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Abstract

We used an Environmentally Non-Disturbing Under-ice Robotic ANtarctic Explorer to make measurements

of conductivity and temperature in Lake Bonney, a chemically stratified, permanently ice-covered Antarctic

lake that abuts Taylor Glacier, an outlet glacier from the Polar Plateau. The lake is divided into two lobes –

East Lobe Bonney (ELB) and West Lobe Bonney (WLB), each with unique temperature and salinity profiles.

Most of our data were collected in November 2009 from WLB to examine the influence of the Taylor Glacier

on the structure of the water column. Temperatures adjacent to the glacier face between 20 m and 22 m

were 38C colder than in the rest of WLB, due to latent heat transfer associated with melting of the submerged

glacier face and inflow of cold brines that originate beneath the glacier. Melting of the glacier face into the

salinity gradient below the chemocline generates a series of nearly horizontal intrusions into WLB that were

previously documented in profiles measured with 3 cm vertical resolution in 1990–1991. WLB and ELB are

connected by a narrow channel through which water can be exchanged over a shallow sill that controls the

position of the chemocline in WLB. A complex exchange flow appears to exist through the narrows, driven

by horizontal density gradients and melting at the glacier face. Superimposed on the exchange is a net west-

to-east flow generated by the higher volume of meltwater inflows to WLB. Both of these processes can be

expected to be enhanced in the future as more meltwater is produced.

Terrestrial perennially ice-covered aquatic environments

of polar regions host vibrant, yet simple, microbial ecosys-

tems that are mediated by the phenological responses of the

ice covers (Bowman et al. 2016; Obryk et al. 2016). Small

perturbations in the surface energy balance have been linked

with ecosystem responses as a consequence of optical

changes associated with the changing thickness of the ice

covers (Obryk et al. 2016). Lakes in the McMurdo Dry Val-

leys of Antarctica are unique in that they have 3–6 m thick

permanent ice covers and receive little stream flow, eliminat-

ing wind-mixing and reducing mixing caused by inflows. In

addition, many of the lakes feature strong salinity gradients

that control density stratification. Questions of the origin of

these salts and why they have different compositions and

concentrations among lakes are intimately connected with

geological and geochemical evolution of the basins (e.g.,

Hendy et al. 1977; Poreda et al. 2004; Lyons et al. 2005;

Doran et al. 2014).

Lake Bonney (Fig. 1), the focus of the present investigation,

has been studied since the early 1960s (Armitage and House

1962). The first comprehensive evaluation of the physical lim-

nology of the lake was done by Spigel and Priscu (1996, 1998)

who made detailed microstructural measurements of tempera-

ture and conductivity to evaluate the stability of the water col-

umn and its influence on biological production. These authors

attempted to examine the horizontal variation of these param-

eters in the lake, but logistics involved with drilling through

the thick (3–5 m) ice limited the number of profiles that were

feasible to make. Owing to these logistical constraints, vertical

profiles of biogeophysical parameters in Lake Bonney since

1989 have been limited to annual measurements at a central

index station located over the deepest part of the lake. Data

from this location have been extrapolated across the horizon-

tal extent of the lake, despite potential variation that may
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result from direct contact with the Taylor Glacier, an outlet

glacier from the Polar Plateau.

We present results of a three-dimensional lake study using

an autonomous underwater vehicle (AUV) named Environ-

mentally Non-Disturbing Under-ice Robotic ANtarctic Explorer

(ENDURANCE) that was deployed during the austral 2008/

2009 and 2009/2010 summer field seasons. We examined spe-

cifically the influence of the submerged face of the Taylor Gla-

cier and the exchange of water through the channel (the

“narrows”) that connects East Lobe Bonney (ELB) and West

Lobe Bonney (WLB). A comparison is also made with data col-

lected from low density manual profiling through individual

drill holes in January 1991.

Methods

Details of the ENDURANCE, including the deployment,

sample gridding, and navigational characteristics of the vehi-

cle have been described previously (Stone et al. 2010; Obryk

et al. 2014). Stone et al. (2010) also provide background

information for the detailed mapping of the face of the Tay-

lor Glacier and transects made through the channel connect-

ing ELB and WLB.

Briefly, ENDURANCE was deployed through an � 2 m

diameter hole created in the perennial ice cover using stan-

dard drilling and melting techniques (Winslow et al. 2014).

The vehicle executed a grid survey, with grid points being

approximately 100 m apart (Fig. 2). At each grid point the

vehicle would gently position itself against the underside of

the ice and deploy the science package to profile the water

column beneath, minimizing the disturbance of the strati-

fied water column (Stone et al. 2010; Obryk et al. 2014). We

used a laser altimeter to stop the sonde above the sediments,

a measurement that was confirmed by on-board cameras.

Profiling with the AUV occurred from 10 December 2008

to 23 December 2008, and from 07 November 2009 to 02

December 2009. During 2008, an early melt season forced a

shortened data collection confined to mostly the west end of

WLB, so whole-basin comparisons in this paper use data

from 2009 that were collected before the melt season. We

focused on WLB and the narrows to investigate the influence

of the Taylor Glacier on WLB and the exchange flow

through the narrows into ELB.

Vertical profiles of conductivity, temperature, and pres-

sure during the 2008 and 2009 field seasons were made using

a SeaBird SBE 19plusV2 SEACAT Conductivity–Temperature–

Depth (CTD) profiler sampling at 4 Hz and averaging two

samples, resulting in a time interval of 0.5 s between data

points. The CTD was deployed at drop speeds of � 0.4 m s21

from the ENDURANCE vehicle, resulting in a vertical dis-

tance between samples of � 20 cm.

CTD data were also collected from November 1990 to Jan-

uary 1991 with a SeaBird SBE 25 Sealogger CTD deployed

manually at drop speeds between 0.2 m s21 and 0.3 m s21

and sampling at 8 Hz; at a drop speed of 0.25 m s21 this

yielded a vertical distance of 3.1 cm between samples. This

instrument and associated methods are described in detail in

Spigel and Priscu (1996, 1998). Comparison tests between

the SBE 19 and SBE 25 CTDs were conducted during the

2008–2009 summer season to ensure consistency between

the measurements made by the two CTDs; the SBE25 is still

in use in the McMurdo Dry Valleys Long Term Ecological

Research project.

Measured and derived data obtained from the CTDs

included temperature, practical salinity computed from con-

ductivity, temperature, and pressure using UNSECO (EOS80)

equations for seawater (Fofonoff and Millard 1983), and den-

sity at atmospheric pressure, computed from temperature

Fig. 1. Taylor Glacier terminus and Lake Bonney at the head of the Taylor Valley; underlying image from NASA’s Visible Earth website (https://visi-
bleearth.nasa.gov/view.php?id535535). Inset shows location of the Taylor Valley in Antarctica (from https://visibleearth.nasa.gov/view.php?id57624).
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and salinity using UNESCO (EOS80) equations for seawater

(Fofonoff and Millard 1983) as modified for the high salin-

ities in Lake Bonney by Spigel and Priscu (1996). Density at

atmospheric pressure was used because it closely approxi-

mates potential density over the depth range of Lake Bonney

and is a good indicator of static stability (e.g., Phillips 1966,

p. 13; Pond and Pickard 1978, p. 7).

