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This supplementary file contains information on: 1) the extraction and analysis of the

noble gases; 2) a brief discussion of bathymetry; 3) the determination of Surface Melt

Runoff endmembers; 4) the determination of Submarine Melt endmembers; 5) discussion

of the Ancient Ice endmember; 6) calculation of effective ice temperatures; and 7) details

of the OMP including weighting and uncertainties.

Text S1. Noble Gas Sample Analysis

Fifty five water samples were collected using 5 liter Niskin Bottles clamped to the

non-conducting CTD wire and tripped using weighted messengers (Fig. S1). Noble gas

samples were acquired from the Niskin bottles using gravity feed through TYGON tubing

to fill lengths of 5/8” copper refrigeration tubing (trapping ∼ 45 g water in replicate

pairs), then each was hydraulically crimp sealed using the method of Young and Lupton

[1983].

The extracted gases are purified, separated and measured mass spectrometrically using

a third generation, WHOI-constructed, statically operated, helium isotope mass spectrom-

eter of branch tube design for fully simultaneous collection of 3He and 4He with improved

ion optics. It employs a high emission Nier type ion source. The 4He branch has a Fara-

day Cup detector with a low-noise FET-input electrometer and precision high-frequency

VFC for digital signal integration. The 3He branch uses a Galileo Channeltron operating

in pulse counting mode, with high-speed preamplifier and discriminator electronics. The

fully automated sample processing line is optimized for processing extracted water sam-

ples, and combines a new three-stage cryogenics system [Lott , 2001; Lott and Jenkins ,

1984; Stanley et al., 2009] with a Pd-catalyst and dual SAES-707 getters for the removal
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of water vapor, the purification of reactive gases, and the quantitatively reproducible sep-

aration of the 5 noble gases (He, Ne, Ar, Kr, and Xe). Helium isotopes are measured

using the magnetic sector dual-collecting mass spectrometer to a reproducibility of 0.1%,

and the other noble gases using a quadrupole mass spectrometer (QMS) with a triple

mass filter and an electron multiplier operated in pulse counting mode. The lighter noble

gases (He, Ne, and Ar) are determined using peak-height manometry while the heavier

noble gases (Kr and Xe) are measured using a newly developed, modified ratiometric

multi-isotope dilution method. The system achieves reproducibility of gas standards of

0.1% for He, Ne, Ar, Kr, and Xe, and approximately 0.15% reproducibility based on the

average standard deviation of 11 replicate pairs of water samples.

Text S2. Atâ Sund Bathymetry

Bathymetry from the Atâ Sund region was very poorly known to us before the 2014

survey. Since that time Rignot et al. [2015] have published swath bathymetry for the

region. During our survey we recorded depth, latitude and longitude from the ships depth

finder while underway. From this we were able to construct the along-section bathymetry

shown in Figure 1. An important feature of our bathymetry is a shallow sill (∼160 m)

about 2.5 km from the terminus of Kangil. Below sill depth, water is much less dense

on the glacier-ward side than the other side of the sill. The difference between density

profiles on either side of the sill increases with depth to 0.34 kg m−3. Although we did

not map the full extent of the sill, the very strong density gradient indicates that the

sill must be continuous, blocking the dense water which would otherwise flow around to
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fill the glacier-ward side of the sill. This observation is supported by the temperature,

salinity, and noble gas properties of the waters in the proglacial basin.

This sill plays an important role in blocking warm waters from reaching the terminus

of Kangil. We present this detailed description of the sill because it is located in a region

of no data in the swath bathymetry presented by Rignot et al. [2015] (their Figure 1a).

There is some hint of the sill in the shoaling of the bathymetry on either side of the data

gap near Kangil in Rignot et al. [2015] Figure 1a.

Text S3. Surface Melt Runoff Noble Gas Endmembers

Because it is formed on the surface of the ice sheet and is isolated from the atmosphere

once it drains from the surface, noble gas endmember properties are determined for SMR

by assuming solubility equilibrium with the atmosphere. Supra-glacial lakes and rivers

that collect SMR before it drains tend to be shallow, and we expect that the water will

be in equilibrium with the atmosphere at zero salinity and a temperature near 0◦C [Chu,

2014]. The endmember values for SMR are given in Table S1.

To interpret dissolved noble gas concentrations, we need accurate knowledge of their

solubilities from air as a function of temperature and salinity. Concerns about our knowl-

edge of noble gas solubilities have been raised in recent years [Hamme and Emerson,

2004; Hamme and Severinghaus , 2007], so one of us (Jenkins) embarked on a redetermi-

nation of the solubilities of the five stable noble gases equilibrated with air at natural

abundances over temperatures ranging from near freezing to 35◦C and a salinity range of

0 to 36.7 PSU. The resultant formulae, believed accurate to about 0.15% are encoded in

MATLAB and are available from the authors on request, along with a 21 page internal
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report [Lott and Jenkins , 2013] describing the experiment and results. A further set of

experiments with analytical and technical improvements is currently underway.

