wished to verify the age of
the outermost moraines at Tiedemann Glacier because it is one of
only a few sites in western Canada where Holocene moraines lie
outside Little Ice Age moraines.

In this paper, we present new stratigraphic and chronologic
evidence for the timing of fluctuations of the Tiedemann Glacier
between 5.89 ka and 0.32 ka and offer an explanation for its
idiosyncratic behavior. We first describe the study area and the
methods used to temporally constrain the activity of the glacier.
We then describe the stratigraphy of the north lateral moraine and
present surface exposure ages that confirm the age of the Tiede-
mann Advance. Finally, we use a coupled ice dynamics and surface
debris advection model to investigate the possibility that surface
debris cover may explain the unusual behavior of the glacier.

2. Study area and methods

Tiedemann Glacier (Figs. 1 and 2) flows 23 km east from Mount
Waddington (4019 m asl) to its terminus at 360 meters above
sea level (m asl). The lower 17 km of the glacier, which lies in
the ablation zone, has a width of 1-1.5 km. The net mass bal-
ance of Tiedemann Glacier was strongly negative during the latter
half of the 20th century — the glacier thinned, on average, 25 m
and lost 1.67 £0.17 km> of ice (water equivalent) over the period
1949-2009 (Tennant et al, 2012). In 2005, debris covered about
27% of the glacier surface, primarily its lowest 8.5 km. Sequential
aerial photographs indicate that this debris cover increased in ex-
tent as the glacier thinned over the past 60 years.

The upper portion of the glacier is bordered by steep slopes
with relief up to 1000 m, whereas the lower part and its associated
Neoglacial moraines extend across an area of subdued relief (Figs. 1
and 2). The Little Ice Age moraine, termed the “inner moraine” by
Ryder and Thomson (1986), is a prominent single- or multiple-
crested ridge that reaches up to 100 m above the glacier surface
and impounds two lakes (Fig. 2). The maximum Holocene extent of
the glacier is delineated by a conspicuous blocky lateral moraine,
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Fig. 2. Oblique aerial photograph overlain with Landsat7 imagery of the southern
Coast Mountains near Mount Waddington and Tiedemann Glacier. The yellow box
indicates the area from which blocks were collected for surface exposure dating.
The relief is vertically exaggerated 1.5 times to improve clarity (distance scale is
approximate). Image generated with NASA World Wind 1.4. Labels U, M, and L, re-

spectively, denote “upper”, “middle”, and “lower” stratigraphic sections. “TGO-MW"

denotes the sampling site for surface exposure ages. (For interpretation of the ref-
erences to color in this figure, the reader is referred to the web version of this
article.)

the “outer moraine” of Ryder and Thomson (1986). The outer lat-
eral moraine on the north side of the glacier is continuous over a
distance of almost 10 km. A correlative moraine is present along
the south side of the glacier, but it is poorly preserved and is only
continuous over a distance of less than 4 km. About 3 km above
the terminus, on the north side of the glacier, the “outer moraine”
comprises three separate ridges (Fig. 2). Mature forest and a well-
developed soil on these ridges contrast with the sparse vegetation
and lack of soil development on the “inner moraine,” suggesting a
significant difference in the age of the features.

2.1. Lateral moraine stratigraphy

We documented the stratigraphy of the north lateral moraine
of Tiedemann Glacier at three sites during the summers of 2005
and 2006. Exposed sediment sections were steep, difficult to ac-
cess, and subject to rockfall. For safety reasons, our stratigraphic
work thus focused on determining the general sediment character
and broad stratigraphic relationships exposed in the north lateral
moraine.

A hand-held GPS was used to record section locations. We de-
termined relative elevations with a barometric altimeter and tied
readings to several base stations at the edge of the glacier. The
absolute elevations of the base stations were determined from a
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digital elevation model (DEM) produced from data provided by the
Province of British Columbia (British Columbia Ministry of Envi-
ronment, Land and Parks, 1992). We also checked elevations of our
sections using aerial-triangulated, stereo photogrammetric models
with a nominal ground sampling distance of 50 cm and vertical
errors of less than 2 m.

2.2. Surface exposure dating

We sampled blocks from the north lateral of the type-Tiede-
mann moraine for 1%Be surface exposure dating (Fig. 2). To limit
the possibility of complex boulder exposure histories (e.g. prior
exhumation, burial, boulder toppling), we selected relatively flat-
surfaced, unweathered blocks that were 1 m or more in height
and located on stabilized portions of the moraine crest. One to
three kilograms of rock was sampled from the top 2-4 cm of each
boulder for cosmogenic chemistry. We made shielding and surface
slope measurements in the field using a Suunto clinometer and
Brunton compass, respectively. We also photographed each boul-
der and documented its geometry.

