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[Specularity and Water: A Review]



Blankenship 2009

Information in the Scattering Function
Using Specularity Content to Detect Subglacial Water

Reflecting Interfaces Focusing Windows Specularity Calculation

classification technique is subject to ambiguities from temperature, density, and chemical variations 

within the ice (MacGregor and others, 2007). Coherent airborne radar sounding can track echo 

amplitude, delay, and phase across subsequent radar traces (Wehner, 1995, Heliere and others, 2007).  

Focusing this phase coherent radar data can both improve the along track resolution of the radar system 

and to explore the information content of the angular dependence of the echo intensity to constrain the 

sub-resolution properties of the basal interface (Peters and others, 2005, Schroeder and others, 2009).  

   

Figure 3: A “flat” and “bright” subglacial lake in incoherent radar sounding data (Siegert and others, 2005). 

 

Statement of the problems: 

 The overarching goal of this research is to use a gridded coherent airborne radar sounding survey 

of Thwaites Glacier (Holt and others, 2006) to improve understanding of both the Thwaites Glacier 

water system in particular and basal water control on ice flow in general.  The density and resolution of 

the radar coverage in this survey make it an ideal setting in which to study the configuration of a basin-

scale basal water system and the control it exerts on a dynamically changing glacier.   To maximize the 

impact of this unique data set in advancing the understating of subglacial hydrology, I am proposing a 

four-phase approach to this research: 

1) What is the broad-scale configuration of basal water in Thwaites Glacier? 

 A first-order description of the Thwaites Glacier subglacial hydrology can be produced using 

widely accepted techniques for airborne radar sounding data.  This analysis can provide an initial idea of 

HICARS (HIGH CAPACITY RADAR SOUNDER) FOR BEDROCK GEOMETRY
+ GRAVITY FOR BEDROCK GEOLOGY        + LASER FOR ICE SHEET STRESSES

ICECAP



Signatures of a Distributed to Concentrated Transition
Specularity, Amplitude, Water Flux, and Surface Slope
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steep banks. In this case, the cross-section may be more or 
less semi-circular, and we obtain the Rothlisberger result 
(8);:;: l2) once again. However, if the sediment layer is thin 
and the canal erodes through it to bedrock then h is given 
by the thickness of the till layer and we would again have 
8>;:;: lh . 

Subglacial till 
Till typically has a bimodal grain-size distribution (e.g. 
Drewry, 1986) with a matrix rich in clay and silt-sized 
grains, presumably derived from comminution processes, 
supporting coarse clasts. The cohesive nature of the 
matrix may allow steep banks to occur, but since till creep 
and erosion also occur, we can plausibly expect that a lag 
will tend to form at the stream bed, comprising sandy and 
gravelly material. The presence of such a layer will most 
likely cause the canal to evolve towards a broad, shallow 
shape. 

At the risk of generalization in the absence of much 
observational verification, we therefore suggest that, on 
the whole, canals incised into subglacial till will be broad 
and shallow, with a prescribed depth h that is a function 
of slope and grain-size Ds (and, probably, discharge), 
with 8h/8(sinex) < 0, 8h/8Ds > O. Although we have 
applied the best present understanding of stream 
mechanics and sediment transport, our estimates of h 
are poorly constrained, with likely values in the range 
10 mm-l m, the value increasing as sin a decreases. 
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Fig. 3. Probable conditions for very low values of 
discharge. DarC) flow can drain all meltwater for 
suffuiently low discharge. For Q = Qc, sheet-water 
flow commences at {ero effective Pressure (broken line) 
but this drainage configuration is always unstable relative 
to channelized drainage. 
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Fig. 4. Qpalitative picture of the entire pressure vs 
discharge plot. The line N = P probably coincides (for 
large enough values ofQ) with an unstable solution branch 
representing conduits incised equally into ice and till, and 
joins with the incipient-channel solution branch beginning 
at Q = Qc. For small slopes (sin ex '" 1rr), the channel 
solution does not exist, whereas for large slopes (sin a '" 
1rrl ), the canal solution does not exist. At intermediate 
slopes (sin a f'V1rr2), both solutions exist but canals are 
always unstable relative to channels. 
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Coupling Between Subglacial Water and Ice Flow
Transition with Increased Surface Slope, Water Flux, and Basal Shear Stress
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[Specularity and Bedforms]



Thwaites Glacier vs. Paleo Pine Island Glacier
Bedform Geometries and Sedimentary Records

What is the distribution of deformable sediment 
and bedrock across the Thwaites catchment?