Text S4. Submarine Melt Noble Gas Endmembers

SMW noble gas concentrations are determined using published values of mean air con-

tent in the ice with adjusted atmospheric gas ratios. For a core on the GrIS, the mean

air content given by Martinerie et al. [1992] is 0.113± 0.0085 cm3 g−1. The gas content

of the ice bubbles must be adjusted both for gravitational separation which occurs in the

firn layer [Craig et al., 1988]. SMW noble gas endmemeber values are given in Table S1.

Text S5. Ancient Ice Melt

Ancient Ice Melt is distinguished in our study by its excess He isotope concentration.

Radioactive decay in bedrock below the ice sheet produces α-particles (4He). These

4He isotopes diffuse through the ice on geologic time scales and accumulate in the air

pockets of the ice matrix above the bedrock, increasing the He abundance and depressing

the 3He/4He isotopic ratio away from the normal atmospheric values [Craig and Scarsi ,

1997]. Craig and Scarsi [1997] show this enhanced 4He signal extending to 300 m above

the bedrock. We therefore envision a layer of the ice sheet near the bedrock, several

hundred meters thick, where over long periods of time 4He isotopes have accumulated. It

is this layer we refer to as Ancient Ice, and its melt as AIM.

We can correlate the He and Ne in the water samples that contain GMW to obtain

the elemental abundance ratio of the ice matrix bubbles (Figure S2). The only source of

Ne for the ocean is the atmosphere, so any deviation from the atmospheric He/Ne ratio

is due to radiogenic addition of 4He. The regression of He on Ne in Figure S2 gives a
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ratio of 1.28± 0.15, implying that He in the ice bubbles is 4.5±0.5 times elevated over the

atmospheric values. This is in agreement with the estimated endmember 3He/4He isotopic

ratio of 0.21 times the atmospheric ratio. We define a Ancient Ice Melt endmember using

the gravitationally-adjusted noble gas concentrations from SMW (Section S5), but alter

the He endmember to account for excess He from radioactive decay.

AIM is produced by melting, under high pressure, of ice near the base of the ice sheet

[Craig and Scarsi , 1997]. The AIM water type could be produced in two distinct regions.

It could be Submarine Melting of the portion of the glacier terminus that contains the

excess 4He. In that case it would increase our estimates of SMW concentration in the

fjord. Alternatively, it could be produced from interior ice sheet melting away from the

ice-ocean interface. This AIM would be the product of frictional or geothermal melting

that occurs in the near-bed layer of ice with elevated 4He. In this second case, AIW would

be transported along the same englacial channel system which carries SMR to the fjord.

More work is required to fully understand the origin of the AIM.

Text S6. Effective temperature of Submarine Melt Water

SMW requires latent heat drawn from the ocean to undergo the solid to liquid phase

change. This may be expressed by an effective temperature of SMW that includes the

heat required to warm the ice from its temperature (θi) to the freezing point (θf ), the

latent heat required for the phase change, and assumption that the meltwater produced is

at the freezing point θf . These heat requirements can be combined to define an effective

temperature of SMW (θSMW ) given by
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θSMW = θf −
L

cp
− ci
cp

(θf − θi) (1)

where ci and cp are the specific heat capacities of ice and seawater, and L is the latent

heat of fusion [Gade, 1979]. For θi = −5◦C, θf = −1.5◦C, L = 334500 J Kg−1, Cp = 3980

J (Kg K)−1, and Ci = 2100 J (Kg K)−1, θSMW is −87◦C, the temperature endmember

value for SMW.

Text S7. Optimum Multiparameter Analysis

Optimum Multiparameter analysis is standard form of water mass analysis that opti-

mally solves for the fractions of constituent water types in a mixture, given known end-

member properties of the water types [Tomczak and Large, 1989]. The basis of the OMP

is the expectation that an observation can be reproduced by an appropriate mixture of

some number of well known endmember water types. Mathematically this amounts to one

linear mixing equation for each of the m observed tracers, which equates the jth observed

tracer (dobs,j) to the sum of the fractions (fi) of each of the n water type endmembers

multiplied by their values (Aij):

n∑
i=1

fiAij = dobs,j (2)

An equation is included which requires that the sum of the fractions must equal one. The

full system of linear equations for all the observed tracers can be written:

Ax− d = r (3)

Where A is the (m+ 1)× n matrix of all the endmember tracer values (and the mass

conservation equation), x is the n× 1 vector of unknown fractions of endmember water
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types present in the mixture, and d is a (m+ 1)× 1 vector of the observed tracers in a

sample, and r is the (m+ 1)× 1 residual misfit between the observed tracers and the linear

combination of endmembers. For the system of Equation 3 to be formally determined one

must observe one fewer tracers than water types, i.e. m = n− 1. For the optimum analysis

used here, following Tomczak and Large [1989], there must be more constraining tracer

equations that unknown water type fractions, i.e. m ≥ n.