We prepared beryllium targets at Oregon State University fol-
lowing the methods of Licciardi (2000) and Rinterknecht (2004),
with the modifications of Goehring (2006). 1°Be/?Be ratios were
measured at Purdue University in the Purdue Rare Isotope Mea-
surement (PRIME) Laboratory and referenced relative to the re-
vised ICN standard (Nishiizumi et al., 2007). After correcting for
the system blank, we converted 1°Be/?Be ratios to 1°Be atoms per
gram of quartz (Table 1), from which we calculated ages using the
CRONUS-Earth online calculator (v.2.2) (Balco et al., 2008) and the
northeastern North America production rate (Balco et al., 2009).

Given the potential for individual 1°Be ages to contain young
and old outliers, we use the median and interquartile range as
metrics of central tendency and dispersion. We also report the me-
dian age of our '°Be ages in kilo calendar years (AD 1950 = 0.0 ka)
to facilitate comparison to reported radiocarbon ages.

2.3. Radiocarbon dating

We submitted 12 subfossil wood samples for radiocarbon dat-
ing by conventional (radiometric) and accelerator mass spectrom-
etry (AMS) methods at Beta Analytic Ltd. and Keck Carbon Cycle
AMS Laboratory (University of California Irvine). We calibrated ra-
diocarbon ages using the program CALIB 5.0.2 (Stuiver et al., 2005).
All wood ages are reported as calibrated, kilo year (ka) age ranges
[£20].

2.4. Ice dynamics model

To investigate the role that debris cover may have played in
past fluctuations of Tiedemann Glacier, we coupled an ice dynam-
ics model with horizontal advection of debris introduced to the
glacier surface. Christian Schoof (University of British Columbia)
developed the vertically integrated ice dynamics model based on
the shallow ice approximation. In contrast to the treatments of
Plummer and Phillips (2003) and Kessler et al. (2006), we employ
a semi-implicit, finite difference scheme (e.g., Le Meur and Vin-
cent, 2003) and, optionally, apply “super-implicit” time-stepping
(Hindmarsh, 2001, p. 240) and flux limiters (Jarosch et al., 2012b).

The ice dynamics model solves mass conservation and verti-
cally integrated momentum equations on a rectangular grid. We
assumed the ice to be isothermal and at 0°C, and thus neglect
thermal energy. The governing equation for the change of ice thick-
ness over time is
oh

§=B—ny-q (1)

Table 1

Radiocarbon ages.

Reference

Calibrated age

(ka)“

Radiocarbon age

(14C ka)b
210 £ 50
375+ 20
2710 + 40
2820 £ 15

Elevation
(m asl)
1355
1350
1150
1150
1135
1135

Context

Location

Site

Laboratory No.?

(lat. ° N, long. °© W)
51.3434, 125.0704
51.3434, 125.0704
51.3377, 125.0385
51.3377, 125.0385
51.3377, 125.0385
51.3377, 125.0385

s study
s study
s study
s study
s study
s study

Th

0.00-0.43
0.50-0.33
2.92-2.75

Detrital root or branch
Detrital tree stem

Upper

Beta-220942

Th
Th

Upper

UCIAMS-40664
Beta-220939

In situ tree stem near top of unit 6
In situ tree stem near top of unit 6

Middle

Th

2.96-2.87

Middle

UCIAMS-40662
Beta-220940

Th

4.38-3.93
4.41-4.18

3760 + 60

In situ tree stem in wood mat (unit 4)
Detrital tree stem in wood mat (unit 4)

Middle

Th

3865 + 20

Middle

UCIAMS-40663

s study
s study
s study
s study
s study
s study

Th

5.89-5.65
2.75-2.37
2.87-2.73
3.20-3.00
4.22-3.89

4.29-4.10

5010 + 40

1125

Wood fragments in silt and sand (unit 2)

In situ tree stem

51.3274, 124.9763
51.3274, 124.9763
51.3274, 124.9763
51.3274, 124.9763
51.3274, 124.9763
51.3274, 124.9763
51.3347, 125.0708
51.3347, 125.0708
51.3278, 124.9750
51.3278, 124.9750
51.3278, 124.9750
51.3300, 125.9283
51.3300, 125.9283

Middle
Lower
Lower
Lower

Lower
Lower

Beta-220941
Beta-220938
Beta-220937

Th

2520 £+ 50

945
940
935

Thi
Thi
Th

2670 £+ 50

In situ tree stem in silt

2935+ 15

Detrital tree stem in wood mat

In situ tree stem in silt

Twig in silt

UCIAMS-40661
Beta-220936

3690 £ 50

935

Thi

3820 + 20

935
1360
1360
1015

UCIAMS-40660

S-1474
S-1473
S-1472
S-1471
S-1470

)
)
)
)
)

Ryder and Thomson (1986

0.50-0.00
1.35-1.08

300 + 60

Detrital log in uppermost till

te 1 (upper)
te 1 (upper)
te 2 (lower)