Can the water system beneath Thwaites explain 
the Paleo Pine Island sediment record?

Is Thwaites Glacier configured to experience a 
retreat similar to the Paleo-Pine Island Glacier?



Using PIG Bathymetry to Understand the Thwaites Bed
and Thwaites Hydrology to Understand Paleo Pine Island Sediments

Fretwell 2013
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Radar Imagery of Bedforms
Flow-Aligned Features Consistent with Off-Shore Lineations
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Anisotropy of Low Specularity Values
Alignment with the Direction of Ice Flow
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Angularly Dependent Specularity of Bedforms
Isotropic Downstream and Anisotropic Upstream of Water Transition
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Reconciliation with Sediment Record
Is Silt Unit in ASE Evidence of Concentrated Water ?

Author's personal copy

(700e900 m), it is hypothesized that currents active near the
grounding line, potentially from water emanating from the ice-
sheet front, were responsible for winnowing. This unit displays
evidence for a reduction in current strength with time and theo-
retically increased distance from the grounding line, as seen in core
KC18 by a decrease in sand content and corresponding increase in
silt and clay content up-section.

Unit 3 is considered a sub-ice shelf facies based on an extremely
low abundance of pebbles or sand (ice-rafted material) (Fig. 4;
Fig. 5) (Kennedy and Anderson, 1989; Domack et al., 1999; Evans
and Pudsey, 2002; Kilfeather et al., 2011). There is, however,
a high abundance of planktonic foraminifers (N. pachyderma),
which also characterize sub-ice shelf sediments deposited beneath
the Larsen B Ice Shelf and Amery Ice Shelf (Domack et al., 2005;
Hemer et al., 2007). Unit 3 in outer PIB has sedimentological
similarities to Facies 5 of Smith et al. (2011) in the western ASE
(Fig. 1D). Facies 5 is a homogenous, terrigenous silty clay, which
contains a more diverse assemblage of foraminifera than Unit 3.

Unit 2 is an extremely poorly-sorted pebbly sandy mud that is
interpreted as a proximal glacimarine facies, deposited near the
grounding line of an ice sheet (Anderson et al., 1980,1991). The high
degree of scatter in mean grain size and sorting is a reflection of the
low degree of influence by marine processes (Fig. 5). The IRD
composition is roughly the same as till (Unit 5), a characteristic of
proximal glacimarine sediments. It has a discretemicrostratigraphy
of four subunits which record a change in depositional setting, from
a “lift-off” facies near the grounding line to sub-ice shelf setting
(Anderson, 1999; Lowe and Anderson, 2002). The slight decrease in
IRD upwards in the section is interpreted as either due to a decrease
in current winnowing and/or ice rafting with increasing distance
from the grounding line. Subunit 2-A is interpreted as associated
with an ice-shelf break-up event based on the presence of pellet-
ized clays in some locations (granulated facies of Domack et al.,
1999), abundance of IRD, and a small but diverse microfauna
population, perhaps reflecting changing water mass conditions
(Kilfeather et al., 2011).