We note that EOS80 was replaced in 2009 by the Interna-

tional Thermodynamic Equation of Seawater - 2010 (TEOS-

10) as the International Oceanographic Commission’s offi-

cial description of seawater (see, e.g., http://salinometry.

com/replacement-of-the-eos-80-definition-of-seawater-proper-

ties-with-teos-10/, posted October 2010, after the initial data

processing for our study had been completed). Ideally TEOS-

10 would have been used for data processing for the present

paper. However, since the beginning of our studies on Lake

Bonney in 1989, all measured CTD data have been processed

using EOS80 equations for seawater, modified as described in

Spigel and Priscu (1996) to allow calculation of salinity and

density from the very high conductivities that characterize

the deeper waters of both WLB and ELB. To ensure consis-

tency with all of the historical data we felt it best to retain

the same methodology for this paper as used in all of our

work from 1989 to 2009.

Similarly, freezing-point temperatures corresponding to in

situ values of salinity and pressure have been calculated using

a formula of Millero and Leung (1976) based on experiments

by Doherty and Kester (1974) and presented in Fofonoff and

Millard (1983, p. 29). Fofonoff and Millard (1983) specify the

range of salinities for application of the formula as 4< S<40

PSU, which is a typical range for seawater. We have applied it

to salinities up to 110 PSU (or greater), far beyond the range

for which the formula was derived. However, comparison

with the curve for NaCl solutions in the CRC Handbook of

Chemistry and Physics (Lide 2005; see pp. 8–71 and pp. 8–

116) implies that the extrapolation is reasonable. Temperature

of maximum density as a function of pressure and salinity

was calculated using the equation of Caldwell (1978).

All contour plots were drawn with Surfer version 11

(Golden Software 2012), using kriging for grid generation. It

was necessary to specify a high degree of anisotropy when

generating grids because of the extreme difference between

gradients in the vertical compared to gradients in the hori-

zontal. This was especially true for salinity and density.

Starting in 1999 water levels were recorded by a pressure

transducer (Campbell Scientific CS-455, accuracy 6 0.1%)

mounted on a buoy anchored on the lake bed. The sensor

was mounted at approximately 10 m below the hydrostatic

water surface (Winslow et al. 2014). Calibration for pressure-

depth conversion was checked twice each year by manual

lake level measurements using auto-levelling relative to fixed

benchmarks on the lake shore. Between 1989 and 1999 man-

ual water level readings were recorded, usually near the

beginning and end of a field season.

Fig. 2. Location map showing 100 m 3 100 m sampling grid used for CTD profiling by ENDURANCE in WLB. Red circles mark locations where pro-
files were measured during 07 November 2009–24 November 2009; the labeled points are sites used in the west-east transect illustrated in Fig. 4.
Sites occupied during a transect through the entire lake during 10 January 1991–11 January 1991 (Spigel and Priscu 1998) are shown by dark blue

squares, with labels italicized. The inset shows the denser sampling grid near the front of the Taylor Glacier; location of sites used in the transect of
Fig. 7 are highlighted in yellow and connected with red lines.
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Fig. 3. Contour plots from a CTD transect made on 10 January 1991–11 January 1991 through WLB and ELB, based on profiles presented in Spigel
and Priscu (1998); the locations of profiling sites are shown by black triangles at the top of each plot. Depths shown on right-hand axes are relative to

mean water levels 07 November 2009–24 November 2009, 63.89 mASL. Depths below the bottom-most point of each profile have been masked, except
through the narrows where data from an ENDURANCE sonar survey (unpublished data) have been used to extend the mapped region to the depth of the

sill that separates ELB and WLB. CTD data between the bottom of measured profiles and the channel bed have been interpolated and extrapolated from
neighboring sites. (a) Temperature. (b) Practical salinities. (c) Density at atmospheric pressure (a close approximation to potential density).
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Results

For purposes of comparison with the 2009 results, data

from a transect made on 10 January 1991 and 11 January

1991 extending from approximately 50 m off the face of the

Taylor Glacier through WLB, the narrows and ELB are pre-

sented as contour plots in Fig. 3. Locations of sites in WLB

and the narrows occupied during the January 1991 transect

are shown in Fig. 2. Only one 1991 site in ELB is shown in

the location map of Fig. 2 as E10. ELB extends a further

4.2 km to the east of E10 (Figs. 1, 2), and the remaining 1991

ELB sites are indicated at the top of the contour plots in Fig.

3. Spacing between sites for the 1991 transect varied from

approximately 200–700 m between profiles in WLB, 100 m in

the narrows, and from 500 m to 875 m in ELB. In contrast,

during the 2009 profiling horizontal resolution was approxi-

mately 25 m between profiles in the sampling grid near the

glacier face; 100 m between profiles in the main body of

WLB; and 50 m between profiles in the narrows (Fig. 2).

The 2009 ENDURANCE results are presented initially as

contour plots in Figs. 4, 5 along two major transect lines.

Figure 4, based on the 100 m grid, extends from the face of

the Taylor Glacier through WLB, the narrows, and for a

short distance into ELB. Figure 5, based on the 25 m grid,

extends along the face of the Taylor Glacier. Figure 6 is a 3-

D scatter plot of temperature based on data from all sites in

the vicinity of the glacier face.

It is important to note that the CTD casts shown in Fig. 4

through the narrows separating ELB and WLB (sites D21 –

NR8 in Fig. 2) were made near the centerline of the channel.

Subsequent analyses of bathymetry deduced from sonar

measurements indicated that this was not the deepest part

of the channel. The longitudinal cross-section through the

sill in the narrows as shown in Fig. 4 represents our best cur-

rent estimate of the depth to the deepest part of the chan-

nel, and the dashed line above the bottom indicates the

bottom limit of the CTD casts, which were stopped approxi-

mately 1 m above the bed at the cast sites. The contours

shown in Fig. 4 between the dashed line and the bottom in

the narrows are therefore not based on measurements at

those points but rather on interpolation and extrapolation

of measurements at adjacent profiling sites.

Results are presented in Fig. 7 for profiles along a transect

line extending from the glacier face into WLB through the

25 m grid for sites BF34-BF30 and including sites D3 and D4

from the 100 m grid (site locations highlighted in yellow in

inset of Fig. 2). Also shown are profiles measured on 11 Janu-

ary 1991 for sites W5, W10, and W20. W5 was the only

near-glacier site occupied in 1991, while W20 is representa-

tive of the main body of WLB. Figure 7a includes both in

situ temperatures and freezing-point temperatures computed

from in situ salinities and pressures (see “Methods” section).

Figure 5b shows contours of the difference between in situ

and freezing-point temperatures in the water adjacent to the

glacier face. Figure 7b shows profiles of density for the BF34-

BF30 and W5-W20 sites. Individual profiles used to construct

the contour plots in Figs. 4, 5 are shown in Fig. 8.

All plots include two axes for water depth, one as eleva-

tion above mean sea level, the other as depth below piezo-

metric water level during the 2009 profiling period.

Although depth below water surface provides a more intui-

tive measure, we have used elevation above sea level in order

to make consistent comparisons between measurements

made in 1990–1991 and November 2009. Lake level has var-

ied considerably over this period, rising (though not at a

steady rate) from 62.18 mASL on 27 January 1991, to 63.89

mASL for 07 November 2009 to 24 November 2009.

General features of the temperature-salinity-density

structure

One of the most striking features of the contour plots for

both the 1991 and 2009 data, as shown in Figs. 3–5, is the

extreme flatness of the density and salinity contours, espe-

cially when compared with the much greater horizontal vari-

ability of the temperature contours. Density stratification is

controlled almost exclusively by salinity, with temperature

having a relatively minor influence. This is because of the

large range and the strong vertical gradients of salinity in

comparison with those of temperature, which varies over a rel-

atively small range. The plots of density therefore closely mir-

ror those of salinity. In contrast, temperature acts as an almost

passive tracer, and can be used to help differentiate water sour-

ces and to provide information on water movements.

