Annals of Glaciology 28 1999
© International Glaciological Society

Preliminary study of laminated, silt-rich debris bands:
Matanuska Glacier, Alaska, U.S.A.

Stact L. EnsMiNGeR,' EDWARD B. Evenson,' GRaraME J. Larson,” Danter E. Lawson,”

RicHARD B. ALLEY," JEFFREY C. STRASSER,’
' Department of Earth and Environmental Sciences, Lehigh University, Bethlehem, PA 18015, U.S.A.
? Department of Geological Sciences, Michigan State University, East Lansing, MI 61201, U.S.A.
*U.S. Army Cold Regions Research and Engineering Laboratory, Anchorage, AK 99505, U.S.A.
*Earth System Science Center and Department of Geosciences, The Pennsylvania State University, University Park, PA 16802, U.S.A.
® Department of Geology, Augustana College, Rock Island, IL 61201, U.S.A.

ABSTRACT. Several different types of laterally extensive debris bands occur along
the western terminus region of the Matanuska Glacier, Alaska, U.S.A. An ice-bed process,
which to our knowledge has not previously been recognized and described, forms the most
common and most prominent type of debris band at Matanuska Glacier’s terminus. The
debris bands are composed of one or several millimeter-thick laminations of silt-rich ice
having much higher sediment content than that of the surrounding ice. Samples of these
bands and their surrounding englacial ice have been analyzed for anthropogenic tritium
(*H), oxygen-18 (6"®0), and deuterium (6D). We interpreted the laminated, silt-rich debris
bands as basal fractures, along which silt-laden, glaciohydraulically supercooled and
pressurized waters flowed, healing the fractures by ice growth. This process is analogous
to the inward growth of hydrothermal quartz from the sides of an open fracture.

INTRODUCTION

The objective of this study is to determine the origin of lami-
nated, silt-rich debris bands found in the western terminus
region of Matanuska Glacier, Alaska, U.S.A. Preliminary
isotopic (*H, 60, and 6D) and sedimentological data are
presented to assess mechanisms of formation. A new ice-
bed process utilizing a pressurized and glaciohydraulically
supercooled subglacial drainage system 1s proposed to ex-
plain the origins of these bands.

Several mechanisms have previously been proposed to
explain debris band formation and its role in sediment
transport. One is the “shear hypothesis” put forth by
Goldthwait (1951). He hypothesized that “shear plane” trans-
port could move debris from the base of the glacier along in-
clined planes to deposit subglacial material supraglacially
(some as large as boulder-sized). Grove (1960) proposed that
debris bands with a sediment load resembling coarse, angu-
lar supraglacial debris, form by the deposition of valley-wall
materials on the ice surface in the accumulation area. These
deposits are subsequently buried by snow that recrystallizes
and is transported to the terminus, where the debris bands
are exposed by ablation. A more recently proposed mechan-
ism (Hubbard and Sharp, 1995) suggests that open crevasses
fill with wind-blown or water-transported debris and sub-
sequently close by ice flow. Clarke and Blake (1991) and
Hambrey and others (1996) describe debris bands at a
surge-type glacier that originate by thrusting during the
surge, with the grain-size distribution containing a coarse,
basally derived component.

The role of debris bands in sediment transport has been
hypothesized to be important in the deposition of large land-
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forms associated with deglaciation events (Bishop, 1957;
Moran, 1971; Stewart and MacClintock, 1971; Koteft, 1974;
Sugden and John, 1976; Evenson and others, 1979; Ehlers,
1981; Koteff and Pessl, 1981; Mulholland, 1982). However, the
importance of debris bands in sediment transport and deposi-
tion has also been discounted by several authors (Weertman,
1961; Boulton, 1970; Hooke, 1973; Evenson and Clinch, 1987,
Gustavason and Boothroyd, 1987).

