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ABSTRACT. The stability of a tidewater terminus is controlled by glacial
dynamics, calving processes and sedimentary processes at the grounding line. An
investigation ol grounding-line sediment dynamics and morainal-bank sediment
budgets in Glacier Bay, Alaska, U.S.A., has yvielded data that enable us to determine
the debris fluxes of Grand Pacific, Margerie and Muir Glaciers. Debris flux ranges
from 10° to 10" m*a ', one 1o two orders of magnitude lower than the glacifluvial
: Gl T e By . s : i . &
sediment fluxes (107 10"m”a " ). Combined. these uxes represent the highest vields
known for glacierized basins. Large debris (luxes reflect the combined effects of rapic
glacier flow, driven by the maritime climate ol southeast Alaska, and highly erodible
bedrock. Englacial-debris distribution is affected by valley width and relief, both of
which conwrol the availability of sediment. The number of wibutaries controls the
distribution and volume of debris in enelacial and supraglacial moraines. At the
terminus, iceberg-rafiing removes up w two orders of magnitude more sediment [rom
the ice-proximal environment than is deposited by meli-out or is dumped during
calving events. Rough estimates of the sediment flux by deforming beds suggests that
soft-bed deformation may deliver up to an order of magnitude more sediment to the

Flux of debris transported by ice at three Alaskan
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terminus than is released from within the glacier ice.

INTRODUCTION

Although glaciers have long heen recognized as signif-
icant agents of erosion and deposition (e.g. Playlair, 1802;
Agassiz, 1840; Ramsay, 1862; Gilbert, 1905), little is
known about the rates at which debris is transported and
released at their termini. Modern and ancient moraine
complexes, widespread till sheets, glacial outwash plains
and massive oflshore deposits attest 1o the effective
Modern

mechanisms of glacial sediment  transport.

process stucdies demonstrate that the accumulation of

ice-proximal landforms varies according to the balance
between the glacier sediment yield and the processes that
near the
Hunter.

control sediment deposition and redistribution
terminus [¢.9. 1979: Powell, 1981:
1994). Tt is that this sediment
influences ice-clill stability in the marine environment
(Mayo, 1988; Alley, 1991h:; Powell, 1991; Hunter and
Powell. in press b) by moderating grounding-line water
depth (Brown and others, 1982; Pelto and Warren, 1991 ).
Therefore, an understanding of sediment transport and

Lawson.

now clear balance

depositional processes not only helps us understand the
formation of sedimentary [acies, but should also be
considered  when studying the dynamics of tidewater

glaciers,
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Variables allecting elacial debris flux include source-
rock type. reliel) weathering state and tectonic setting.
Climate influences precipitation and temperature, which
in turn influences the ice flux, thermal conditions and
debris entrainment processes. Our study was located in
the tectonically active region of Glacier Bav, Alaska,
LILS.A.

valley walls are the result of regional metamorphism,

Fig. 1), where [rable bedrock and unstable

local metasomatism, deformation and fracturing (Powell,
1984h).
over 4660 ma.sl.. where orographic precipitation and

Mountains in Glacier Bay reach elevations of

winds develop thick, often drified. snow covers that
nourish numerous glaciers ‘Hunter, 1994, Local bedrock
conditions combine with rapidly flowing glaciers to
produce high sediment vields, Hallet and others (in
press)  demonstrated  recemtly that sediment yields in
Glacier Bay correspond 1o effective denudation rates
ranging from about 30 w0 60mma . Such rates are the
highest yet reported in the literature for glacierized and
non-glacierized basins  (Milliman and  Syvitski, 1992:
Hallet and others, in press). Glacier Bay erosion rates
arc about an order of magnitude greater than those
reported [rom southern Teeland (3.8 mma ' Lawler and
1992 (1.4-2.]
Gardner and Jones, Asia (3-3mma

others, Punjab Himalava

1984). Central

minm a
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Fio. 1. Map of Glacier Bay National Park and Preserve, showing the location of ( 1) Muir Glacier and (2) Grand Pacific
[=) 4 pl? b . .

and Margerie Glacters.

Chernova, 1981) and the Ivory Basin, New Zealand
3.6mma ' Hicks and others, 1990), and two orders ol
magnitude greater than Scandinavian glaciers (~0.1-
0.5mma ': Bogen, 1989).

Sediment released at the terminus is ransported in the
glacier by turbulent englacial and subglacial streams (e.g.
Gustavson and Boothrovd, 1987; Lawson, 1993) and as
debris in the ice. Debris transported in the basal and
englacial zones is released through ablation at the
terminus or grounding line, while supraglacial debris is
mainly dumped during calving events (Powell, 1981).
Some basal and englacial debris may be deposited away
from the grounding line following transport by icebergs
downfjord (e.g. Ovenshine, 1970; Dowdeswell and
Dowdeswell, 1989: Dowdeswell and Murray, 1990:
Gottler and Powell, 1990). Additional sediment trans-
port may occur subglacially in a deforming layer (e.g.
Boulton, 1987: Boulton and Hindmarsh, 1987; Alley,
1991a: Humphrey and others, 1993): but monitoring of
this layver and measurement of its flux are diflicult due to
its inaccessibility,