Comparison of Figs. 3, 4 shows strong similarity in the

main features of temperature, salinity and density structure

between the 1991 and 2009 longitudinal transects. The level

of the halocline (the region of steepest salinity gradient) in

WLB remained fixed just below the top of the sill in both

years, with water adjacent to the Taylor Glacier being cooler

than in the rest of WLB, and water in ELB being warmer

than in WLB.

Because of the dominant influence of salinity on density

in Lake Bonney, the halocline and pycnocline (region of

steepest density gradient) coincide, around the depth of the

40 PSU contour for salinity and the 1040 kg m23 contour for

density in WLB. Profiles for individual dissolved solutes, not

shown here, all exhibit a similar pattern. In the remainder of

this paper, we will refer to the region of steepest salinity,

density, and chemical gradients as the chemocline.

Notable in Figs. 3a, 4a, 6, 7a are cooler temperatures that

extend from the glacier face, suggestive of cooler flows prop-

agating from the glacier into WLB, and the interleaving over

the sill separating WLB from ELB of warmer ELB tempera-

tures with the cooler temperatures of WLB, suggestive of an

exchange between waters of WLB and ELB above the sill.

Near-glacier temperature anomaly

The submerged face of the Taylor Glacier acts as a heat

sink for WLB, and this is one reason for the cooler

Spigel et al. Glacially induced mixing in an Antarctic lake
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Fig. 4. Contour plots from a west-east transect in November 2009 from the front of the Taylor Glacier through WLB and narrows to the start of ELB.
Locations of profiling sites, masking below depth of profiles, and extension of profile depths to sill elevation through the narrows are as described in

the caption for Fig. 3. The dashed black line above the lake bottom through the narrows indicates the actual depth of CTD profiles; contours in
the region between the dashed line and the estimated depth of the lake bed have been extended by extrapolation from neighboring sites.
(a) Temperature. (b) Practical salinity. (c) Density at atmospheric pressure.
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temperatures of WLB overall compared to ELB (Figs. 3a, 4a),

as well as for the cooler temperatures near the glacier face in

WLB. Figure 6 provides a striking illustration of the extent of

these colder temperatures, which we refer to as “the temper-

ature anomaly” because of the marked contrast between dif-

ferences in temperature compared to the horizontal

uniformity of salt and density that characterize stratification

in the lake. Figure 7a is typical of temperatures measured

along transect lines extending from the glacier face into the

main body of WLB, with colder temperatures in 2009

extending to a depth of about 23 m. Visual images recorded

from the ENDURANCE (not shown) indicated that this

depth marked a boundary between exposed glacier ice and

bottom sediments.

The 1991 profiles from sites W5, W10, and W20 also

show a temperature anomaly, but one that extends to a

greater depth than in 2009 (� 26 m). This difference is likely

due to changes in the configuration of the glacier front

between 1991 and 2009. Fountain et al. (2004; Table 1, p.

559) estimated that the terminus of the Taylor Glacier

advanced approximately 100 (6 11) m over 20 yr between

1976 and 1996. Unpublished photographs (Fountain pers.

comm.) indicate that the advanced part of the glacier calved

into the lake sometime between 1998 and 2006, restoring

the position of the terminus to its 1976 position. Calving

therefore occurred at some time between the measurements

made in 1991 and 2009, and could have altered the depth of

the temperature anomaly at the glacier face over time.

The temperature profiles shown in Fig. 7a are indicative of

cold intrusions at different scales propagating from below the

glacier face into WLB. The larger-scale intrusions, present in

both 1990–1991 and 2008–2009 measurements, are likely asso-

ciated with cold, saline inflows derived from the subglacial

brines described by Mikucki et al. (2015) and Badgeley et al.

(2017), who propose that they drain from the base of the sub-

merged glacier terminus into WLB. They are not apparent in

the salinity profiles, but this would be expected if they are

weak flows intruding at their level of neutral buoyancy.

Finer-scale layering can be seen in the 1990–1991 temper-

ature profile at W5, most pronounced between 44 mASL and

Fig. 5. Contour plots of a south-north transect across the front of the Taylor Glacier from selected ENDURANCE sites in the sampling grid shown in
the inset of Fig. 2 All depths below the bottom-most point in each profile have been masked in the contour plots. (a) Temperature contours.

(b) Temperature difference in water at the glacier front between the melting point temperature (computed from in-situ salinity and pressure) minus
the in-situ temperature. (c) Practical salinity. (d) Density at atmospheric pressure. Color scales of contours for temperature, salinity and density are the

same as those in Fig. 3 and Fig. 4.
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46 mASL. Corresponding layering is also present in W5 pro-

files of salinity and density (Fig. 7b), although not easily

seen at the scale of this figure. In contrast, the 2009 meas-

urements were made at a lower frequency and higher drop

speed, with an average distance between sampling points of

20 cm, and would not have been able to resolve the finer-

scale layers if they had been present. We believe that the

layering is derived from melting of the exposed glacier face

into the salinity gradient below the chemocline, described in

more detail in the “Discussion” section. Salinity stratification

is largely absent above the chemocline, and the layering is

not present there, although melting of the glacier face must

also be occurring because of the>08C water temperatures.

Figure 9 shows a segment of the earlier profiles in more

detail, including all four sets of casts made during the 1990–

1991 season at the W5, W10, and W20 sites, from 24

November 1990 to 12 January 1991. The layers appear as

asymmetrical, oscillatory-like features in the profiles of tem-

perature, salinity, and density. The consistency over the 7-

week time span in the elevations and amplitudes of the

oscillations is striking; as expected, the temperatures are

more variable than the salinities. In all plots the cooler

temperatures coincide with lower salinities, and warmer tem-

peratures with higher salinities at the W5 site, suggestive of

intrusion layers derived from melting at the glacier face (dis-

cussed in more detail below). The oscillations have largely

decayed at site W10, except for the 29 November 1990 pro-

file, where attenuated oscillations are visible, but out of

phase with those at W5; this would be the case if the layers

represented intrusions that were propagating along a slightly

sloping direction instead of strictly horizontally. The sam-

pled data points are plotted in Fig. 9, showing the resolution

of these features by the CTD.

In the “Discussion” section, we explain why we believe

these oscillations are a signature of intrusions in which dou-

ble diffusion, occurs. As pointed out by Spigel and Priscu

(1998) in relation to profiles measured in 1990–1991, the

vertical variation of temperature of maximum density indi-

cates that in WLB the temperature profile is stable over

almost the entire water column, ruling out the possibility of

double diffusion in the interior of the basin; this is also true

for the 2009 profiles (Fig. 7a). However, in the finer-scale

layering just described, layers of warmer, more saline water

alternate with cooler, fresher waters, providing evidence for

the occurrence double diffusion near the glacier face in the

oscillatory features of Fig. 9.