SITE DESCRIPTION

Matanuska Glacier is a 48 km long valley glacier that drains

Fig. 1. Matanuska Glacier (approx. 60° N, 148° W) flows
north out of the Chugach Mountains and terminates in the
upper Matanuska River Valley (arrow ), 155 km northeast of
Anchorage.
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647 km? of the Chugach Mountains in south-central Alaska
(Williams and Ferrians, 1961) and flows north into the upper
Matanuska River valley (Fig. 1). The terminus is 5 km wide
and 1s located 135 km northeast of Anchorage. Elevation de-
creases from 3500 m a.s.l. in the accumulation zone to 559 m
at the terminus. The southwestern portion of the terminus
has been the focus of previous and current research on sub-
glacial hydrology (e.g. Lawson, 1986, 1993; Ensminger and
others, in press) and the growth and accretion of basal ice
(Lawson and Kulla, 1978; Lawson, 1979a, b; Strasser and
others, 1992; Lawson and others, 1996; Strasser and others,
1996; Alley and others, 1998; Lawson and others, 1998).

. Up-glacier extent of overdeepening
N / laminated debris bands
¥ 1996 sample locations

@ subglacial discharge vents
debris-covered ice 200 m

Ing. 2. Map traced from aerial photograph (1:10000) of
southwestern region of Matanuska Glaciers terminus. Only
a few debris bands are mappable at this scale. The adverse
slopes responsible for glaciohydraulically supercooling the sub-
glacial waters lie within the overdeepening. Laminated, silt-
rich debris bands are found only within or down-glacier of
overdeepenings.

Ice flows out of several overdeepened basins along the
western portion of Matanuska Glacier’s terminus, as evi-
denced by the ice surface profile, crevasses, and ground-pene-
trating radar data (Arcone and others, 1993). The down-
glacier extent of one such overdeepening almost coincides
with the current ice margin (Fig. 2). Supercooling can be
caused by water flowing up the adverse slopes of such over-
deepened basins, as the pressure-melting temperature can
rise more rapidly than the water warms (Hooke and Pohjola,
1994; Lawson and others, 1996; Alley and others, 1998). Platy
and dendritic frazil ice nucleates and grows in turbulent
supercooled water (Forest, 1994), like that of Matanuska
Glacier’s subglacial discharge in overdeepened areas (Lawson
and others, 1998). Terraces of frazil ice grow at the ice margin
in conduit orifices and vents during the melt season (Strasser
and others, 1996; Evenson and others, in press). Accretion of
frazil ice to the base of the glacier is hypothesized to occur
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by processes similar to those known to produce ice terraces
(Alley and others, 1998; Lawson and others, 1998).
Fracturing of the ice occurred at the ice margin within the
overdeepening during recent melt seasons. The open frac-
tures connected the ice surface to the drainage system. Some
fractures contained small upwellings of sediment-laden
water, suggesting a subglacial water source. Platy ice grew
within this water as it discharged from the fractures, even
during July when overnight air temperatures were above
freezing. A drop in discharge subsequently exposed this new
platy ice growth along the walls of one such fracture (Fig. 3).

Fig. 3. Plaly frazil-ice crystals grow subaqueously, inward
Jrom a newly opened fracture’s walls. Frazil-ice growth occurs

during periods of warm air temperature and high subglacial
discharge. Ice crystals are exposed during periods of low dis-
charge. A backpack is shown for scale.

DEBRIS-BAND CHARACTER

Laminated, sediment-rich debris bands are found within
and down-glacier of overdeepened basins, near the ice mar-
gin where the subglacial drainage system is pressurized and
supercooled. The debris bands are laterally extensive for
hundreds of meters (Figs 2 and 4) and many trend in the
same general southwest to northeast direction; however,
other orientations are also observed. The debris bands
usually have a steep to almost vertical up-glacier dip, but
opposite dips do occur. Debris bands can often be traced lat-
erally to where they contact one another, or a debris band
may bifurcate in places along its length forming “lozenges”
as it splits and rejoins (left of center, Fig. 4).