Ryder and Thomson (1986

1330 + 65

Detrital log in sand unit ca. 12.5 m below moraine crest

Ryder and Thomson (1986

0.29-0.00
2.70-2.16

65 + 100

Detrital log at contact between lower sand unit and uppermost till

Log in wood mat

Ryder and Thomson (1986

2355 + 60

990
980
890

(lower)
te 2 (lower)

Bog
Bog

Ryder and Thomson (1986
Arsenault et al. (2007)

3.88-3.36
2.75-2.37
2.43-215

3345 £ 115

Wood fragment from paleosol

S
S
S

S

2530 £+ 50

Macrofossils directly below silt bed

TO-10756
TO-10755

Arsenault et al. (2007)

2290 + 50

890

Macrofossils directly above silt bed

@ Radiocarbon laboratory: Beta = Beta Analytic Inc; S = University of Saskatchewan; UCIAMS = University of California; TO = University of Toronto.
b In situ and detrital tree stem ages determined on outer rings. Position of dated rings in logs dated by Ryder and Thomson (1986) are unknown.

¢ Calendar ages (+20) determined using CALIB 5.02 (Stuiver et al., 2005).
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where h = h(x, y,t) is ice thickness, B = B(x, y,t) represents the
net mass balance rate of ice at the glacier surface, Vyy is the two-
dimensional gradient operator, and q = qx(x, y, )i+ qy(x, y, 0)j is
the two-dimensional ice flux vector where

2A(pg)"|VyyS|"!
q= —% W29, + vgh )

In Eq. (2), A=7.5738 x 1017 Pa—3a~! is the coefficient and
n =3 is the exponent of Glen’s flow law for ice creep, p =
910 kgm~3 is the ice density, g =9.81 ms~2 is the gravity ac-
celeration, S is the ice surface elevation, and vg = ugi+ vgj is the
basal sliding velocity vector.

Distributed mass balance (B) was determined through tem-
perature downscaling and the use of an orographic precipitation
model (Jarosch et al, 2012a). We used climate fields for the
period 1979-2005 to generate an epoch-averaged B that simu-
lates climatic conditions less favorable for ice growth than those
of Neoglacial time. We estimated subglacial topography beneath
Tiedemann Glacier using an inversion method described in Clarke
et al. (2013). We ran the model at 200 m resolution, which is suit-
ably detailed to resolve the topographic complexities of the region.
The model was initialized with zero ice cover, and glaciers were
allowed to evolve under the prescribed mass balance forcing. We
ran the model for 1000 years to ensure that steady-state condi-
tions were achieved. To simplify our experiments, we did not allow
sliding at the glacier bed because we lack empirical data such as
water pressure or the presence of a deformable till layer beneath
the glacier. Both factors, including detailed measurements of sur-
face velocity, are required to choose an appropriate sliding law. We
emphasize that our modeling exercise was performed simply to
test the plausibility that the glacier could advance following the
sudden input of debris.

2.5. Debris advection model

To examine the role that landslide debris might have on glacier
behavior, we coupled our ice dynamics model to a surface de-
bris transport model. Our model conserves debris volume through
time, but it differs from the approach used by Vacco et al. (2010),
which only models the down-glacier (1-D) movement of debris.
Because our ice dynamics model does not track vertical changes
in ice speed, it only applies to surface debris transport below the
equilibrium line. Debris movement is directly coupled to surface
ice flow; debris thickness for a given model time step is

oh oh oh
a—:=—us—”—\/s—g (3)

ox ay
where hy = hgs (X, y, t) is debris thickness, and us and vs are x
and y components of the ice surface velocity vector vs = ugi +
vsj. Eq. (3) is a hyperbolic partial differential equation, known as
the advection equation, which we numerically solve using standard
Riemann methods (LeVeque, 2002).

We ran the coupled glaciation-debris transport model for dif-
ferent debris thicknesses (volumes) and elevations at which the
debris was introduced to the surface of the glacier. We used the
equilibrium state that glaciers achieved with B after 1000 years to
define our initial conditions, after which we instantaneously added
debris sheets ranging from 0.5 m to 5.0 m thick at different 100-m
elevation zones in the ablation area of the glacier. We added the
debris mass to the total mass of the ice column to calculate the
driving stress for ice flux. Each of our 110 simulations took about
two hours on a computer (single thread on a 2.4 GHz Intel Xeon
quad core CPU).

At time scales of a decade or more, the primary mechanism by
which surface debris could affect changes in glacier length is by re-
ducing surface melt. We modified the melt rate under debris using

averaged empirical values reported by Nicholson and Benn (2006).
For debris of thickness hy > 0.05 m, B was reduced according to

B(hy) = 0.0856B(0)h, %837 (4)

For a mass balance rate of —10 ma~!, for example, Eq. (4) reduces
B to —1.5, —0.5, and —0.2 ma~!, where hy equals 1.0, 2.0, and
5.0 m, respectively.