A tidewater terminus is ideal for debris-flux analysis
since an ice cliflf represents a vertical cross-section through
the elacier. leebergs calving [rom above and below sea

level (Fig. 2) eventually drift away from the ice clifl where ' -

they can be sampled. lce from each stratigraphic horizon Fig. 2. Glacier calving process in Glacier Bay: (a)
is collected to develop a composite stratigraphic section subaerial calving at Johns Hopkins Glacier, in which ice
through the glacier. Sclective sampling allows us to shallers upon impact with the water surface, and (b)
concentrate on defining the spatial distribution ol debris submarine calving at MeBride Glacter, Submarine icebergs
so that the debris flux can be calculated. Our analysis tend 1o remain mare-or-less intact on reaching the waler
differs from previous debris studies that have focused on surface ( photo_from McBride Glacier by K. Seramur ).
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demonstrating processes of debris entrainment and ice-
facies formation (e.g. Lawson, 1979: Knight, 1989;
Hubbard. 1991; Gottler, 1992; Ronnert and Mickelson,
1992; Goodwin, 1993: Sharp and others, 1991: Souchez
and others, 1994 ).

In this paper we deseribe the debris distribution in
three tidewater glaciers (Grand Pacific, Margerie and
Muir) in Glacier Bay, Alaska (Iig. 3
sediment yields, emphasiz

. and evaluate their

1g the distribution of debris in
and on the glaciers. Debris-llux estimates are useful for
interpreting glacimarine records of the Gull of Alaska
e, Platker and Addicott, 1976; Evles and others, 1991
and perhaps [or evaluating the minimum volume of ice
required 1o distribute the large quantities of icehero-
rafted debris associated with Heinrich events in the North
Adantic e.g. Dowdeswell and others, 1995,

TERMINOLOGY

Terms used in this paper have been chosen or the
purpose of modeling sedimentary processes along  the
marine grounding line of a tidewater terminus, \ Gdewcalen
terminus is a grounded vertical ice cliff of a olacier exposed
to tidal activity (Powell, 19881, We use grounding line 10
describe the boundary at the base of the ice clill where it is

i contact with the sea floor. Since sedimentary processes

Hunter and athers: Debris flux at Alaskan tidewater slaciers

at the grounding line form a complex depositional svsteim
that extends away from the grounding line (¢f. Powell.
981, 1981h), it is appropriate to describe the deposi-
tional environment as the grouwnding-line spstem | Powell,
1988). Sediment piles that accumulate in a bank
geometry as part ol grounding-line svstems are called
movainal banks (Powell, 1981, 1984a .

The glacilluvial and glacial components ol the
sediment budget arve differentiated by reserving the term
sediment for lithic material transported by fuvial or
marine processes, the later including debris onee it has
been released by melt-out or calving, Lithic material in
transport in and on top ol a glacier are relerved o as debriy
Lawson, 1979), Therefore we describe elacial sediment
Nuxes as glacifluvial sedinent flux (sediment Qux) and alacial
debris flun
represent the total glacier sediment vield of the basin,

which we term total glacial sediment [T,

debris [Tux). Combined. the two [luxes

SAMPLING PROCEDURES

Debris concentrations were calculated  for 282 iceberg
Fig. 4). The

percentage ol cach facies exposed at cach terminus was

samples and 139 olacier-ice samples

estimated in the field using a comparison chart for

pereentage composition (AGILL19682) and subsequently by

4

i
[

Iy

Fig. 3. UL high-altitede aevial photographs of (a) Muir Glacier aud (b ) Grand Pac tfic. Fervis and Margerie Glaciers,
taken i August 1979. "The number of moraines reflects tributary confluence where debris reaches englacial-transport
pathicays in medial moraines that project into the glacier (cowrtesy of the U8, Geological Survey Iee and Climate Project.

Lacoma, Washinglon ).
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Fig. 4. Sites of iceberg and glacier-ice samples from (a) Grand Pacific and Margerie Glaciers, and (b) Muir Glacier. B,

iceberg sample: S.

point-count analyses of photographs.
basal stratigraphic sequences was determined from large
icebergs that originate at the grounding line and from
measurements at terrestrial exposures along these mar-
gins. Calving events originating below the walter-line
ig. 2b) produce large icebergs that do not fragment like
those that tupplc or free-fall from subaerial parts of the ice
cliff These large icebergs olten contain thick
basal ice sequences that can be measured and sampled.

(Fig. 2a)
Englacial and basal ice samples were collected at
exposures along the terminus and supraglacially along
(Fig. 4).

ice was removed using an ice axe to expose fresh ice prior

transects near the terminus Weathered surlace
to the collection of each sample. All iceberg and glacier-
ice samples were then described, crushed and melted
before their (for details,
Hunter, 1994). Samples were then allowed 1o settle before
the meltwater was decanted and the sediments shipped to

\'(}lll[l](’.‘i were ll]t_‘ilHLlI‘P(I see

the laboratory for drying and weighing.