The sediment is visibly concentrated in a centrally located
seam or in several subparallel laminations just a few milli-
meters thick. The sediment in laminated debris bands appears
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Fig. 4. View northeast to icefall near the margin. Several lami-
nated, silt-rich debris bands lie approximately parallel to one
another. The widest debris band (center) appears to be Im
wide. Note there are three prominent “splays” branching off
this debris band that also bifurcates in places along its length.

to consist predominantly of silt to very fine sand (Fig. 5a).
Commonly, adjacent to the fine-grained debris laminations
are subparallel clear, clean ice layers that are in contact with
the bubbly, clean ice of the englacial zone (Fig. 5b). In some

L

Fig. 5. (a) Hand specimen broken from the surface of a lami-
nated, silt-rich debris band. Note the exceptionally clean ice

lacking bubbles between the laminations. There is no observable
coarse=fraction in the sediment. (b) Looking up at the roof of
an ice cave. The centrally located seam of sediment has clean,
clear diffused englacial ice, symmetric about either side. The
white ice is clean, bubbly diffused facies ice of the englacial
zone. ( Hand for scale.)
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cases, debris bands can also be traced to a contact with the
stratified basal ice (Lawson, 1979b; Hubbard and Sharp,
1995). Sediment released by ablation from the debris bands
forms sediment flows on the ice surface (e.g. Lawson, 1982).

Open annuli or “conduits” can be found within lami-
nated debris bands (Fig. 6). Conduits vary in diameter from
a few centimeters to tens of centimeters. It is not uncommon
for several conduits to be found near one another. Annular
ice growth is characteristic inside these conduits. The con-
duits resemble the “fossil moulin” of Holmlund (1988) and
the “crystal quirke” of Stenborg (1968) and, therefore, are
possibly indicative of water-filled crevasse closure in poly-
thermal ice. They may equally be indicative of supercooled
water flow through fractures that subsequently close by in-
ward ice growth.

METHODS

To test whether the ice of laminated, silt-rich debris bands 1s
composed of “young” ice (post-1952) or “old” ice (pre-1952),
samples of the debris bands and the surrounding ice were col-
lected and tested for their *H content.”H concentrations in

Fig. 6. Two adjacent open conduits in a debris band. The one
near the top of the photograph is 0.1m in diameter. Both con-
duits were open to a depth of approximately 2m from the ice
surface. The conduits may indicate crevasse closure in poly-
thermal ice or flow of supercooled water into fractures with
gradual closure by ice growth.
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precipitation were typically less than 25 TU (where 1TU =
1’H atom per 10®'H atoms) prior to 1952 when thermonu-
clear bomb testing began. Testing released anthropogenic
*H into the atmosphere (Libby, 1955; Gat, 1980) at thousands
of TU above the background level (Leventhal and Libby,
1970). Because the estimated age of the englacial ice zone at
Matanuska Glacier’s terminus is greater than 150 years, snow
from which it metamorphosed would contain background *H
levels (<2 TU; Strasser and others, 1996).

Ice frozen from post-1952 water should contain elevated
*H concentrations. Water discharging from the subglacial
conduits at the margin of the overdeepening contains *H ap-
proximately equal to that of precipitation today (7-8TU;
Strasser and others, 1996). Ice of the stratified basal ice facies
similarly contains higher quantities of “H, but in varying
amounts, and it is hypothesized that the *H-rich ice origi-
nates by subglacial accretion (e.g. Strasser and others, 1996;
Lawson and others, 1996, 1998).

If laminated debris bands are similarly formed, we an-
ticipate “H concentrations similar to the stratified facies
(6.3—17.5 TU; Strasser and others, 1996). Ice-surface velocities
of approximately 70 ma ' have been measured within the
ice-marginal overdeepening (Ensminger and others, in
press). Based on these flow velocities and the distance from
the ice margin to the up-glacier limit of the overdeepening,
the *H values of any debris bands formed therein and up to
about 3.4 km up-glacier of it should be similar to *H values of
modern waters. The stable isotopes §'°O and 6D are simi-
larly anticipated to reflect modern meteoric and meltwater
sources (e.g. Lawson and Kulla, 1978).

Samples for a preliminary study of ice composition were
collected during late August, 1996. Four different laminated
bands located within the overdeepening (star symbol, Fig. 2)
near the ice margin were sampled, as well as the clean, bubbly
englacial ice adjacent to those debris bands. The clean, clear
diffused facies ice of the englacial zone (Lawson, 1979b) adja-
cent to one of the debris bands was also sampled. Another of
the debris bands split in two near the top of an ice ridge and
samples were collected from both limbs, as well as from the
clean englacial ice in between. A total of five samples was
collected from laminated debris bands, and 10 samples were
collected from the diffused facies of the englacial zone, includ-
ing the one sample from the clear englacial ice.