3. Results
3.1. North lateral moraine stratigraphy

Sediments are exposed nearly continuously over a distance of
12 km in the northern inner (Little Ice Age) lateral moraine of
Tiedemann Glacier. We documented the stratigraphy at three sites
(“upper,” “middle,” and “lower sites” in Figs. 2 and 3) and con-
firmed continuity and correlation of units during helicopter trans-
verses along the length of the moraine. The upper and lower sites
are near sites 1 and 2, respectively, of Ryder and Thomson (1986).
The middle site is about midway between them. Below, we de-
scribe the stratigraphy at the middle site, where all of the units
that we recognize are present and where many of our radiocarbon
ages were obtained.

The middle site is 6.8 km upvalley from the 2005 glacier ter-
minus and approximately 9.8 km down-glacier from the equilib-
rium line (Fig. 3). The section is about 100 m high, of which the
lowest 35 m is covered by colluvium down to the glacier mar-
gin at about 1125 m asl. The exposed sediments comprise several
similar diamicton units separated by generally thin units of sand,
wood mats, or paleosols (Fig. 3). All diamicton units are massive
to weakly stratified, olive-grey in color, and contain subrounded to
angular clasts up to boulder size. Many of the clasts are striated
and faceted. We identified nine units; from the base of the expo-
sure to the top, they are: (1) matrix-supported diamicton (>1 m
thick); (2) oxidized silt and sand with detrital wood fragments
(this unit is discontinuous and <1 m thick); (3) clast-supported di-
amicton (ca. 8 m thick); (4) wood mat with detrital tree stems and
branches and stumps in growth position (<1 m thick); (5) clast-
supported diamicton (11 m thick); (6) horizontally stratified, fine-
to-coarse sand with some cross-beds indicating flow in a down-
glacier direction (4 m thick); vertical and tilted stems of trees are
rooted in the upper part of the unit and extend into the overly-
ing diamicton; the unit pinches out along the moraine between
units 5 and 7; oxidized sediment occurs at the contacts between
units 6 and 7, and between units 5 and 7 where unit 6 is absent;
(7) clast-supported diamicton (13 m thick); a thin light-colored
zone separates this unit from the overlying diamicton; (8) olive-
grey, rubbly to blocky, clast-supported diamicton (12 m thick); the
uppermost sediment in the unit is oxidized and contains some logs
and branches; (9) clast-supported diamicton similar to, but not as
coarse as, unit 8 (5 m thick); the unit forms the crest of moraine,
which has an elevation of about 1225 m at this site. Contacts be-
tween adjacent units are sharp. Notably, the contact between units
7 and 8 can be traced for several kilometers up-glacier and down-
glacier from the middle section. Clasts in the diamicton forming
units 7 and 8 are notably angular.

A fragment of wood recovered from unit 2 yielded an age of
5.89-5.65 ka (Fig. 3, Table 1). Two outer-ring radiocarbon ages
were obtained on wood recovered from unit 4. A stump yielded an
age of 4.38-3.93 ka, and a detrital tree stem from this unit gave an
age of 4.41-4.18 ka.

Two outer-ring radiocarbon ages also were obtained from
unit 6. A 30-cm-diameter, 2-m-high vertical stem rooted near the
top of unit 6 returned an age of 2.96-2.87 ka, and a rooted stem
inclined down-glacier yielded an age of 2.92-2.75 ka (Table 1). We
obtained five radiocarbon ages from the same unit at the lower



8G1

POI-FST (S10Z) PSE $101397 39Ua1DS AIDIAUD] PUD Y1UDF /[ 12 SOUNOUIJ °q

Upper site Middle site Lower site
1400 1200
1600
2
©
§ Moraine Crest
5 Moraine Crest Moraine Crest Moraine Crest
+—
g Glacier
fm s N Glacer | | N\ Glacier
~ | k.| 800 N ——
1200 Do oo s 1100 0 1000
0 ; 1000 i
0 Distance (m) 500 Distance (m) Distance (m)
Upper site Middle site Lower site
1230 — 960 —
— ;. -
n >, A
© 1220 —| ©) m 950 —
E - > A —
- [2.75-2.37 ka]
c 1210 — [>|>AA < 940 —
o - [2.87-2.73 ka]
2 1200 l ® l>l>AA<]<1 030 [3.20-3.00 ka]
5 ) <A ___ [2.92-2.75 ka] i [4.29-4.10 ka]
= == [2.96-2.87 kal [4.22-3.89 ka]
w 1190 — —— 920
> A
320 19 DA A<] ]
1320 > [4.41-4.18 ka]
. 1180 — ;=-=: 910 —
obscureN glacier @ > A [4.38-3.93 ka]
] 1 @ ‘>AA<I [5.89-5.65 kal |
1200 — 1170 — ®® | —12-89 900 —
] A
sand, silt +—==—= wood mat, organic silt 1160 — obscuN glacier
mmmsr?  paleosol
00000 A obscured 810 1 lLVT‘
ooooo| dravel [0.5-0.33] [kilo calendar yr] (Table 1) . _
glacier
A DV o @ local unit number 1125 +
diamicton i