Discussion

A conceptual model

A conceptual model that illustrates inflow, melt and cir-

culation processes associated with the results presented

above is shown in Fig. 10. The model shows circulations in

the upper, fresher waters above the chemocline, transports of

water and salt below the chemocline, and interactions

between ELB and WLB above the sill in the narrows. The

Fig. 6. Three-dimensional temperature plot illustrating the extent of the cold-water temperature anomaly in front of the glacier based on 2009 meas-
urements. Horizontal axes give distance east and north, with origin as shown by E,N axes in inset of Fig. 2. The plot utilizes most sites shown in the

inset of Fig. 2 as well as some points from the 100 m grid. Note the difference in color-scale from that used in the contour plots.
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model provides a framework for discussion of these processes

below. We will provide quantitative estimates for melt-related

processes (darker blue arrows above the chemocline, green

arrows below the chemocline), but for some of the processes

(exchange above the sill, cold saline inflows below the che-

mocline) we are unable to make quantitative analyses.

Cold, saline sub-chemocline inflows

Mikucki et al. (2015) have presented analysis and imagery

of the resistivity field beneath Taylor Valley, as measured by

airborne electromagnetic surveys. They interpreted the

results as an indication that liquid with high solute content

exists at temperatures well below 08C as sub-glacial brines,

and that some of these inferred brines emanate from below

Taylor Glacier into Lake Bonney. Since then, Badgeley et al.

(2017) have used radio echo sounding and hydraulic-

potential modeling to map the flow of these brines under

the base of the Taylor Glacier terminus, and have proposed

that some of the sub-glacial brines drain into WLB, although

they have not provided estimates for the volumes of such

flows. They have also mapped flow pathways within the gla-

cier terminus itself, showing hydraulic connectivity between

the cold basal brines and a supra-glacial brine outflow

known as Blood Falls (because of its red color caused by high

Fig. 7. (a) Temperatures and (b) densities, at BF34-BF30, D3, D4 (November 2009), and W5–W20 (January 1991), with far-field (W20) density gradi-
ent used for analysis of W5 intrusion thicknesses; plots include and freezing-point temperatures (a) and densities (b) calculated from salinity profiles at

W5 and W20. (c) Detail (region outlined by box in (a) and (b)) from 2009 density profiles showing possible overturning and instability in cold intru-
sion. All depths are referenced to average lake level between 07 November 2009 and 24 November 2009 (63.89 mASL).

Spigel et al. Glacially induced mixing in an Antarctic lake
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concentrations of iron), that exits the glacier above ground

at the glacier terminus (Mikucki et al. 2004, 2009; Mikucki

and Priscu 2007).

These processes are identified in Fig. 10 by bright and

dark red arrows. We believe that our results reflect the inflow

of these brines, either directly as drainage from the basal gla-

cier system, as described by Badgely et al. (2017), or as a den-

sity current that originates at Blood Falls (e.g., Mikucki et al.

2004, their Fig. 2, showing an iron-rich lens below the WLB

chemocline near 25 m). The clearest illustrations linking

such cold, saline inflows to possible intrusions in WLB come

from transects extending from the glacier face and through

the sites of the 25 m grid into WLB, one of which (BF34-

BF30, D3, D4; see Fig. 2, where these sites are highlighted in

yellow in the inset) is shown in Fig. 7. The 2009 temperature

profiles in Fig. 7a have two local minima below the chemo-

cline, the coldest at a depth of 21 m, with the anomaly in

temperature decreasing gradually with distance from the gla-

cier face. The shapes of the profiles are suggestive of intru-

sions propagating from the glacier terminus into WLB,

gradually coming to thermal equilibrium and mixing with

their surroundings. Although adjustment appears nearly

complete by site D4 in Fig. 7a, a distance of approximately

200 m from the glacier face, closer examination of profiles

measured on the full transect through WLB (Fig. 8) indicates

that colder temperatures persist as far as site F8 at a distance

of approximately 600 m from the glacier face, with complete

adjustment not evident until site E9 at a distance of approxi-

mately 700 m. Profiles measured during December 2008 (not

shown, but similar in form to those shown in Fig. 8) indi-

cated that the temperature anomaly occupied a smaller area,

with colder temperatures at D7 (� 500 m) and complete

adjustment by D8 (� 600 m). Density profiles for the near-

glacier 25 m grid in 2009 (Fig. 7b, and detail in Fig. 7c) show

evidence of possible overturn associated with the intrusion

at 21 m as it evolves from a slight distortion in the density

profile at B34 closest to the glacier, to an unstable configura-

tion at B30, and back to a stable profile at D4. Other trans-

ects, not shown (BF 24-BF20; BF25-BF29; BF35-BF39), all

exhibit similar features, including possible instability around

21 m.

Evidence for the hypothesized sub-chemocline inflows is

not readily apparent in the salinity contour plots, as would

be expected if the inflows enter WLB from under or within

Fig. 8. (a) Temperature, (b) salinity – main west-east transect from glacier through WLB, narrows and start of ELB, BF15-NR8; with 10 January 1991
ELB profiles E10–E50. Depth scale is referenced to mean lake level (63.89 mASL) over the period of measurements 07 November 2009–24 November

2009.
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Taylor Glacier and then flow along the glacier face until

they reach their level of neutral density in the lake near the

glacier face. These inflows would then flow out into the lake

at that depth carrying the same salinity as the surrounding

water, but a different temperature. The temperature anomaly

would gradually disappear with distance along the intrusion

due to mixing and heat transfer with the surrounding ambi-

ent lake water. At the same time, MacIntyre et al. (2006)

have shown that thin-layer formation in regions of strong

stratification comparable to those below the WLB chemo-

cline can act to increase intrusion lengths.

Melting at the submerged glacier face

Melting processes at the submerged glacier face are identi-

fied in Fig. 10 by darker blue arrows in the waters above the

chemocline, and by the pairs of green arrows associated

with layering and finer-scale intrusions below the

chemocline; melting processes are quite different above and

below the chemocline, and need to be analyzed by different

methods.

As noted above in “Near-glacier temperature anomaly”

section Fountain et al. (2004, Table 1, p. 559) estimated

that the terminus of the Taylor Glacier advanced approxi-

mately 100 (6 11) m over 20 yr between 1976 and 1996.

Although the advance and subsequent calving and melting

probably did not occur uniformly over time, the observa-

tions can be used to give an order of magnitude estimate of

5 m yr21 for a melt rate. More recently, Pettit et al. (2014)

have provided detailed analysis of the flow of the Taylor

Glacier terminus; their Fig. 3 shows estimates for varying

flow speeds at different locations on the glacier terminus,

with a value of 5.3 m yr21 where the terminus enters WLB.

These estimates provide some context for melt estimates

calculated below.

Fig. 9. Profile segment detail for CTD casts in WLB made on 24 November 1990, 29 November 1990, 11 January 1991, and 12 January 1991 at sites
W5, W10, and W20. Sample points are plotted for the W5 (near-glacier) site, showing the resolution of the meltwater intrusions. Evidence of intru-

sions persisting to site W10 can also be seen in the profiles for 29 November 1990, with oscillation out of phase with W5 profiles, consistent with a
slight upward slope of the intrusions.
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Thermal energy for melting of the submerged glacier face

is supplied by the heat stored in the water column, and to a

minor extent by solar radiation that penetrates the lake’s ice

cover. To estimate of the relative contribution from solar radi-

ation we used measurements from the Lake Bonney LTER

Meteorological Station (http://www.mcmlter.org/content/lake-

bonney-meteorological-station-measurements) to obtain a

typical value for the peak radiation months November–Febru-

ary for incoming phothosynthetically active radiation (PAR)

of 600 lmol m22 s21 (maximum 15-min values can be around

1200 lmol m22 s21). We assumed that 2.5% of incoming

radiation penetrates the ice (Lizotte and Priscu 1992 specify a

range from 1% to 5%), use a conversion of quanta flux to

energy flux of 4.6 lmol quanta/joule (Kirk 1994) to obtain

3.26 W m22 below the ice (peak values 6.52 W m22), and

assume an exponential decay of the solar flux through the

water column with an attenuation coefficient of 0.15 m21

(Lizotte and Priscu 1992 specify a range of 0.1–0.2 m21). If we

neglect any directionality of the underwater radiation, assum-

ing it is mostly diffuse, then the available energy decays from

3.26 W m22 at 4 m to 0.012 W m22 at 26 m, which we

assume to be the extent of the exposed ice face (assuming a

directionality for the radiation would reduce these values).