Geometrically the endmember property values (columns of A) are vectors that span

some space which should contain the vector of observations (d). The defined endmember

vectors need to be linearly independent from one another in order for the system to be

well conditioned. The OMP outlined by Tomczak and Large [1989] solves for the fractions

(x) of source water types by inverting the overdetrmined system (m ≥ n) and minimizing

||r|| subject to non-negativity constraints on x.

In practice the matrix A and the data d are standardized and weighted before inversion

and minimization [Glover et al., 2011]. Weights are chosen such that each tracer (row of

A) has an influence proportional to the ability of that tracer to distinguish the endmember

from one another, and inversely proportional to errors in the data or in knowledge of the

endmember properties.

OMP Weights. The observed tracers are not all equally effective in differentiating

water masses in a mixture. The usefulness of each tracer is a function of its uncertainty

(both analytical and in knowledge of the true endmember value), and its spread of values

among the endmembers (determining the ability to resolve endmembers from each other).

In the OMP this balance is taken into account by weighting each set of tracers accordingly.
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Following Tomczak and Large [1989], weights for each row (each tracer) of A are taken

to be the variance of the endmember tracer values (σ2
j = 1/n

∑n
i=1(Aij − Aj)

2) divided by

the square of the largest uncertainty of that tracer across all endmembers (εj,max):

Wj =
σ2
j

ε2j,max

. (4)

To obtain the weights we need to define εmax for each tracer. The largest uncertainty

for the noble gas tracers is in the endmember values for the unmeasured pure SMW.

We take the maximum uncertainty in the noble gases to be equal to the uncertainty in

the air content of glacial ice (±8%) reported by Martinerie et al. [1992]. The maximum

uncertainty in temperature comes from the unknown temperature of the glacier terminus.

Nearby borehole temperatures show a temperature stratified ice sheet with temperatures

between -10◦C and 0◦C [Lüthi et al., 2015]. We chose the average ice temperature of

-5◦C and estimate the uncertainty as ∼ 4◦C. The maximum uncertainty in Salinity is 0.1

PSU from the small range of reasonable choices for AW, PW, and WPW. The weight for

the mass conservation constraint is taken to be equal to the weight of the temperature

equation. Weights and εj,max for each tracer are given in Table S1.

The range of weights is quite large. Salinity is weighted very strongly because the

uncertainty is small (all the endmember values are known very well, and measurement

errors are even smaller) and the range of endmember values is large. We have reduced the

weight of salinity to be equal to temperature and it does not quantitatively change the

results of the OMP. The weights for the heavy noble gases are particularly small because

the range of endmember values is small. One could in principle use these weights to
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decide which tracers are less critical in the analysis. The OMP requires that any study

have at least as many tracers as water masses. If authors using this technique wished to

reduce the number of observed tracers, we would recommend analyzing the weights for

the system in question and taking the n tracers with the highest weights (where n is the

number of water masses in the system).

An (m+ 1)× (m+ 1) diagonal weighting matrix W with entries Wjj given by Equation

4 is constructed to adjust the system of equations (eqn. 3) for the ability of each tracer

to resolve the water masses. Equation 3 is weighted by W, and solved by minimizing the

norm of the residual (||r||2 = rTr) in a non-negative least squares sense:

(Ax− d)TWTW(Ax− d) = rTr. (5)

OMP Uncertainty . Uncertainty in the solutions (x) of the weighted system (Eqn. 5)

is assessed via Monte Carlo simulation. For each of the 55 observations, 10000 perturbed

realizations of the design matrix, A′, are created by replacing all elements Aij with A′ij:

a perturbed endmember value selected from a random normal distribution with mean Aij

and standard deviation reflecting the uncertainty in Aij, namely εij.

For the SMW noble gas endmembers A′ij we draw from a random normal distribution

with a standard deviation equal to 0.08× Aij, adopting the uncertainty in glacial air

content. The uncertainty in the AIM He endmember is not related to the uncertainty in

the the glacial air content, but in our assessment of the radiogenic enhancement of He

from bedrock sources.

To find the εij used to make the A′ij for the oceanic endmember (AW, PW, WPW) we

use the larger of two error estimates: either the measurement error (sensor or chemical
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analysis); or the error given by the misfit between our endmember choices for AW, PW,

WPW and the actual observations. We calculate the second type of error (misfit) by

plotting each tracer vs salinity and taking the mean misfit between the observations and

the linear AW-PW and PW-WPW mixing lines defined by the endmember choices for

that tracer.