Ice samples were collected from nearly vertical faces
located meters to tens of meters above the stratified basal
ice. Samples were collected after the top few centimeters of
ice were chipped away to remove any superimposed compo-
nent (Lawson and Kulla, 1978). After melting, a volume of
30mL was subsampled for stable isotope analysis and a
volume of 60mlL was subsampled for unenriched *H
analysis. Subsamples for debris content and sediment
grain-size analyses were also collected. Sediment grain-size
distributions were compared with those of different ice and
water types described by Lawson (1979b).

Electrolytic enrichment and scintillation counting tech-
niques (Kessler, 1988) were used to analyze samples for *H
content at the low-level *H laboratory at Michigan State
University. The analytical detection limit is 1 TU with a
precision of £1TU. Coastal Scientific Laboratories, Austin,
Texas, analyzed the 60 and 6D samples with reported ac-
curacies of £0.3%o for §'*0 and 5.0%o for 6D. The isotopic
values of laminated debris bands were later compared to
well-established englacial and basal ice values (cf. Lawson
and Kulla, 1978; Strasser and others, 1996).
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RESULTS

The laminated debris bands have elevated “H concentra-
tions relative to those of the clean englacial ice. The average
*H concentration is 6.6 TU in the debris bands, whereas it is
<1TU in englacial ice (Table 1). ¢ tests yield ¢ = 4.91, and
thus there is statistical evidence that the mean “H composi-
tions represent different populations at the 99% significance
level. Isotopic fractionation of *H during freezing is theoret-
ically less than 4% and is therefore insignificant compared
to natural variations of *H concentrations in precipitation
or subglacial discharge (Strasser and others, 1996). °H data
in this study have not been corrected to a reference date to
account for the radioactive decay of °H (t1/2 = 1226 years),
but the uncorrected values still compare favorably to estab-
lished values of the basal ice and subglacially discharged
waters (Table I; Strasser and others, 1996). These data suggest
that the laminated debris bands are sourced by modern
waters. The “H values of debris bands are less than half the
recorded value of 26 TU for ground water (Strasser and
others, 1996; Lawson and others, 1998). This suggests debris-
band construction is likely to occur during the melt season,
rather than the winter when ground-water dominates the
glacier’s basal hydrologic system.

Table 1. Maximum, minimum, and average IH values
(TU) of dirty ice from within laminated debris bands and
their surrounding englacial ice compared to different ice and
water types at Matanuska Glacier

Lce or water type Hywrv  "Huwro Huerv “Huggwtv
Dirty debris-band ice 9.6 4.3 6.6 24
Englacial ice 1.2 —0.1 0.7 0.5
Stratified basal ice'

Profile 95-1a 9L5 133 385 18.6

Profile 95-1c 35.7 -0.9 11.3 8.7
Subglacial discharge' 87 72 78 07
Frazil and anchor ice' 89 74 79 09

! Strasser and others (1996).

Stable isotope values of the laminated debris bands are
similar to the heavier englacial ice values and lighter sub-
glacial ice values (Table 2) reported by Lawson and Kulla
(1978), Lawson and others (1998). Debris bands have §O
values nearly identical to those of the subglacial discharge
and frazil and anchor ice (Table 2) reported by Strasser
and others (1996) and Lawson and others (1998).

Less negative 6O values in the laminae than those of
the englacial ice and the lack of air bubbles in debris-band
ice would suggest a possible accretionary origin (Gow and
others, 1979). However, the stable isotopes indicate that the
ice of the laminated debris bands is forming within a closed
water system. The 6D values of debris bands are heavier
than that of the subglacial discharge, but are nearly identi-
cal to values reported for frazil and anchor ice (Strasser and
others, 1996). Two-tailed ¢ tests yield £ = 1.12 and 0.99 for
6'®0 and 6D, respectively. Stable-isotopic measurements on
the debris-band ice do not differentiate it from englacial,
basal, or frazil ice with high confidence, although possible
differences suggest that further study will be valuable.
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Table 2. Maximum, minimum, and average stable-isotope values of dirty ice from within laminated debris bands and their
surrounding englacial ice compared to different ice and water types at Matanuska Glacier