The energy flux can be converted to a melt rate _m(z) 5 I(z)/

(qice L), where _m(z) is the melt rate, I(z) is the underwater irra-

diance, qice is the density of ice (assume 916.8 kg m23) and L

is latent heat of fusion (assume 334 kJ kg21), giving melt rate

values of 2.8 cm month21 at 4 m depth to 1 mm month21 at

26 m. Melt rate can be converted to volumes of freshwater by

integration over the area of exposed ice. To do this we use

the provisional bathymetry estimated from the ENDURANCE

sonar data by Doran (unpubl. data) to approximate the

exposed ice face as a trapezoid with top width of 525 m at

4 m depth to 96.8 m at 26 m, giving volumetric melt rate val-

ues of 74 m3 month21 for an incoming energy flux or power

received of 8620 W and an average flux per unit area of 1.3

W m22. To make a rough comparison of the estimated melt

from solar radiation with the annual values of approximately

5 m yr21 based on glacier advance from Fountain et al. (2004)

and Pettit et al. (2014), we can assume that the solar melt

rates above are characteristic of the 4 months November–Feb-

ruary, implying melt rates of 11 cm yr21 at 4 m to 4 mm yr21

at 26 m. Assuming a longer time span for the duration of

solar melt would increase these values slightly, but would not

alter the basic conclusion that melting by solar radiation inci-

dent on the submerged glacier face provides a very minor

contribution to total likely annual melting (cf. estimate of

5 m yr21 mentioned in the previous paragraph).

Considering next latent heat transfer from water in WLB,

Figs. 5b, 7a show that in situ temperatures exceed freezing-

point temperatures over the entire depth of WLB, due to

high salinities below the chemocline and>08C temperatures

Fig. 10. Conceptual sketch summarizing inflow, melt and circulation processes.
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above the chemocline. Consequently melting of the sub-

merged glacier must be occurring at all depths; however, two

different analyses are needed to estimate melt rates. For

depths above the chemocline, where salinity stratification is

largely absent and the ice is melting into nearly freshwater

at relatively uniform temperature, we used Bendell and Geb-

hart’s (1976) theoretical and laboratory study. For depths

below the chemocline, where ice is melting into a salinity

gradient, we used Huppert and Turner’s (1978, 1980) and

Huppert and Josberger’s (1980) results from their theoretical

and laboratory studies and the related oceanic work of Jacobs

et al. (1981), Stephenson et al. (2011) and others cited

below. Josberger and Martin (1981) have presented results of

a thorough study of an ice wall melting in water of uniform

salinity within the oceanic range. While their numerical

results are not directly applicable to the Taylor Glacier, their

descriptions provide insight into the physical processes

occurring in the meltwater boundary layer next to the ice.

All of the above studies indicate that melting generates a

meltwater boundary layer next to the ice face in which the

temperature and salinity vary from those at the ice–water

interface at the ice surface (Tw, Sw) to those in the ambient

water in the far field (T1, S1). For the purposes of our calcu-

lations, we will assume that temperatures and salinities at

site W20 are representative of the far field. The magnitudes

of Tw, Sw are less certain. All studies agree that Tw and Sw

must lie on the freezing-point depression curve, ffp, that

relates freezing point temperature Tfp to salinity S and pres-

sure p, although the effect of pressure is minor at the depths

considered for WLB, Tfp 5 ffp(S,p) � ffp(S) (Millero and Leung

1976; Fofonoff and Millard 1983; Lide 2005). For the case of

freshwater in both the far field and at the ice face, which we

assume to be a realistic approximation for the Taylor Glacier

above the chemocline, Tfp 5 Tw 5 08C at atmospheric pres-

sures. For the case of S1>0, Huppert and Turner (1980) and

Huppert and Josberger (1980) suggest that Sw will be less

than S1, but that as S1 increases Tw will tend to approach

ffp(S1), the freezing point temperature evaluated at the far-

field salinity. These are the freezing point temperatures plot-

ted in Fig. 7a and are used to calculate the differences from

freezing point in Fig. 5b. Also plotted in Fig. 7a are tempera-

tures at which maximum water density would occur for the

salinities and pressures in the water near the glacier face,

Tmd(S,p), as measured at W5 in January 1991 and at BF34 in

November 2009 (Caldwell 1978). Note that water tempera-

tures in WLB are below Tmd above the chemocline, so that

cooling by loss of heat transferred to the glacier for melting

will make the cooled water less dense and its increased buoy-

ancy will cause it to rise within the meltwater boundary

layer. Below the chemocline, where a maximum density

anomaly does not exist for liquid water at the high salinities

in WLB, the opposite is the case, and cooling results in den-

sity increase. However, salinity is also reduced due to mixing

with fresh meltwater in the meltwater boundary layer,

resulting in a density decrease that offsets the density

increase from cooling. The control of buoyancy by salinity is

evident in the profiles in Figs. 5, 9, where salinity dominates

the density field.

Consider first melting above the chemocline between

depths in WLB where salinity can be neglected (4–14 m) and

Tw � 08C. Recent data from a sensor moored at the center of

WLB at 11 m (Obryk et al. 2016) indicates that T1 can be

approximated by a sinusoidal variation with a mean of

1.568C and amplitude 0.1258C (see also Fig. 4). Water in the

meltwater boundary layer will be fresh and at temperatures

between 08C and 1.568C and, as noted above, will rise along

the glacier face. The boundary layer will continue to grow

until it reaches the bottom of the ice cover, where it will be

turned to flow horizontally into WLB. Ambient water

entrained into the rising boundary layer will be replaced by

a flow in WLB toward the glacier face; this circulation is

depicted by the darker blue arrows above the chemocline in

Fig. 10 and its influence may extend throughout WLB and

to the narrows (see also, e.g., Schneider 1981). Heat transfer

Q to the ice face is estimated from Bendell and Gebhart

(1976) as Q 5 _mL/(BH) 5 NuH k (T1 - Tw)/H, where Q is heat

flux per unit area, _m is the melt rate (mass of ice per unit

time), L is latent heat of fusion, B and H are width and

height of the melting vertical ice face, NuH is the experimen-

tally determined Nusselt number (dimensionless heat flux), k

is thermal conductivity, and we have omitted the factor of 2

in Bendell and Gebhart’s (1976) Eq. 2 that applies to the two

sides of the melting ice block in their experiments. From

Bendell and Gebhart’s (1976, Fig. 4 and Table 1), we estimate

Nu0.303m 5 70, where 0.303 m is the height of the ice face in

their experiment. Bendell and Gebhart (1976, Table 1) spec-

ify that to apply this to ice faces of height H it should be

multiplied by (H/0.303)3/4, giving NuH 5 964 for H 5 10 m,

considering the Taylor Glacier from 14 m to 4 m (and

assuming the upscaling to 10 m is valid). This is an average

Nusselt number, i.e., it represents an integral over a rectan-

gular ice area, but we will use it to estimate the average heat

flux over the trapezoidal area of Taylor Glacier face (top

width 525 m at 4 m, as above, and bottom width 430 m at

10 m). Taking thermal conductivity k 5 0.556 W m21 K21

(Ramires et al. 1995), gives Q 5 83.4 W m22 and a corre-

sponding melt rate Q/(qice L) 5 8.6 m yr21 (or a mean

monthly rate of 0.72 m month21). This is of similar magni-

tude, although somewhat larger, than the 5 m yr21 esti-

mated from glacier advance.