To perturb the SMR endmembers we consider variable supraglacial lake temperature the

largest unknown in calculating the noble gas endmembers. Observations of a supraglacial

lake in West Greenland show diurnal fluctuations in temperature between 0◦C and 2◦C

[Tedesco et al., 2012]. We take this range to be the uncertainty in SMR temperature,

and the difference in noble gas concentrations calculated (at zero salinity) at these two

temperatures as the uncertainty in SMR noble gas endmembers.

The full matrix of uncertainties εij used in the Monte Carlo analysis is given in Table S2.

Figure S3 shows the range of perturbed endmember values for each gas plotted against

salinity. For the oceanic endmembers (AW, PW, WPW) each perturbed value is plotted

as a point to give a sense of the distribution of perturbed endmembers. For each glacial

endmember a triangular patch is filled that connects the PW endmember with the glacial

endmember plus or minus the standard deviation of the perturbed values (e.g. for the Ar

values of SMR the light blue patch has vertices at [ArPW , ArSMR + Stand. Dev(Ar′SMR),

ArSMR - Stand. Dev(Ar′SMR)] ).

The weighted system of Equation 5 is then solved for each perturbed system (A′) and the

differences between the solutions of the perturbed and unperturbed systems are recorded

(Fig. 3, main text). The standard deviation of the difference between the perturbed and
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unperturbed systems is taken to be the OMP error. OMP solutions and errors from the

Monte Carlo for individual water samples are show in a cast close to the glacier (orange)

and a cast far from the glacier (blue) in Figure S4.
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Figure S1. Noble gas measurements in θ/S space along with all θ/S values in the background.

Color noble gas concentrations are in cm3 STP g−1.
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Figure S2. Helium vs Neon in the water samples. Radiogenic enhancement of He is illuminated

by the steeper slope (red linear fit line) from samples taken in the GMW layer.
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Figure S3. Each noble gas measurement (3He, He, Ne, Ar, Kr, Xe) plotted against salinity

(black dots). In each panel the perturbed endmember values for AW (blue), PW (orange), and

WPW (yellow) are shown for each of the perturbed systems, A, in the Monte Carlo simulation.

Colored patches show the range of mixing lines between PW and the perturbed endmember

values for SMR (light blue), AIM (purple), and SMW (green), bounded by the maximum and

minimum perturbed values.
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Figure S4. Profiles of OMP derived fractions for each endmember water type: SMW, SMR,

AIM, AW, PW, and WPW. Profiles derived from water samples 1 km (orange) and 34 km (blue)

from the terminus of Kangil. Errorbars from the Monte Carlo analysis are shown for each sample.
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Table S1. Endmember Parameter values. All gases in units cm3 STP g−1, multiplicative

order of magnitude indicated in the first row. Potential temperature in units ◦C, salinity in PSU.

εmax
j is the maximum uncertainty of all endmember values for each parameter. Errors listed are

the analytical error as a percent.

Water
Mass

θ ◦C Salinity 3He [10−14] He [10−8] Ne [10−7] Ar [10−4] Kr [10−8] Xe [10−8]

AW 2.25 34.07 5.916 4.383 1.844 3.628 8.799 1.314
PW 1.593 33.63 5.934 4.495 1.896 3.725 9.002 1.357
WPW 4.53 33.6 5.646 4.267 1.826 3.572 8.651 1.297
SMR 0 0 6.73 4.955 2.257 4.873 12.141 1.872
SMW -87 0 81.28 58.7 19.89 10 12.91 1.009
AIM 0 0 81.28 264.2 19.89 10 12.91 1.009
εmax
j 4 0.1 6.5 26.4 1.59 0.814 1.03 0.152

Error % 0.2 0.2 0.15 0.18 0.18 0.13 0.19 0.14
Weights 132 34206 35.7 15.5 33.9 16 4.2 4.3

Table S2. Uncertainty estimates used to perturb the design matrix in the Monte Carlo

simulation. All gases in units cm3 STP g−1, multiplicative order of magnitude indicated in the

first row. Potential temperature in units ◦C, salinity in PSU.

Water
Mass

θ ◦C Salinity 3He [10−14] He [10−8] Ne [10−7] Ar [10−4] Kr [10−8] Xe [10−8]

AW 0.02 0.1 0.014 0.001 0.004 0.007 0.02 0.003
PW 0.02 0.1 0.014 0.001 0.004 0.007 0.02 0.003
WPW 0.37 0.1 0.091 0.01 0.027 0.027 0.04 0.009
SMR 2 0.01 0.091 0.07 0.055 0.27 0.83 0.152
SMW 4 0.01 6.502 4.69 1.59 0.81 1.03 0.08
AIM 4 0.01 6.502 26.4 1.59 0.81 1.03 0.08
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