Debris concentration (€5 in volume fraction) of each

ice sample was caleulated by:

C=Va/(Vi+ V)

where the ice volume (Vj) is

Vi = (V; — V4)1.089 (2)
using 1.089 1o adjust for the reduction in volume when ice
melts, Vi is the total sample volume, and V; is the debris
volume defined by

Va = m/p (3)

https://doi.org/1 03{89/50022143000030586 Published online by Cambridge University Press

The thickness of

alacier ice sample al terminus: T, glacier-ice sample collected along lransects up-glacier from lerminus.

where m is the mass and py is the density of the glacial
debris as measured in the laboratory (2560 + 109 ke m ¥
at Grand Pacific Glacier, 2870 + 511 kgm * at Margerie
Glacier and 2800 + 264 kg m * at Muir Glacier)

Ice-facies analyses

Debris-flux caleulations depend on the identification of
the characteristic ice facies that compose the glacier,
measurements of debris concentrations, and appraisal of
the percentage of cach ice facies in the glacier. We use an
(1979) that
includes additional ice facies exposed in tidewater ice cliffs
associated with

ice-facies classification modified from Lawson

medial moraines (Fig. 5). Lawson’s

original classification distinguishes ice facies by styles of
debris suspension, concentration and zones of transport

(englacial or basal). His classification consists of two
englacial facies, the diffuse and banded, and two basal

facies, the dispersed and stratified. The diffuse ice facies
forms the greatest volume of the glacier and consists of
white to light-blue, bubble-rich ice with an extremely low
debris content (<1%). Debris is suspended in the ice as
isolated mud aggregates or silt and sand particles. Thin
horizons with greater debris concentrations are called the
banded ice facies
We add a diffuse-stratified facies to describe
pervasively foliated ice observed near the lateral margins

and form a minor constituent ol the

glacier.

of tidewater termini or in association with narrow bands
of englacial ice confined by medial moraines.

For the debris-lux analyses, we assume that ice [acies
in the basal and morainal zones share similar processes of
formation in the subglacial environment. Thereflore, our
distinction is based on glacier stratigraphy, where ice in
the morainal zone reaches an englacial-transport path-
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Lig. 5. General ice-factes distribution at a tidewater lerminus

way by wributary confluence and the formation of medial
moraines. The dispersed facies is generally transitional
between englacial diffuse ice and the debris-rich horizons
of the basal and morainal [acies, and consists of blue ice
that is generally bubble-free 1o bubble-poor, with debris
concentrations slightly higher (mean about + 5% than
Lawson and Kulla, 1978: Lawson, 1979).
The stratified ive facies is debris-rich and forms the lower-

englacial ice

most horizons in the basal zone and the core of moraines,
This Tacies is divided into three subfacies based on the
distribution of sediment in the ice. The suspended subfacies
consists ol relatively clear, bubble-free ice within which
are suspended sand. silt, pebble-size particles and
aggregates. The discontinuous subfacies consists of thin.
discontinuous debris-rich lenses and laminae separated by
thin clear-ice laminae. The solid subfacies consists of frozen
debris held together by interstitial ice, and may occas-
ionally exhibit primary sedimentary structures.

Englacial ice [acies

The diffuse facies is dominated by white, bubbly ice that
comprises 65 83% ol the ice in the termini of Grand
Pacific, Margerie and Muir Glaciers (Fig. 6a; Table 1
Debris occurs as isolated sand and silt particles, silty mud-
filled

concentrations in the diffuse facies ranging from trace

bubbles and rare cobbles and boulders with

values to 0.9% (Hunter. 1994). The highesi average
debris concentration ol difluse facies occurs at Muir
Glacier (0.6% by volume), whereas average concentra-

tions at Margerie and Grand Pacific Glaciers are about
0.2% and 0.1% by volume, respectively (Table | ).
DilTuse-stratilied facies occurs in zones of pervasively
foliated englacial ice (Fig. 6b). Bulk sampling vielded
ol 0.4-14. The

difluse-stratilied facies is most abundant at Grand Pacific

debris  concentrations Yoo by volume.

Glacier where it comprises up o 7.1% of the terminus
and has an average debris concentration of 2.7% by
volume (Table 1). At Margerie and Muir Glaciers, this
lacies is a minor component (<2%) of the ice ¢liff and

contains up to 1.4% debris by volume.

https://doi.org/10.3189/50022143000030586 Published online by Cambridge University Press

(madified after Gotller and Powell (1990) ).

Banded facies constitutes a small percentage (<1%:
Table 1) of ice cliffs and is characterized by thin debris-

rich horizons. This facies is poorly developed at Margerie

and Muir Glaciers where thin (up to a few millimeters)
horizons  have debris concentrations of 0.2 0.4% by

volume, At Grand Pacific Glacier, similar horizons are
up to 3 cm thick with concentrations ranging from 1.7%
W 27.1% by volume. Debris horizons are commonly
stratified, consisting ol debris-rich bands separated by
clear-ice lavers. Debris in these bands is in the form of
suspended sand-particle and mud clots (Heiny, 1983, At
higher concentrations. the debris occurs in lenses and
more continuous strata with only interstitial ice.