Below the chemocline melting occurs into a salinity gradi-

ent, and the fresher meltwater would not flow vertically

upward along the glacier face for any considerable distance.

Water in the meltwater boundary layer encounters progres-

sively less salty, and hence less dense, water in its surround-

ings as it rises through the salinity gradient, until it reaches

its level of neutral buoyancy. It then propagates as a series of

nearly horizontal intrusions into the surrounding ambient
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water, as explained by Huppert and Turner (1978, 1980) and

Huppert and Josberger (1980) in relation to their laboratory

experiments with ice blocks melting into a salinity gradient.

Their results showed that the presence of a horizontal tem-

perature gradient generated by melting, in combination with

a vertical salinity gradient in the ambient water, altered the

boundary layer a small distance from the ice and produced a

regular series of slightly tilted convecting layers which grew

out into the surrounding water. “Along the top of the layers

there is an inflow of environmental fluid, which is directly

mixed with the melt water only near the ice. In this way, a

considerable portion of melt water can be fed into the envi-

ronment close to the level at which it is produced and very

little, if any, rises to the surface.” (Huppert and Turner

1978). This process was further documented in subsequent

laboratory, field and numerical studies by Jacobs et al. (1981)

for the Erebus Glacier tongue in the Ross Sea; Oshima et al.

(1994) for icebergs trapped by fast ice in L€utzow-Holm Bay,

Antarctica; Stephenson et al. (2011) for a large free-floating

iceberg in the Weddell Sea; and Gayen et al. (2015) in

numerical computer simulations. We hypothesize that the

layering observed in the 1990–1991 data (Fig. 9) is caused by

intrusions propagating from the melting glacier face, as illus-

trated by the pairs of green arrows below the chemocline in

Fig. 10, and that the wavelengths of the oscillations are mea-

sures of the thickness of the intrusions. However, before pre-

senting further analysis in support of this hypothesis we

make two observations.

First, these types of intrusions have also been associated

with double diffusive convection, generated by heating or

cooling at sidewalls in an ambient fluid that contains com-

peting gradients, in terms of static stability, of temperature

and salinity (or of gradients of concentrations of two solutes

such as sugar and salt); see, e.g., Turner (1978), Huppert and

Turner (1981), Jeevaraj and Imberger (1991) and Schladow

et al. (1992). We point out that the background or ambient

stratification in WLB below the chemocline is composed of

gradients that are stable for both temperature and salinity,

hence not susceptible to onset of double-diffusive instability

in the absence of some external forcing from boundaries.

However, once the intrusions are generated by melting, they

do possess double-diffusive properties within the alternating

layers of inflowing warmer, more saline ambient water and

outflowing cooler, fresher water. Huppert and Turner (1981,

p. 306) point out that “the mechanism of introducing cold

melt water laterally allowed double diffusive steps to occur

even in the presence of profiles of temperature which

decreased and of salinity which increased with depth. These

distributions by themselves are not subject to double-

diffusive instabilities. . .,” while Malki-Epshtein et al. (2004),

have presented a theoretical and laboratory study that con-

siders double-diffusive aspects of intrusions propagating into

a salinity gradient from a vertical cooled wall, with no melt-

ing or far-field temperature gradients.

Second, while we are confident that shape of the tempera-

ture and salinity profiles have been satisfactorily resolved by

our measurements, and are not artefacts of the sampling pro-

cedure or instrument malfunction, we are puzzled by the

pronounced oscillatory shape of the profiles that, while not

symmetrical about their local minim and maxima, are not

statically stable in the shorter segments where warmer, salt-

ier inflowing water overlies cooler fresher outflowing water.

In contrast, the profiles presented by Jacobs et al. (1981)

exhibit the staircase pattern characteristic of double diffusive

layers. The experimental results of Huppert and Turner

(1980) and Malki-Epshtein et al. (2004) are not presented as

profiles, but in terms of shadowgraphs, dye traces and other

flow visualization techniques, so comparison with our pro-

files is not possible. An experimental profile of salinity mea-

sured near the sidewall by Schladow et al. (1992) does

exhibit an exactly similar shape to those measured at W5

(Fig. 9), while profiles measured farther from the wall are sta-

ble. Numerical calculations presented by Schladow et al.

(1992) indicate that overturning is occurring in these layers

close to the wall, and that with distance from the wall a sta-

ble configuration evolves. The very close proximity of site

W5 to the glacier face seems to be the most likely explana-

tion for the patterns observed in Fig. 9. In the only profile

for which the intrusions can still be detected at site W10 (29

November 1990), the density profile is completely stable.

To support our hypothesis that the layering in Fig. 9 is a

manifestation of the intrusion processes described above, we

first show that the layer thicknesses of our data are consis-

tent with values presented in the literature. Based on the

results of their laboratory experiments, a simple scaling rela-

tion for the layer thicknesses was proposed by Huppert and

Turner (1980) and Huppert and Josberger (1980), h (dq/dz)/

[q(S1,Tfp) 2 q(S1,T1)] 5 0.65, where h is the layer thickness

(m), S1 and T1 are far-field salinity and temperature charac-

terizing the water into which the ice is melting, Tfp is the

freezing-point temperature corresponding to salinity S1,

q(S1,Tfp) is density (kg m23) corresponding to salinity S1
and temperature Tfp, q(S1,T1) is ambient far-field density

(kg m23) corresponding to salinity S1 and temperature T1,

and dq/dz is the ambient far-field density gradient (kg m24).

The constant 0.65 was based on fitting to experimental data.

We measured 29 thicknesses from the W5 data shown in Fig.

9 for 11 January 1991, between depths 16–25 m. Thicknesses

ranged from 10 cm to 34 cm, with mean thickness of 22 cm

(median 23 cm, standard deviation 6.8 cm). Non-dimensional

intrusion thicknesses h (dq/dz)/[q(S1,Tfp) - q(S1,T1)] ranged

from 0.52 to 0.87 with mean (and median) 0.69 and standard

deviation 0.086. We used in situ values of S1 in our calcula-

tions; using the average value of S1, as was done by Huppert

and Turner (1980) and Huppert and Josberger (1980), gave

the same value of 0.69 for the mean thickness but a slightly

smaller standard deviation, 0.085. Given the uncertainties

involved in scaling the thicknesses from the graph, we think

Spigel et al. Glacially induced mixing in an Antarctic lake

14



that the agreement with Huppert and Turner’s (1980) and

Huppert and Josberger’s (1980) value of 0.65 is reasonable.

The hypothesis that the layering presented in Fig. 9 is due

to meltwater processes is further supported by the fact that

the salinity profiles in the far field at W20 are tangent to the

peaks of the salinity profiles at W5, consistent with identify-

ing the salinity peaks with inflowing warmer, saltier ambient

water and the minima with outward flowing fresher, cooler

water that has been diluted by melt from the glacier face. It

is also of interest that the far-field density profiles appear to

pass through the means of the W5 profile. Integration of the

density profiles for 11 January 1991 over the depth from

16.5 m to 26 m depth, the range over which the intrusions

were observed, incorporating basin bathymetry, indicated

that mass was conserved to within 0.03% between W5 and

W20.