Fig. 3. Top: Cross-valley profiles through the north lateral moraine of Tiedemann Glacier at the upper, middle, and lower sites. The lateral moraine of the Tiedemann Advance lies above the Little Ice Age moraine at the lower site,
at about the same elevation as the LIA moraine at the middle site, and beneath the LIA moraine at the upper site. Bottom: Measured stratigraphic sections at the upper, middle, and lower sites. Elevations of the glacier surface
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relative resistance to erosion of the units. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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site. There the unit contains vertical stems and roots of in situ
trees at four stratigraphic levels. The stems and roots are asso-
ciated with thin layers of organic-rich silt and peat. Outer rings
of a 0.3-m-diameter vertical tree stem associated with a 1-2-cm-
thick organic silt layer at the base of the unit returned an age of
4.22-3.89 ka. A twig with delicate branches recovered from the
organic silt bed in which this dated tree stem is rooted yielded
an age of 4.29-4.10 ka. A peaty wood mat 3 m higher contains
tree roots and detrital logs; the outer rings of one of the logs re-
turned an age of 3.20-3.00 ka. Another 3 m higher is another
rooting surface with in situ stems of trees up to 70 cm in di-
ameter. A dated stem with about 70 rings and adventitious roots
about 10 cm above the lowest rooting horizon yielded an age of
2.87-2.73 ka. Finally, a 3-m-high vertical stem rooted near the top
of the unit and extending up into the overlying diamicton returned
an age of 2.75-2.37 ka.

The uppermost diamicton (unit 9) can be traced up-glacier to
the upper study site. There it overlies sand that contains detrital
wood from which we obtained two radiocarbon ages. The outer
rings of a 3-m-long detrital tree stem, about 10 cm in diameter,
yielded a calibrated age of 0.33-0.50 ka, and a detrital root or
branch gave an age of 0.43-0 ka.

3.2. Stratigraphic interpretation

We interpret diamicton units at our three study sites to be
till deposited by Tiedemann Glacier at its north lateral margin.
The striated clasts in the diamictons and the poor sorting and
weak to non-existent stratification argue for a glacial origin. Fur-
thermore, the uppermost diamicton is associated with the LIA
moraine, which is obviously glacial. The only possible alternative
origin, avalanching from the north wall of the valley, can be ruled
out at the middle and lower sites based on the following argu-
ments. Because of similarities in age, the Tiedemann-age diamicton
at the lower site is associated with the lateral moraine that lies
90 m above the LIA lateral moraine on the adjacent valley wall
(Fig. 3). This relation precludes an avalanche origin for both the
Tiedemann and LIA diamictons at the lower site. The Tiedemann
moraine at the middle site lies at about the same elevation as the
LIA moraine. The Tiedemann-age diamicton at this site is too high
and too distant from the north valley wall to have been emplaced
by avalanches. This argument also requires that the overlying di-
amictons, which we interpret to date to the LIA, are glacial in
origin.

An avalanche origin for the lowest (pre-Tiedemann) diamicton
units at the middle study site cannot be ruled out based on the
arguments above. Given their similarities to the Tiedemann and
LIA diamictons, however, we conclude that a glacial origin is more
likely than an avalanche origin.

The conspicuous sand units at the middle and lower sites are
ice-marginal outwash. These units correlate, although deposition of
sand at the lower site was separated by intervals of stability and
forest growth spanning at least several decades and possibly up
to a few centuries. Till was being deposited at the middle site by
approximately 4 ka, when the first sand was accumulating at the
lower site. The sand unit at the middle site was deposited at the
margin of Tiedemann Glacier during the Tiedemann Advance. Sand
deposition at that site ended when Tiedemann Glacier thickened
and overrode unit 6.

The presence of four rooting horizons within the Tiedemann-
age sand unit at the lower site argues for decadal- or centennial-
scale fluctuations of Tiedemann Glacier. Each of the four layers
records a period of stability lasting at least several decades, sep-
arated by periods of deposition of sandy outwash at the margin
of the glacier. Each period of outwash deposition indicates some
thickening of Tiedemann Glacier at the lower site.

3.3. Surface exposure ages

Based on different scaling models, the median cosmogenic 1°Be
ages range from 2.69 + 0.54 to 2.72 + 0.52 ka (Table 2). The
range in ages arises from differences in the scaling function ap-
plied in each of the methods and how that scaling relates to the
site-specific production rates through time (Balco et al., 2008). Our
dataset contains one outlier (TGO-MW-07), which has an age that
is nearly 25 times older than the mean age of the other blocks. The
sample is therefore assumed to have inherited 1°Be atoms from a
prior exposure history. If we exclude this sample, the median age
is reduced by less than 1% and the interquartile range is reduced
by a factor of about 3.5. The refined 20 '°Be age range for the
outermost Tiedemann moraine is 2.93-2.39 ka.