Basal-zone and movainal ice facies

Morainal and basal-ice stratigraphic sequences are
composed ol dispersed and stratified facies. Morainal
sequences contain ice facies similar to those in the basal
zone, but the facies are often repeated on both sides of a
central debris-rich horizon, and the dispersed facies may
be absent in morainal sequences. Morainal sequences
appear to represent condensed basal sequences (Lawson.
1979

sequences, as at Grand Pacific Glacier where the sequence

that range [rom a few meters 1o much thicker

marking the boundary of the Ferris (ributary is 30 m wide
and includes a I m thick debris-rich horizon of Lawson’s
1979
The dispersed facies is characterized by low average

solid sublacies.

debris concentrations ranging from about 0.1% o 1.4%
Table 1)

englacial diffuse and basal dispersed ice

by volume A sharp contact between the

Fig. 6c¢) is
generally discordant with glacial sedimentary layering
and ice-banding. Debris is dispersed in the form of
isolated  particles and aggregates that occur predomi-
nantly at grain boundaries.

Basal and morainal stradified lacies constitute 4.3
10.4% of the ice observed (Table 1), The discontinuous
subfacies is characterized by alternating thinly Taminated
debris-rich and clear ice (Fig. 6d). Debris horizons range
from a few sand grains to several centimeters thick, and

127
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Fig. 6. Ice facies observed at lidewater lermini in Glacier Bay: (a) bubbly englacial diffuse. (b) englacial diffuse-

stratified. (¢) basal dispersed, (d) basal discontinuous subfactes, (¢) basal solid subfacies. and (f) alternating layers of

debris-rich discontinuous subfacies and debris-poor suspended subfacies.

form lenses of various lengths in cach debris-rich horizon,

Clear-ice laminae are bubble-free, with minor amounts of

suspended silt and sand particles.
Solid subfacies are generally devoid of clear-ice
laminac and arc composed of debris horizons greater
than 1 em thick, Interstitial ice-crystal growth is confined
in the fine pore structure of silty muds that exhibita frosty
we-cement) luster on freshly broken surfaces. Boulton
1970) and Lawson (1979) have described sedimentary
structures in solid layers that indicate possible incorpora-
tion at the elacier sole by [reeze-on and vertical aceretion
Lawson and Kulla, 1978; Lawson, 1979) or perhaps by
fluvial sediments deposited in basal-zone conduits.
Thick horizons of solid subfacies have been observed
at the stratigraphic bases of icebergs that originated

below sea level in contact with the sea floor (Fig. 6e).

https://doi.org/1 b:2489/50022143000030586 Published online by Cambridge University Press

These horizons are composed ol diamictons similar to
those described by Powell and Molnia (1989) and Gottler
and Powell (1990), but they melt rapidly or break ofl’
icebergs and sink. Where solid layers have been ohserved
in an iceberg, they form anisotropies along which icebergs
tend 1o break. At Margerie Glacier, subglacial debris fills
lutes (up to a few tens of centimeters deep) on the surface
of icebergs that had previously been in contact with the
sea floor (Fig. 7). Solid layers at Muir Glacier are
composed of well-sorted and well-rounded sand and
oravel apparently derived from fluvial sediments in the
morainal bank (Hunter, 1994). Solid subfacies resulting
from seasonal reeze-on of saturated sediments have been
observed in basal ice sequences of Gulkana, Matanuska
and Kennicott Glaciers in southern Alaska, and Findeln

and Z Mutt Gletchers in the Swiss Alps (Lawson,
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Lable 1. Summary of average debiis caleulations. . average debiis concentration with 1o in kgm ~:

Hunter and others: Debris [Tux al Alaskan tidecater glaciers

Y. rvepresentative

percentage of each ice_facies i ice eliff: Vol volume fraction of debris in concentration

Muir Glacier

Margerie Glacier Grand Pacific Glacier

lee facies & Y% Vol & Yo Val 7P Yo Vol
Englacial

Diflluse 16.8 + 5.0 33.0 0.6 8:0 4 8.0 80.0 0:2 25 4 2.4 64,8 (0.1
DifTuse-stratified 2.5 4 4.5 2.0 1.4 45.1 + 353 0.9 13 74.0 + 85.3 | 2.4
Bancded 2.0 = D6 0.7 0.4 2.9 & 0.5 0.1 0.2 939.0 =t 2854 0.7 12:9
Maorainal

Dispersed 2001 = Hid 7 e el 0.1 ~0.1 L4 4+ 1.4 6.1 l.4
Suspended 116.7 + 69.7 0.8 3.9 33.3 4+ 485 93 0.9 10549 + 1137 3.6 3.8
Discontinuous/solid 309,14 + 236.1 0.6 17.0 4069 + 270.3 02 9.8 626.1 4 496.7 2.2 224
Basal