We are not aware of any methods for calculating heat

transfer and melt rates directly for the thermohaline intru-

sions below the chemocline. However, using methods

employed by Jacobs et al. (1981) and Stephenson et al.

(2011), we can relate the salinity deficit in the W5 profiles to

possible melt rates by calculating the amount of fresh water

that would be required to reduce the salinities in the intru-

sions from those in the far field, and by making some

assumptions about the extent of WLB affected by melt-

induced circulations. These are basically salt balance calcula-

tions, and we have converted W5 and W20 salinities to total

dissolved solids (TDS) concentrations before carrying out the

calculations. For salinity S<60 PSU, values of salinities as

PSU provide a good approximation to TDS as kg salt m23 of

solution; for S�60 PSU, S underestimates TDS and TDS was

calculated as TDS 5 0.5219 1 0.8357 S 1 0.002636 S2, from a

regression (r2 5 0.998) based on ion concentration data for

WLB presented in Spigel and Priscu (1996). Integration from

16.5 m to 26 m depth indicated a salt deficit of 4.48 kg salt

in the 9.5 m deep by 1 m2 water column for W5 compared

with W20. For a mean TDS 5 104 kg salt m23 at W20 over

this depth, this implies a necessary replacement volume of

0.0429 m3 freshwater with (TDS 5 0) over the 9.5 m by 1 m2

water column. If we assume an extent of influence on an

annual basis corresponding to the approximate horizontal

area over which the temperature anomaly was observed,

from 1.3 3 105 m2 in 2008 to 2.7 3 105 m2 in 2009 (similar

to the approach used by Jacobs et al. 1981), and use the trap-

ezoidal approximation for the shape of the glacier face

exposed to melting, we calculate melt rates of between

3.4 m yr21 (2008) and 7.0 m yr21 (2009), corresponding to

the volumes of freshwater required from melt to account for

the salt deficit calculated above.

It is difficult to relate these results to long-term projec-

tions for the evolution of salinity structure in WLB, not only

because of the approximations, uncertainties and assump-

tions involved, but also because of our lack of knowledge

about the magnitude and concentrations of sub-glacial brine

inflows to WLB and of chemocline leakage over the sill from

WLB to ELB. Although difficult to see on the scale of the

Figs. 7b, 8b, profile data indicate that salinity decreased

slightly below the chemocline over the 19 yr from November

1990 to November 2009. Integration of TDS over the entire

WLB basin below sill level (49.1 m ASL, as determined from

a dive survey by Peter Doran in December 2016) to elevation

24.00 m ASL (depth 39.89 m, total volume 10.7 3 106 m3)

gives a total decrease in salt of 33.3 3 106 kg of salt over 19

yr, representing 2.9% of the total basin salt content in that

depth range. This can be expressed as an annual dilution

rate or salinity deficit over the 19 yr of 1.75 3 106 kg salt

yr21. In this form, the observed decrease in salt content can

be compared to the salt deficits corresponding to the melt

rates estimated in the preceding paragraph of 0.583 3 106 kg

salt/year to 1.21 3 106 kg salt/year for the 9.5 m water col-

umn and areas 1.3 3 105 m2 (2008) to 2.7 3 105 m2 (2009).

The corresponding melt from the exposed glacier face, based

on the assumed area of the glacier face and a simple salt bal-

ance of the entire WLB basin below the sill, is 8.0 m yr21,

the same as the estimated melt from the glacier face above

the chemocline. This is somewhat larger than the values of

3.4–7.0 m yr21 calculated for the intrusions and 5 m yr21

estimated from glacier advance, although all of these esti-

mates are of similar magnitude. Within the limits of the

assumptions and simplifications involved in making the

melt estimates, it seems reasonable to conclude that melting

does make a significant contribution to the observed salinity

decrease and in balancing the present rate of advance of the

glacier terminus.

The sill in the narrows and the depth of the chemocline

in WLB

The inflows of fresh and saline water that enter WLB,

together with the level of the sill in the narrows separating

ELB and WLB, control the character and position of the

WLB chemocline. The sill and the chemocline in turn influ-

ence the exchange of fresh and saline water between ELB

and WLB.

The position of the WLB chemocline has remained rela-

tively stable, within the accuracy of our measurements, since

1991 (Figs. 3b,c, 4b,c, 5c,d). The coincidence of the top of

the chemocline with the level of the sill implies that, except

during periods of high brine inflow, the sill acts to block the

flow of salty water from within and below the WLB chemo-

cline into ELB. However, on occasion the level of the chemo-

cline may rise sufficiently to allow some flow of chemocline

water to occur over the sill into ELB where it would form a

density undercurrent and eventually intrude into the main

ELB chemocline at its level of neutral buoyancy. Evidence

for such flow has been provided by Doran et al. (2014), who

referred to “chemocline leakage” from WLB when explaining

the unusual older apparent ages of saline, dissolved

inorganic carbon (DIC)-rich, water, characteristic of WLB
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(Poreda et al. 2004), in the ELB main chemocline between

depths of 20–25 m shown in Doran et al. (2014) Fig. 4D. Our

conceptual sketch in Fig. 10 includes orange arrows showing

the likely path of leakage flow. Mechanisms causing the che-

mocline to rise, including inflows below the chemocline and

glacier advance, are discussed below.

Because WLB water below the level of the sill is density

stratified, inflows below sill level will form horizontal intru-

sions at their level of neutral density, lifting all of the water

above this depth to higher levels. This process is illustrated

by the vertical black arrows just below the chemocline in

Fig. 10. We have described evidence for the existence of

cold, saline inflows below the chemocline based on the resis-

tivity data of Mikucki et al. (2015), the radio echo sounding

data and hydraulic-potential modeling of Badgeley et al.

(2017) and from examination of temperature and salinity

data within the lake, although we have no way of quantify-

ing the volumes of sub-glacial brines, or of groundwater

from other sources, that enter the Lake Bonney. We have

also described input of freshwater from melt below the che-

mocline, which seems to be of the same order as (and there-

fore in approximate balance with) glacier advance. These are

the mechanisms that could cause the level of the WLB che-

mocline to rise.

Doran et al. (2014) noted that advance of the Taylor Gla-

cier into WLB displaces volume previously occupied by lake

water, thereby providing a further mechanism for raising the

level of the lake and pushing water over the sill from WLB

to ELB. Some of the displaced volume will be below the WLB

chemocline and force the chemocline to rise. A calculation

for the order of magnitude of chemocline rise can be made

using the 20-yr average advance rate for the Taylor Glacier

terminus of 5 m yr21 deduced from Fountain et al.’s (2004,

Table 5) and Pettit et al.’s (2014, Fig. 3). Approximating the

shape of the exposed glacier face below the chemocline

(taken as the level of 40 PSU salinity contour) as a trapezoid

(as above in “Melting at the submerged glacier face” section)

with top width 307 m at 15.2 m depth and height 10.8 m to

the bottom at 26 m depth with bottom width 96.8 m, gives

an estimate of 2180 m2 for the frontal area of the exposed

glacier face below the chemocline. Multiplying by an

advance rate of 5 m yr21 gives a figure for displaced volume

below the chemocline of 10,900 m3 yr21. Using a horizontal

area of 7.44 3 105 m2 (Obryk, unpubl. hypsographic data)