The uppermost facies in all cores, Unit 1, is considered to be
a distal meltwater-derived glacimarine deposit (possibly a ‘plumite’
as defined by Hesse et al., 1997). This interpretation is based on the
fine grain-size, low microfossil content, low abundance of IRD and
the draping character as observed in the chirp sub-bottom profiler
data (Anderson et al., 2010). Subunits of Unit 1 do not display
layering; rather they are very homogenous. Typically, turbid
meltwater plumes are laminated in ice-proximal settings and
become more massive with increased distance from the grounding
line (O’Cofaigh and Dowdeswell, 2001), therefore we consider Unit
1 to be an ice distal deposit. The pebble content is limited in
lithology to primarily mafic rock types, in contrast to the wide
compositional range of pebbles in Units 2 and 5. The pebbles are
likely derived from icebergs that are sourced from a limited

surrounding region, as opposed to an ice stream that samples a vast
area. Lowe and Anderson (2002) recognized thismeltwater-derived
silt in interior PIB where its thickness increases towards the
modern grounding line. A similar facies in Marguerite Bay, Bel-
lingshausen Sea is also suggested as derived from subglacial
meltwater (Kennedy and Anderson, 1989; Anderson et al., 1991;
Kilfeather et al., 2011).

5.2. Deglacial history

To establish a deglacial history within Pine Island Bay, we first
developed a careful foundation of depositional facies and stratal
relationships. We then placed the radiocarbon results into our
constructed stratigraphic framework, thus reducing ambiguity
within the data and providing a more accurate deglacial chro-
nology. The radiocarbon ages, whilst accurate and reliable, only
provide a minimum age for deposition.

During its maximum extent the PIB ice sheet is suggested to
have included one large ice stream and to have extended to the
shelf edge (Fig. 7A; Fig. 8A). The shelf edge position is, however,
tenuous and is based on a glacial unconformity imaged in seismic
records and on the occurrence of gullies on the upper slope that are
believed to have been conduits for sediment-laden water
debouching from the ice sheet grounding line (Lowe and Anderson,
2002; Dowdeswell et al., 2006; Evans et al., 2006; Graham et al.,
2010). However, similar gullies occur on non-glaciated conti-
nental margins and may simply reflect upper slope mass move-
ment (Walsh and Nittrouer, 1999; Pratson et al., 2007; Fedele and
Garcia, 2009). The unconformity is situated just a few tens of
meters below the seafloor, but the surface is yet to be dated.
Therefore, GZW1 is the most seaward limit for which there is
conclusive evidence of grounding during the LGM and it is located
w450 km from the modern Pine Island Glacier terminus, or
w65 km from the shelf break (Graham et al., 2010).

In western ASE, ice sheet retreat from the outer shelf has been
interpreted as having been underway as early as w22.4 k cal yr BP
(VC436 in 466 m water depth) (Smith et al., 2011). However, the
outer shelf is riddled with iceberg furrows making it virtually
impossible to acquire an undisturbed stratigraphic record of ice
sheet retreat. What can be said is that glacimarine sediments began
accumulating on the eastern ASE outer shelf before 16.4 k cal yr BP
(DF-81 PC7), providing a minimum age for initial retreat of the ice.

Our results show that the ice sheet stepped landward from the
position of GZW 1 to the middle shelf area (constrained by PC38
Fig. 1B) between w16.4 and 12.2 k cal yr BP (Fig. 7B; Fig. 8B, C, D).
Retreat of the grounding line from the outer shelf in western ASE
occurred over a similar time interval, reaching the mid-shelf
before 13.8 k cal yr BP (Smith et al., 2011). The episodic nature of
grounding line retreat on the mid shelf in eastern ASE is man-
ifested as sharp contacts that separate discrete subunits of ice-

Fig. 6. Stratigraphic cross section of depositional facies in Pine Island Bay constructed along axis of trough. Transect core locations delineated in Fig. 2 (solid white line) and detailed
core information found in Supplemental Materials. Datum is the base of Unit 1, which is interpreted as a modern depositional unit (see text). Black dashed lines are isochrons for
ages of deposition. Sedimentary units are designated on cores KC13, KC04 and KC19. See online version for color figure.