If the blocks at our field site experienced significant snow cover,
an added correction is needed to account for the additional shield-
ing of the blocks from cosmogenic exposure. Assuming a simple
snow burial history where the blocks were covered by 100 cm of
snow with a density of 0.3 gcm~3 for four months of the year,
an average correction of 140 years would be needed. The true
snow history cannot be determined, but this additional correction
is likely a maximum value and within our age uncertainty. There-
fore, it is not applied to our block ages and simply noted here.
In addition, we did not correct for surface erosion because of the
short exposure history of the blocks.

3.4. Debris modeling results

When driven with 1979-2005 surface mass balance fields (B),
Tiedemann Glacier achieves a steady-state extent during the Tiede-
mann Advance that is only slightly smaller than it achieved during
the Little Ice Age (upper left panel of Fig. 4). A debris cover, how-
ever, changes the response of the glacier. As an example, we show
the glacier response to the sudden input of a sheet of debris with
a volume of 10 x 10 m> and a thickness of 4 m near the top the
ablation zone of the glacier (Fig. 4). The debris moves more than
10 km down-glacier within decades. The glacier does not begin to
advance, however, for another 30 years and achieves its maximum
downvalley extent after about 200 years. Thereafter, the extended
terminus thins and decays (Fig. 4).

Changes in ice thickness from equilibrium conditions through
time clearly show the build-up and decay of ice that preferen-
tially occurs at lower elevations (Fig. 5). Thickness changes greater
than 50 m occur for much of the ablation zone below 1200 m asl
(Fig. 5). Thickness-change curves for different elevation bands re-
veal that the ice that builds up beneath the debris cover moves
down-glacier as a kinematic wave, similar to what has been ob-
served for glaciers mostly free of surface debris (Meier, 1962).

We determined from our 110 simulations that the largest
changes in glacier length from steady-state conditions occurred
when a large amount of debris was introduced directly below the
equilibrium line of Tiedemann Glacier. The changes are large, how-
ever, even with moderate volumes of debris when it is evenly
distributed across the uppermost zone of the ablation area (Fig. 6).

4. Discussion
4.1. Holocene activity of Tiedemann Glacier

The history of Tiedemann Glacier is more complex than orig-
inally reported by Ryder and Thomson (1986). Our data suggest
that the glacier advanced many times during the past 6000 years
and that even during the Tiedemann Advance (2.75-2.18 ka),
it fluctuated markedly on decadal and centennial timescales. If
the detrital wood sample below the lowest unit of till at the
middle site along the north lateral moraine is associated with
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Table 2
Surface exposure ages.
Sample No. Latitude Longitude Elevation Density Thickness Shielding Weight 10Be 10Be error
(° N) W) (m asl) (gecm™3) (cm) correction (g quartz) (10° at g7 1) (10% at g 1)
TGO-MW-01 51.337 124.931 790 2.65 2 0.99 36.018 22.23 1.98
TGO-MW-02 51.337 124.931 790 2.65 2 0.99 41.294 26.46 2.12
TGO-MW-03 51.337 124.931 790 2.65 2 0.99 28.338 19.65 2.13
TGO-MW-07 51.337 124.931 790 2.65 2 0.99 20.478 541.50 267.11
TGO-MW-08 51.337 124.932 780 2.65 2 0.97 37.279 21.32 6.40
TGO-MW-09 51.337 124.932 780 2.65 2 0.97 37.902 20.60 2.43
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Fig. 5. Ice thickness changes through time.

glacier expansion, Tiedemann Glacier commenced an advance soon
after 5.89-5.65 ka. This age is similar to the age of detrital
wood (5.75-5.49 ka) found within till at Confederation Glacier
(Coulthard et al., 2013), which flows from the southwest flank of
Mount Waddington (Fig. 1). Both of these ages overlap the range
(7.50-5.00 ka) for widespread early Neoglacial glacier expansion
elsewhere in the Coast Mountains (Menounos et al., 2009) and are
consistent with Northern Hemisphere cooling beginning around
6.5 ka (Marcott et al.,, 2013).

The glacier advanced again after 4.38-3.89 ka, based on the 2o
age range of two radiocarbon ages on stumps in growth position
below till (Table 1). These ages are supplemented by several ages
on detrital wood obtained in this study and by Ryder and Thom-
son (1986) (Table 1). Based on the ages of four stumps in growth
position below till (Table 1), Tiedemann Glacier advanced again
after 2.96-2.37 ka. This large age range arises from a prominent
plateau in the radiocarbon calibration curve at this time. All five
scaling methods used for the 1°Be samples yielded ages for the
outer moraine that are similar to the radiocarbon ages on stumps
in growth position directly below till associated with the construc-
tion of the north lateral moraine (Tables 1 and 3). Collectively, our
data demonstrate that Tiedemann Glacier achieved its maximum
Holocene limit at about 2.7 ka.