Ice or water type 60 10e 6%0,,, 6”0, 50,4400, 6D 6D, 6D, 8Dy den.
Dirty debris-band ice -21.8 ~24.5 -23.1 13 -165.0 ~1780 -172.8 6.0
Englacial ice 2.8 25.8 239 13 159.0 189.0 1775 10.5
Stratified basal ice' -196 -93.3 -921.0 06 -149.0 -178.0 -163.8 47
Subglacial discharge? -923.0 ~94.9 -937 0.3 ~175.0 ~184.0 -179.8 26
Frazil and anchor ice” —20.7 —23.5 —214 0.8 -160.0 —179.0 —165.3 54
Precipitation® ~11.3 -984 -209 5.1 -101.0 -293.0 ~165.5 354

! Strasser and others (1996).
2 Lawson and others (1998).

The average grain size of the sediment found within the
debris band ice was 5¢ (coarse silt) and well sorted (o =
1.54¢, Fig. 7). This distribution closely resembles the average
grain size of the suspended load of Matanuska Glacier’s sub-
glacial discharge (Lawson, 1993). The grain-size distribution
of the dirty ice in laminated debris bands does not at all re-
semble the supraglacial debris described by Lawson (1979b).
Therefore, we hypothesize that the debris consists of only
the fine fraction of subglacial sediments like that which is
incorporated into the stratified basal ice (Lawson, 1979b).
Previously proposed mechanisms of debris-band genesis
suggest that the debris component should resemble either
supraglacial or basal debris, including its coarse fraction.

DISCUSSION

Analytical data and field observations at Matanuska Glacier
require an alternative to existing theories of debris-band for-
mation. We propose that basal fractures open with strongly
extensional flow (such as over an icefall or within the deepest
part of an overdeepening). As ice flows out of the over-
deepened basin, high basal water pressure may force dirty
subglacial water into the englacial zone along the fractures
or crevasses (Weertman, 1973; Holmlund, 1988; Lawson and
Hunter, 1996). Mickelson and Berkson (1974) described a

40

Sediment weight percent

5
Phi class interval

Coarse sand Coarse silt Fine silt

Fig. 7. Grain-size distribution of the dirty ice within laminated
debris bands showing fine-grained and well-sorted sediments.
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somewhat similar ice-bed process as a mechanism of basal-
till entrainment.

In a glaciohydraulically-supercooled area of the drain-
age system, like the western terminus region of Matanuska
Glacier, frazil ice may nucleate on and grow inward from
the crevasse walls. Healing occurs as the fracture closes,
trapping and concentrating sediment within the otherwise
clean englacial ice. Ablation of the ice surface exposes the
debris bands as they may be formed in either blind or open
fractures. Continued ice flow and deformation give the
laminated debris bands a “shear-plane” appearance. Re-
peated opening and closing of a fracture may be the mech-
anism by which the laminations form. However, there is no
direct evidence yet to support this hypothesis.

The preliminary results of °H levels and debris grain-size
distribution support our hypothesis that the laminated, silt-
rich debris bands form by a previously undescribed ice-bed
process. We have not observed any laminated debris bands
that contain coarse-grained sediment. Based on measured
ice surface flow velocities in one of the overdeepened basins,
the debris bands within and down-glacier of the icefall
should contain elevated levels of *H, which they do. The
stable isotope data do not irrefutably support the proposed
glaciohydraulic origin. Additional, more detailed sampling
1s required to conclusively prove our hypothesis.

CONCLUSIONS

Existing theories of debris-band origins do not adequately
explain the characteristics of the prominent, laminated
debris bands in Matanuska Glacier’s terminus region. Field
observations have led us to formulate a new hypothesis of ori-
gin. We propose that this type of debris band forms in glacio-
hydraulically supercooled areas of a drainage system as the
result of a previously undescribed ice-bed process involving
basal fracturing or crevassing. As a preliminary test of our
hypothesis, four laminated debris bands and their surround-
ing ice were analyzed in 1996 for their *H concentrations,
60 and 6D contents, and debris grain-size distributions.
The results of our preliminary study generally support
glaciohydraulic supercooling and ice growth in basal frac-
tures as the origin for the laminated, silt-rich debris bands.
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