A.E. Kirshner et al. / Quaternary Science Reviews 38 (2012) 11e2620
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Munsell sediment color, texture, sorting, and sedimentary struc-
tures. Shear strength was measured at approximately 10 cm
intervals using either a pocket penetrometer or a pocket shear vane.
Following the preliminary procedures, 10 cm3 sediment plug
samples were extracted at 10 cm intervals for micropaleontology
and grain size analysis. Each Kasten core was sub-sampled using
split plastic liners for archival purposes. A shipboard multi-sensor

core logger (MSCL) was used to measure the magnetic suscepti-
bility, gamma-ray derived density, and compressional wave
(p-wave) velocity of archived sections at a 1-cm resolution
following standard Geotek! processing. Gravel and pebble
concentrations were quantified by wet-sieving the remaining
sediment in the Kasten core through a 2 mm and 0.5 mm mesh in
10-cm sections. Any identified shell material was extracted from

Fig. 1. Study area map of the Amundsen Sea Embayment, displaying geomorphic regions and core locations in UTM zone 13S projection. Core and exposure age site symbols
include: OSO0910-red circles, NBP99-02-gray circles, and JCR 179-gray squares. Grounding zone wedges (GZW) in Pine Island Bay are modified from Graham et al. (2010). Thin black
lines are 500 m isobath lines A. Inner Pine Island Bay B. Outer Pine Island Bay C. Outer Shelf D. Getz/Dotson region (Graham et al., 2009). E. Multibeam map displaying shelf
edge gullies (from Lowe and Anderson, 2002; Nitsche et al., 2007).

A.E. Kirshner et al. / Quaternary Science Reviews 38 (2012) 11e26 13

Kirshner 2012

Author's personal copy

Fig. 4. Representative grain size curves for each subunit. The curves displayed are frequency (solid line) and cumulative (line with dots) curves. The truncation of curves at sizes
larger than 2000 mm is an artifact of the sample preparation and measurement process, as all samples were sieved at 2000 mm. A. Subunit 1-A, sample from OSO0910 KC19 at
0e2 cm core depth. B. Subunit 1-B sample from OSO0910 KC04 at 24e26 cm core depth. C. Subunit 1-C, sample from OSO0910 KC 25 at 70e72 cm core depth. D. Subunit 2-A, sample
OSO0910 KC04 at 44e46 cm core depth. E. Subunit 2-B, sample from OSO0910 KC11 at 104e106 cm core depth. F. Subunit 2-C, sample from OSO0910 KC04 at 84e86 cm core depth.
G. Subunit 2-D, sample from OSO0910 KC04 at 174e176 cm core depth. H. Unit 3, sample from OSO0910 KC19 at 80e82 cm core depth. I. Unit 4, sample from OSO0910 KC19 at
105e107 core depth J. Unit 5, sample from OSO0910 KC04 at 204e206 cm core depth.

A.E. Kirshner et al. / Quaternary Science Reviews 38 (2012) 11e2618

Unit 1A



Reconciliation with Sediment Record
Differential Erosion: Distributed Canals vs. Concentrated Channels

Channels

Canals

Radius: 0.1 to 2.5 m

Velocity: 500 to 
3000 cm/s

Depth: 0.1 to 10 cm
Velocity: 2.6 to 

26 cm/s

Walder and Folwer 1994

Flow Speed of Erosion for Grain Size



Reconciliation with Sediment Record

Silt Unit 1
Thickness  ~  1m
Area ~ 120,000 km2

Rate 1A (Pb210) ~ 0.8 mm/yr
Rate 1 (foram) ~ 0.1 mm/yr

P.I.B. Bedrock Basins
Volume  ~  120 km3

Retreat ~ 7 kyr

Kirshner (in review)

Variable Water Quantity vs. Variable Water Configuration

Sorting in Distributed Water

Erosion by Concentrated Water

Erosion by Concentrated Water

Mechanism for Silt Unit Production by
Paleo Concentrated Water

Limitation by Basin Storage



Bed Configuration Conclusions
Learning about Thwaites from Paleo Pine Island and Vice-Versa

Thwaites Glacier is is underlain by flow-aligned 
bedforms of deformable sediment beneath its 
tributaries and upper trunk and is grounded in 

a region of exposed bedrock.

The uppermost unit of silt in the Amundsen Sea 
is consistent with a transition from distributed 
to concentrated water beneath the Paleo Pine 

Island Glacier.
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