Additional maximum limiting ages for late Neoglacial expansion
of Tiedemann Glacier are 1.35-1.08 and 0.5-0.0 ka (Table 1). The
0.5-0.0 ka age range is a maximum limiting age for the uppermost
exposed till in the moraine.

4.2. Regional signature of the Tiedemann Advance

Since Porter and Denton’s (1967) report that alpine glaciers
advanced at about 2.7 ka, additional studies have since con-
firmed the widespread nature of this advance in western North
America. Ryder and Thomson’s (1986) defined this event as the

black contours define the associated debris volumes (106 m?) of the 110 experi-
ments for a given debris thickness. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)

Tiedemann Advance, and the event has been subsequently rec-
ognized at other places in the British Columbia Coast Moun-
tains (Desloges and Ryder, 1990; Clague and Mathews, 1992;
Reyes and Clague, 2004; Jackson et al., 2008; Koch et al., 2007;
Osborn et al., 2007; Koehler and Smith, 2011; Coulthard et al,,
2013; Osborn et al., 2013); at Mount Baker (Osborn et al., 2012);
the Saint Elias Mountains in Yukon Territory (Denton and Kar-
1én, 1973, 1977); the Rocky Mountains and interior ranges of
British Columbia (Osborn, 1986; Osborn and Karlstrom, 1989;
Luckman et al., 1993; Luckman, 1995, 2006; Osborn et al., 2001;
Wood and Smith, 2004); and Alaska (Calkin, 1988; Calkin et al.,
2001; Badding et al., 2012).

What sets the Tiedemann site apart from most of the North
American sites mentioned above, however, is the extent of the ad-
vance. Tiedemann Glacier at 2.7 ka advanced 1.8 km beyond its
Little Ice Age limit. To our knowledge, the only two cases where
glaciers can be shown through numerical dating or tephrochronol-
ogy to have achieved Holocene positions more extensive than
those of the Little Ice Age are in the Brooks Range in Alaska
(Badding et al., 2012) and the Three Sister’s volcanoes in Oregon
(Marcott et al., 2009). In both cases, however, Neoglacial advances
deposited moraines that were only 100 m beyond those ascribed
to the Little Ice Age.

4.3. Surface debris and the magnitude of the Tiedemann Advance

The behavior of a glacier is controlled by both climate and
the rate of debris added to its surface. Today, Tiedemann Glacier
is heavily debris-covered, and dramatic thinning over the past
60 years has allowed debris delivered both by mass wasting of the
lateral moraines and that emerging from the ice to be concentrated
on its surface. This debris cover slowed the observed thinning rates
for the glacier during the past 60 years (Tennant et al., 2012), but
the strongly negative mass balance over this period of time com-
pensated for the insulating effect of the debris cover.
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External uncertainty

(yr)
279
308
291
33,945
829
336
iqr
0.50

Exposure age

Time-dependent (Lal, 1991/Stone, 2000)
(yr)

2758

3286

2443

67,339

2723

2630

median

2.69

External uncertainty

(yr)
272
303
281
32,261
807
326
iqr
0.52

Lifton et al. (2005)

Exposure age

(yr)

2685
3231
2363
64,047
2649
2552
median
271

External uncertainty

(yr)
284
316
291
33,443
839
339
iqr
0.54

Dunai (2001)
Exposure age
(yr)

2794

3364

2448

66,355

2755

2652

median

2.72

External uncertainty

(yr)
280
310
289
33,440
829
336
iqr?
0.52

Desilets et al. (2006)
Exposure age

(yr)

Median age

66,349
(ka)!

2759
3305
2430
2722
2624
2.69

Sample no.
TGO-MW-07
TGO-MW-08

10Be dates and external uncertainties using the various scaling methods provided by the CRONUS-Earth online calculator version 2.2 and the northeastern North American production rate (Balco et al., 2008, 2009).
T Median age reported as kilo calendar age (AD1950 = 0.0 ka) to facilitate comparison with reported '4C ages.

2 Inter-quartile range.

TGO-MW-01
TGO-MW-02
TGO-MW-03
TGO-MW-09

Table 3

Empirical and modeling studies suggest that a sudden intro-
duction of debris to a glacier surface can cause the glacier to
advance (Gardner and Hewitt, 1990; Shulmeister et al., 2009;
Vacco et al., 2010; Shugar et al, 2012). A landslide is one way
of delivering large quantities of debris to a glacier surface. In such
a situation, the glacier may advance due to some combination of
elevated shear stress imparted by the weight of the debris and de-
creased surface melt below the thick cover of debris.

Our debris advection model suggests that the sudden introduc-
tion of debris to the surface of Tiedemann Glacier could cause the
glacier to advance. Our results suggest that after the initial intro-
duction of the debris, the glacier would begin to advance after
several decades and that it would achieve its maximum extent one
to two centuries later. Both the simulated extent of the glacier and
the thickness change agree with the geologic evidence preserved
in the moraine record when our simulations involve a moderate to
large debris volume (10 x 108 m?) initially distributed near the top
of the ablation zone.