within the depth contour at chemocline level gives an aver-

age vertical displacement for the chemocline of approxi-

mately 1.5 cm yr21, which is too small to be detected

reliably in our data. A much greater volume of displacement

occurs above the chemocline, where the glacier front occu-

pies a much larger area. Using the same trapezoidal approxi-

mation referred to above, we estimate total frontal area of

the glacier between 4 m and 26 m depth as 6840 m2, imply-

ing a volume of 34,200 m3 yr21 water displaced by glacier

advance. When this is spread over the entire lake area of

4.11 3 106 m2 at 4 m depth, the resulting rise in lake level is

8 mm yr21, which is within the range of measurement error

for lake level. This is not meant to imply that glacier

advance occurs in a continuous or smooth fashion over

time, but rather it is intended to provide rough estimates for

effects of the displacement of lake water by glacier advance,

and indicates that the effects on WLB chemocline rise and

entire lake level rise would be barely detectable in our CTD

and lake level data. The displacements calculated above are

based on ice volumes; if all of the ice melted, the volumes

would be reduced by factor of 0.91, the ratio of the density

of ice to that of liquid water.

Fresh meltwater inflows

We expect that volumes of subsurface inflows, whether

from sub-glacial brines or other sources, are small compared

to those of fresh meltwater inflows from streams that occur

during the austral summer and enter the lake at its surface.

Lake levels tend to drop gradually from February to Novem-

ber when ablation exceeds inflows, and then rise more

abruptly from December to January during the melt season

when inflows exceed ablation (Ebnet et al. 2005; Dugan

et al. 2013; Doran et al. 2014). Based on unpublished stream

gaging data accessible on the McMurdo Dry Valleys Long

Term Ecological Research project website (http://www.

mcmlter.org/streams-data-sets), Fountain et al. (1999, their

Fig. 5) and Doran et al. (2014, their Table 4), we estimate

that 80–90% of the fresh meltwater input to Lake Bonney

enters the lake at the western end of WLB as highly intermit-

tent direct runoff from the Taylor Glacier itself and in

streams draining from the Taylor Glacier and nearby moun-

tain glaciers, especially the Rhone Glacier. Such flows occur

only on warm days with air temperatures near or above 08C,

with significant flows generally occurring only in December

and January. Assuming that the surface area of WLB

accounts for approximately 23% of the total Lake Bonney

surface area, and ELB for 77% (Priscu, unpubl. hypsographic

data), a substantial fraction of such inflow to WLB must find

its way into ELB in order to maintain hydrostatic equilib-

rium, implying that the net flow on average through the

narrows must be from west to east.

Temperature data (Figs. 3a, 4a) suggest that there is also

flow from ELB to WLB, with flow through the narrows com-

posed of several (at least three, possibly more) layers moving

in opposing directions, superimposed on the net average

west-east flow. This appears to be true both for the January

1991 transect (Fig. 3a), after meltwater streams had been

flowing for some time, as well as for the November 2009

transect, before lake levels began to rise (Fig. 4a). A possible

scenario describing the flow structure is described below and

illustrated in Fig. 10, with the salinity boundaries specified

for different flow layers being somewhat subjective.

During the melt season, the uppermost flow layer imme-

diately below the lake’s ice-cover is composed of freshwater
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originating from the Taylor Glacier, Rhone Glacier and asso-

ciated streams, supplemented by meltwater from the sub-

merged Taylor Glacier face, and flowing from WLB to ELB.

This water eventually mixes with water below the ice in ELB

and is the main source of summer rises in lake level. The

lowest flow layer, just above the sill (orange arrows, Fig. 10),

consists of saltier water from below the WLB chemocline

that is raised above the sill by mechanisms discussed earlier

in connection with chemocline leakage, as well as water

within and just above the chemocline itself. We do not

know whether leakage is an episodic or continuous process,

although, given the observations of intermittent flows in the

region, it seems likely that is episodic. Our interpolation of

salinity contours in Fig. 4b (region between lake bottom and

dashed line) implies that water from within the 75–35 PSU

contours overflows the sill as a west-to-east flow along the

bottom through the narrows, continuing down the slope as

a density current in ELB until it reaches its level of neutral

buoyancy, where it intrudes horizontally within the ELB che-

mocline, probably over a range of salinities. Water from

upper levels of the WLB chemocline, between the 35–20 PSU

contours, also forms part of the west-east flow over the sill,

but has mixed with fresher water above the chemocline in

WLB and is probably the source of the “shoulder” that is

characteristic of salinity and density profiles in ELB (Fig. 8b,

2009 salinities between 25 and 30 PSU; see also wider gap in

corresponding ELB salinity contours, Fig. 3b). Spigel and

Priscu (1998) suggested that the west-east flow in the upper

levels of the chemocline helps preserve the sharpness of the

WLB chemocline gradient by continually transporting water

from the upper chemocline into ELB and offsetting effects of

diffusion. No such mechanism exists in ELB, where the che-

mocline shape appears to be controlled mainly by diffusion.

We note that salinity in the “shoulder” on the ELB chemo-

cline has increased by approximately 2 PSU from January

1991 to November 2009, accompanying a general increase in

salinity between the bottom of the ice and the chemocline

over this period in both lobes that diminishes as the ice

cover is approached. Based on the 2009 ELB profile at site

NR8, it also appears that salinities have decreased slightly

within and below the deeper part of the main ELB chemo-

cline, possibly due to diffusion and contributing to the

increase in salinity in the “shoulder” on top of the ELB che-

mocline. A salt balance similar to that described for WLB

indicates TDS concentration in the “shoulder” between ele-

vations 45.557 mASL and 49.025 mASL (volume 6.60 3 106

m3) increased at an annual average rate over the 19 yr

between the profiles in Fig. 8b of 0.189 kg salt m23 yr21. The

net flux of salt by molecular diffusion, estimated from local

TDS gradients and lake areas at the bottom and top of the

“shoulder,” using a molecular diffusivity of 6.90 3 10210 m2

s21 (Robinson and Stokes 1955; Weast 1976) was 0.069 kg salt

m23 yr21, and so cannot account for the entire increase. We

assume that the deficit is made up by flow from the top of

the WLB chemocline. Use of a turbulent diffusivity would

increase the estimated contribution by diffusion. However, on

the basis of temperature and conductivity microstructure pro-

filing, Spigel and Priscu (1998) concluded that there was no

evidence of turbulence in the ELB chemocline, so we do not

think there is any basis for using a larger value of diffusivity.

In between the uppermost flow layer directly under the

ice, and lower flow layers on top of the WLB chemocline,

are one or more layers that appear to transport water from

ELB to WLB, as reflected by the tongues of warmer water

from ELB as seen in Figs. 3a, 4a. The suggested multi-layered

exchange flow through the narrows may be partly driven by

small density differences between water in ELB and WLB

above sill level, but it may also be associated with melting of

freshwater from the face of the Taylor Glacier that generates

a circulation drawing water from ELB through the narrows

toward the glacier. As discussed in “Melting at the sub-

merged glacier face” section, such a circulation could be gen-

erated by melting at the face of the glacier in the relatively

freshwater above the chemocline. We know from thermistor

strings and a recently deployed profiler (unpublished data)

that the temperature structure in the lake remains relatively

constant throughout the year, so circulation induced by

melting at the submerged part glacier face described above

could supply meltwater from the glacier face to a west-east

flow beneath the ice cover on a year-round basis.
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