Dispersed 20.1 & 54 10.0 0.7 2.3 = 3.3 9.5 ~0,] 1.4 + 1.4 1.0 1.4
Suspended 116.7 4+ 69.7 1.§ 3.9 33.9 L+ 435 2.6 0.9 105.1 + 118.7 2.1 3.8
Discontinuous/solid 3004 + 236.1 b= 17.0 406,99 + 270.3 3.6 9.8 626.1 + 426.7 25 29 4
Freeze-on 14332 + 2394 1422 NA 1933.5 NA 69.5

unpublished data). Solid sublacies contain up 10 70%,
debris by volume Table |
The suspended subfacies  Fig. 661 consists of ice layers

about 1 em to over 3m thick. This subfacies was a minor

Fig. 7. Glacier-sole morphology preserved on a submarine
weberg thal calved from Mareerie Glacier. (a) Note
linear fluling across face of berg. (b)) Close-up of right
edge of berg shown in (a ). highlighting surface texture and
rowe of cobbles that are aligned clast to elast,

https://doi.org/10.3189/50022143000030586 Published online by Cambridge University Press

ol the three ddewater
12.6%

by volume (Hunter, 1994 1. Debris is suspended as isolated

2.6-5.7%; Table I
termini, with debris concentrations less than 0.1

constituert

silt, sand  and gravel particles, and commonly forms

sandy-mud agaregates.

Debris flux of Grand Pacific, Margerie and Muir
Glaciers

Compilation of the ice-facies data (Table 1) gives us the

opportunity to caleulate the ol volume of debris

transported to the terminus, The debris concentrations
of cach facies and their pereentage in anice clifl’ Tables |
D) lor the

and 2) are used to caleulate the debris Mux

dilferent glaciers by the simple relationship:

Dy = D, + D, (4)

where D¢ is the supraglacial debris flux (i.e. surlace

transport) and D, is the debris Qux within basal and

englacial ice facies caleulated using:

Dy==0 » oW t
J=1

so that [, is the product of the ice Mux () and the sum

(3 |

ol the debris concentrations (€' of each ice facies
weighted by their relative volume (V) in the ice clifl,
The ice Mux is:

@ = wv.wh, (6G)

where o, s the averaged surlace velocity near the
terminus as estimated rom aerial photographs, w is the
glacier width, and f; is the height of the ice clifl’ (Table
3. This caleulation assumes that ice low near the glacier
terminus occurs as a plug with little internal deformation.
We assume that the observed surface velocity is due

129


https://doi.org/10.3189/S0022143000030586

Journal of Glaciology

Table 2. Calculated debris flux values *. TR, trace

Muir Glacier’

Margerie Glacier Grand Pactfic Glacier

Iee facies By s X Dix D, D, T D, I B
Englacial

DilTuse 63.0 58 552 25.9 25.9 1.0 24.8 3.0 0.2 3.0

Diffuse-stratified S 0.02 D1 | 1.6 0.1 Ik i 0.5 9.8

Banded 0.4 it < 0.2 Q-2 0.03 TR 0.02 Do 0.2 b1
Morainal

Dispersed ~ - TR TR TR 5.2 0.2 4.4

Suspended 4.2 0.03 2.4 1.8 2.9 0.1 2.8 8.4 0.4 |

Discontinous/solid 13.8 0.09 2l 6.0 3.4 0.1 3.2 30.5 1.4 957
Basal

Dispersed 9.0 0.06 Bl 3.9 L2 TR 1:2 9.5 0.4 8.0

Suspended Qi 0.06 5.3 4.1 3.4 0.1 23 4.9 0.2 4.1

Discontinous/solid 25.3 1.6 14.2 9.5 5.8 9.2 56.1 34.6 L5 292
Total 131.0 5.8 722 o3.1 96,7 LR 93.0 115.7 2.0 95.7
Supraglacial debris Mux 14 1.1 3.4
Basal [reeze-on 72 1.0 62

o 1 Bl
Values are 10" m*a

T Average ice-cliff water depth of 18.8 m used (o calculate Dy,.

EEs

Table 3. Glacier paramelers during study (1986-91)

Termini width exposed to tidewater used to caleulate 18 .

Grand Pactfic Glacier
Grand Pacific tributary

Variable Symbol Unit Ferrls tribulary

Margerie Glacier — Muir Glacier

Average velocity v ma ' 380 158 679 1700
Terminus velocity i ma ' 595 110 810 1700
Calving speed Ve ma ' 480 69 776 1770
Glacier width w m 1620 950 1900 880
Calving width W, m 1620 220 1900 475
Average water depth i m 20 10 30 30
Average total clifl height Ay m 66 54 90 90
Advance rate ik ma ' 24 20 10 0
mostly to rapid basal sliding, as observed at another debris per unit volume than Grand Pacific Glacier [Table

calving glacier in southern Alaska, Columbia Glacier
(Humphrey and others, 1993).

Calculations of @; for Margerie and Muir Glaciers
vielded ice fluxes of 1.38 x 10" and 1.35 x 10°m’a '
respectively, The ice flux at Grand Pacific Glacier
0.62 x 10°m?a ') is hall as large because of the glacier’s
slower flow (Table 3). By solving Equation (5) lor cach
glacier we estimate debris [luxes ol 1.3 % 10°m*a ' (Muir
Glacier), 9.7 x 10°m*a ! Margerie Glacier) and
1.1 x 10°m*a ! (Grand Pacific Glacier; Table 2).