We hypothesize that one or more rock avalanches delivered
large amounts of debris to the ablation zone of Tiedemann Glacier
shortly before 2.7 ka. Our hypothesis is consistent with simulations
using our coupled, debris advection-glaciation model, which shows
that even moderate-size rock avalanches could lead to a thicken-
ing and advance of the glacier comparable to that achieved during
the advance at 2.7 ka.

Moderate to large rock avalanches are common in the glacier-
ized mountains of western North America (McSaveney, 1978;
Geertsema et al., 2006; Jibson et al., 2006; Shugar and Clague,
2011). In 1997, for example, a ca. 3 x 108 m? rock avalanche from
Mount Munday, a peak adjacent to Tiedemann Glacier, traveled
4.5 km down Corridor Glacier and covered it with debris (Evans
and Clague, 1998).

A moderate or large earthquake is one possible trigger for one
or more large rock avalanches onto Tiedemann Glacier. The mo-
ment magnitude (My,) 7.9 Denali earthquake in 2002, for example,
triggered thousands of rockslides and rock avalanches in the Alaska
Range, many of which ran across glaciers (Jibson et al., 2006). Great
earthquakes (My > 8) occur at the Cascadia subduction zone, the
convergent plate boundary that includes the coastal area of south-
west British Columbia (Clague, 1997; Atwater et al., 2004). These
earthquakes have an average recurrence of about 500 years; one
of them occurred at 3.14-2.94 ka (Atwater et al., 2004). If this
great earthquake triggered one or more rock avalanches that ran
out onto Tiedemann Glacier, our modeling results indicate that the
glacier would continue to advance for another 200 years.

Another explanation to account for the unusual behavior of
Tiedemann Glacier at 2.7 ka is that it surged. There is no evi-
dence, however, that Tiedemann Glacier, or for that matter any
other glacier in the southern Coast Mountains, has surged during
historic time.

Our model provides insight into the long-term response of
Tiedemann Glacier following the sudden introduction of surface
debris, but our results are constrained by simplifying assumptions
that were required for our experiment. As described in the meth-
ods section, we do not take basal sliding into account because we
lack field data required to calibrate a realistic sliding law for the
glacier. The inclusion of sliding would probably decrease the re-
sponse time of the glacier to an input of debris, but by exactly
how much is uncertain. Another limitation is the way in which
surface debris is delivered to the glacier. Our approach simplifies
the introduction of the debris to the glacier and distributes this
debris as a uniform debris layer. In reality, debris thickness across
a glacier surface is rarely uniform. In order to simplify our ex-
periment, we also considered the case where surface debris was
instantaneously added to Tiedemann Glacier once it had reached
equilibrium conditions with our prescribed mass balance forcing.
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As many glaciers throughout western North America were expand-
ing at about 2.7 Kka, it is conceivable that Tiedemann Glacier was
likewise advancing during this time. The sudden introduction of
surface debris would thus amplify the glacier’s response to an in-
crease in surface mass balance. Finally, we estimated melt beneath
surface debris on Tiedemann Glacier (Eq. (4)), which is based on
empirical measurements made for other glaciers (Nicholson and
Benn, 2006). Since we lack any empirical date with which to ver-
ify Eq. (4), its applicability to Tiedemann Glacier is uncertain. We
stress again, however, that our modeling study was performed sim-
ply to test the hypothesis that one or more rock avalanches could
cause an advance of the magnitude of the Tiedemann Advance at
its type locality.

Our study is not the first to examine changes in glaciers fol-
lowing the sudden input of surface debris. Vacco et al. (2010)
examined whether rock avalanches onto Frank Josef Glacier, New
Zealand, could explain the Waiho Loop, a Younger Dryas-age end
moraine that fronts the glacier. Their glacier flowline model pro-
duced hummocky terrain inside the Waiho Loop that formed when
the debris-covered ice became decoupled from the active ice front
and downwasted. Because no such hummocky terrain exists be-
tween the Waiho Loop and the present margin of the glacier, the
authors concluded that a rock-avalanche origin for the moraine
is unlikely. In the case of our study, however, we cannot use to-
pographic features to guide our interpretation because the later
advances of the Little Ice Age destroyed or covered any such land-
forms.

5. Conclusions

The history of Tiedemann Glacier is more complex than orig-
inally reported. Our data indicate that the glacier repeatedly ad-
vanced during the past six thousand years and that even during
the Tiedemann Advance, it fluctuated markedly on decade or cen-
tury timescales. Unlike the vast majority of glaciers throughout
western North America, Tiedemann Glacier reached its maximum
Holocene limit at about 2.7 ka. Our modeling results support the
hypothesis that one or more rock avalanches caused the glacier to
significantly thicken and advance.
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