Comparison of these estimates demonstrates the
influence of debris distribution and ice-flow rates on the
debris flux. Muir and Margerie Glaciers transport less

https://doi.org/1P:3(B9/50022143000030586 Published online by Cambridge University Press

1): however, Muir Glacier has the highest debris flux, due
to its large ice flux (Table 2). Alternatively, despite the
low ice flux of Grand Pacific Glacier, its debris [lux is
about 30% greater than that of Margerie Glacier because
of its higher debris concentrations. Margerie Glacier’s
debris concentrations are about 60% per unit volume of
Muir Glacier’s. The concentration and distribution of
debris alone are not ecnough to produce a high debris flux,
but when combined with rapid glacier flow, exceptionally
high rates of debris transfer to the grounding line can
occur.

Supraglacial debris flux was calculated as the product
of glacier surface velocity, moraine widths measured
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photogrammetrically and surficial debris thickness meas-
ured in the field. Moraine thicknesses observed during
transects of Margerie and Grand Pacific Glaciers (Fig. 4)
ranged from less than I mm to 1.3m (Hunter, 1994), and

were generally less than the 0.08 m estimate of Gottler

1992 at MeBride Glacier, A debris cover of about | mm
is suflicient to discolor the surface while a thickness ol |
2em appears to form a complete cover on acrial

dhotographs (e.g, Fig. 3). Thicker moraine cover (0.5
5 5

LOm) fills surface crevasses and forms debris ridees and

i
4
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rounded gravel surfaces, Despite the conspicuous appear-
ance ol supraglacial moraines (Fig. 8). their Ouxes are

y |

relatively low: 3.4 x 10" m™a

o e, i O :
b1 x 10" m®a ' at Margerie Glacier and 1.4 x 10°m®a
at Muir Glacier (Table 2). Supraglacial debris is assumed

at Grand Pacific Glacier,
I

to be released entirely by various gravitational processes
at tidewater ice cliffs; however. some is also released on
the heads of fan deltas along terrestrial parts of the
margins (e.g, the northern edge of Margerie Glacier and

the castern margin of Grand Pacilic Glacier

Fig. & Obligue aerial photos of (a) Muir Glacier. (h)
Ferris trihutary to Grand Pacific Glacier, and (¢) Maroeri
Glacter. The number and complexily of tribularies, local
velief and wvalley width and  area-elevation  distribution
elative to zones of maximum  snowfall mfluence  debriy
distribution (see lext for description: photograpls by .
Post, U8, Geological Suri e ).
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DISCUSSION

Debris-flux estimates provide some indication of the role
various factors play in determining the transport of debris
by tidewater glaciers. The differences in debris distrib-
utions and fluxes between Muir, Grand Pacific and
Margerie Glaciers indicate that valley geometry, espec-
jally width, glacier flow speed and the number of
tributary glaciers flowing into the main wunk glacier,
strongly influence debris flux. Grand Pacific and
Margerie Glaciers arve larger and wider than Muir
Glacier (Table 3: Figs 3 and 8); the apparent result is
that debris is more casily distributed across Muir Glacier
by slope mass movement and colian processes. While 52%
of Muir Glacier’s debris is transported englacially, only
18% and 19% of the debris is transported by the
equivalent ice facies at Grand Pacific and Margerie
Glaciers, respectively. Debris concentration in the diffuse
facies of Muir Glacier is more than four times those of
(Table 1). We
helieve that the debris distribution at Muir Glacier

Grand Pacific and Margerie Glaciers
reflects the relative importance of lateral debris sources
(e.g. rockfalls, slides and avalanches) in the narrow
valleys through which Muir Glacier flows (Figs 3a and
8a). These sources introduce supraglacial dehris to the
surface of the glacier where it becomes entrained by snow
accumulation and ice metamorphism.

The relative abundance of debris in basal and
morainal facies at Margerie and Grand Pacific Glaciers
documents the influence of wibutary confluences. Domi-
nant zones of debris transport in Grand Pacific are about
equally subdivided between morainal (39%) and basal
ice facies (43%). The relatively high contribution of
morainal facies must reflect the complex interactions of its
multiple tributaries, especially Ferris Glacier (Figs 3b and
8h). In sharp contrast, Margerie Glacier (Figs 3a and 8¢)
transports nearly 74% of its debris in the basal ice. Its low
englacial-debris [Tux
fewer tributaries and the wide valley ol its upper
accumulation area (Hunter and Powell, in press a).

Sediment introduction into the fjord environment

Debris transported to the terminus of tidewater glaciers is
released by a variety ol processes (Powell. 1980, 1988:
Hunter, 1994) including grain-by-grain melt-out at the
ice cliff (ice-cliff melt-out, Dy, ), dumping of supraglacial
debris during calving (calve dumping. Dq) and meli-out

from icebergs (iceberg-rafting, 125), or ablation and melt-

out at terrestrial margins (Da ).
The debris lux can be partitioned as follows:

Bt = By Dy + DD

—
|
~—

where Dy and D, add debris to the morainal bank along
the grounding line, Dy is the debris dumped on to
terrestrial parts of the morainal bank (e.g. deltas) and
valley sides, and D; represents debris transport away from
the terminus.

From our observations at both terrestrial and tide-
water termini. we [feel that the lowermost solid facies
represents Jocalized scasonal [reezing of subglacial
sediment, or rapid freezing due to thermodynamic
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[Table 2 reflects the influence of

disequilibrium near calving margins. Such layers would
experience only local ransport from the subglacial slope
of a morainal bank to the grounding line. In this regard,
we do not treat these lavers as adding sediment to the
morainal bank, but simply as a [orm ol recycling (freeze-
recycling: Ry). The flux of sediment recycled by this
mechanism is estimated by sampling the lowermost solid
layer along terrestrial sections of termini and similar
layers carried to the fjord-water surface by icebergs (Fig.
3b) that were in contact with the fjord floor prior to
calving (Fig. 7: Hunter, 1994). Solid layers stratigraph-
ically higher in the basal ice are, however, added to the
calculation of the debris flux (Equation (7)).

Using each glacier’s attributes (Table 3), we can
calculate the volume of debris released into the fjord
environment by these processes. The calving speed (v,) is
calculated using a modified continuity equation (Brown
and others, 1962):

=t — R—=X (8)

where X is the rate of change of glacier length (positive
for advance:; Meier and others, 1980) and I is the melting
rate (see Table 3
Campbell (1973) equation:

calculated using the Weeks and

R =6.74 x 10~ %28 AT /192 (9)

where v is the boundary-layer water velocity, AT is the
temperature difference between water and ice, and [is a
linear measure of the ice clifl in contact with water, either
its height in contact with the sea (i.c. water depth, hy:
Powell and Molnia, 1989: Syvitski, 1989) or width (w.:
Powell, 1983, 1988). An average temperature difference
AT) of 2.95°C was measured by a remotely operated
submersible that collected data in front of utdewater
termini in Glacier Bay (personal communication from S.
Bograd, 1994).

The choice of characteristic length (/1 in Equation
(9)) depends upon whether the dominant current at the
ice cliff’ is from buovant upwelling of meltwater or
horizontal fjord currents. Melting rates were calculated
by substituting hy for [ for Grand Pacilic and Muir
Glaciers where upwelling along the ice cliffs is important
and we for Margerie Glacier where tidal currents across
the face prevail. Open water (2-5m wide) is common
along the ice cliffs of Grand Pacific and Muir Glaciers
that indicate the spreading of upwelling fresh water that
displaces longitudinal currents. In addition, fjord
circulation at the terminus of Muir Glacier was
restricted by a shallow morainal-bank sill left behind
by grounding-line retreat (Hunter, 1994). In contrast,
Margerie Glacier terminates in a hanging valley along
the western margin of Tarr Inlet (Fig. 1) where its ice
cliffl is exposed to tidal currents moving up- and
downfjord (e.g. Syvitski and others, 1987). Turbid
surface water flows rapidly across the face of Margerie
Glacier and forms strong near-surface (<10 m depth)
currents while tidal exchange produces currents at
depth.

On this basis, melting rates of 21 and 20ma ' have
been calculated for Grand Pacific and Muir Glaciers,

; ;i . =01 ) !
respectively, using a boundary-layer velocity of 0.03ms
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to represent buoyant upwelling lollowing the arguments
of Cowan and Powell (1986
(1989 . and ocecanographic measurements by Mathews
and Quinlan (1975
tidewater (i,

and Powell and Molnia

Using terminus width exposed o
and a velocity ol 0.25ms ' estimated
from iceberg drifting). a melting rate (R, of 31 ma ' has
been caleulated for Margerie Glacier.

We can calculate the melting lux (Q,,) and debris
volume released due o melting (D) by substituting
melting rate (7) for velocity (¢ ) in Equation (6), and Q,,
for @ in Equauvon (31 (Table 2).
3.7 x 10'm'a ! at Margerie Glacier o 5.0 x 10" m*a
at Grand Pacilic Glacier where most of cach terminus is

Dy, ranges [rom
I

exposed to tdewater. At Muir Glacier, the width of the
ice clifl exposed to tidewater diminished [rom 900 m in
1978 (Brown and others, 1982

around a calving embayment in 1991, The debris released

to a perimeter of 475 m
by ice-cliff melting is estimated at 5.8 x 10'm*a ' in the
early 1990s.

The morainal banks of Grand Pacilic, Margerie and
Muir Glaciers receive a net addition of 8.4 x 10,
7.8 x 10" and 7.2 % 10*m*a !, respectively,  through

calve dumping and ice-chifl’ melt-out. Local recyveling of

morainal-bank sediment near the erounding line delivers
up to 6.2 x 10°, 1.0 x 10" and 7.2 x 10°m*a ' 1o the
Talle: 2).
rafting (D)) accounts for the removal of 1.0 x 10%m” a
Grand Pacilic), 9.3 x 10°m%a !
3.2 % 10° m*a

Muxes.

lceberg-
I

crounding lines of these elaciers

Margerie) and
(Muir), or about 25-96% of the debris

The lux of sediment transported in a deformable bed
has been roughly estimated assuming a 60em  thick

deforming layer (e.g. Humphrey and others. 1993) and a
linear velocity profile (Alley, 1991a). Assuming plug-flow
conditions. the average velocity of the delorming layer is
about hall of the surface velocity, or about 262, 405 and
850ma  for the erris wibutary of Grand Pacilic
Glacier. Margerie and Muir Glaciers, respectively. We

use the Ferris tributary here because it is the source of

nearly 100% ol the ice discharged into sea water by
Grand Pacific Glacier (Hunter, 1994, Based on these
assumptions, we estimate that 1.3 x 10%, 2.3 x 10 and
2.2 x 10"m* a 'eould be transported, respectively, wo the
egrounding lines ol Grand Pacilic, Margeric and NMuir
Glaciers by deforming layers. However, il solt-hed
deformation is more localized, the subglacial sediment
[Tlux could he considerably less.

[n comparison. the glacifluvial system supplies
7.7 x 107, 2.6 x 107, and 6.6 x 10°m* a 'of sediment
to the grounding line at Grand Pacilic, Margerie and
Hunter, 1994). The glaci-

fluvial flux in Glacier Bay is, therefore, one to two orders

Muir Glaciers, respectively

ol magnitude greater than the total elacial debris ux.
The significant contribution of uvial sediment to the
marine environment in Glacier Bay reflects the region’s
maritime climate and heavy precipitation, snow and ice
melt and temperate ice conditions, each of which produce
prodigious amounts of water for the glacifluvial system.
These factors, along with friable hedrock, produce
conditions favoring high sediment yields.

[ other regions of the world, Andrews and others
1994) and Elverhoi and others (1993 sugeest that in
Greenland and Svalbard the glacilluvial input is second-
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ary. as the relative contribution of the debris flux into the
total sediment budget is greater at latitudes higher than
Glacier Bay (>59° N). Clearly, the role of elacilluvial
transport varies as the rate of ablation increases (Hallet
and others, in press). Thus, hoth the glacifluvial sediment
flux and the debris lux must be considered in regional
COMPATISONS.

CONCLUSIONS

In this paper. we have described the flux of debris
transported in and on the surfaces of the Grand Pacific,
Margerie and Muir Glaciers. We have isolated the
debris flux from the (lux of sediment discharged by
outwash streams into the ford environment to provide
constraints on debris  transport. The debris lux s
coverned by several attributes including glacier size,
number of wibutaries, glacier low speed, the hedrock
geology, substrate and character, thermal regime. local
reliel and accumulation patterns. Muir Glacier’s difluse-
facies debris concentration (F=0.6% by volume) is
more than lour times grcater than those of Grand Pacific
and Margerie Glaciers (~0.1% by volume) and reflects
the importance of lateral inputs (e.g. rocklalls, slides,
avalanches, colian transport) in narrow vallevs, The
proportion ol Muir Glacier’s debris  transported  in
englacial ice is 32%. with the remaining 48% being
transported in basal and morainal ice facies. In contrast,
186% of Grand Pacilic Glacier’s and 19% of Margerie
Glacier’™s debris flux is transported by englacial ice.
Debris transport in Grand Pacilic Glacier is about
equally divided between morainal (39% ) and basal ice
facies  (13% ), mdicating the importance of medial
moraines in debris transport for glaciers with muliiple
tributaries. Basal ice facies transport nearvly 74% ol the
total debris Mlux at Margerie Glacier where englacial ice
is relatively clean and there are few medial moraines
Figs 21> and 8e¢).

Data presented in this paper represent a first attempt
to quantily the volume of debris transported hy ice to
tidewater termini as part of the total sediment flux of
glacial systems. In Glacier Bay, glaciers with tidewater
termini lose as much as 96% ol their debris 1o icebere-
ralting. At Grand Pacilic and Margerie Glaciers, less than
10% ol debris is released at the terminus and deposited
near the grounding line. This volume is relatively
insignilicant when compared to the volume of glaciflu-
vial sediment discharged (rom outwash conduits. Glaci-
luvial sediment production is as much as two orders of
magnitude ercater than the debris lux and constitutes
83.6 98.6% of wrtal sediment yields. This relationship.
however. may vary in cooler, drier subpolar and polar
climates. In addition, our estimates of deforming-bed
transport indicate that it may deliver 2-8 times as much
sediment to the grounding line as is released by meliing ol
debris-rich ice and dumped during calving events. By
developing a better understanding of debris (lux and the
mechanisms that control grounding-line deposition, our
data should be useful in constraining models of glacier
Alley, 1991h) and

variations under dillerent climatic

sensitivity to sediment  dynamics
evaluating process

regimes,

1i5%
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