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ABSTRACT. This paper describes the use of a neutron probe to measure detailed stra-
tigraphy in ice and snow. The Wallingford neutron probe, developed for measurement of
soil moisture, consists of an annular radioactive source of fast neutrons around the centre
of a cylindrical detector for slow (thermal) neutrons. In snow and ice, the fast neutrons
lose energy by scattering from hydrogen atoms, and the number of slow neutrons arriving
at the detector (the count rate) 1s related to the density of the medium. Calibration equa-
tions for count rate as a function of snow density and borehole diameter have been de-
rived. Snow-density profiles from boreholes obtained using the probe show that, despite
the smoothing produced by the neutron-scattering process, annual variations in density
can be resolved. The potential contribution of the neutron probe to improvements in

mass-balance monitoring is discussed.

INTRODUCTION

Ice caps in the circum-arctic area undergo a varying degree
of surface summer melting. Study of ice layering in ice cores
from these ice caps provides a detailed picture of summer
climate changes to complement the traditional stable-iso-
tope approach (e.g. Koerner,1997). These clear layers of den-
sity 900-914 kg m * can be resolved against the background
seasonal variations in ice-core density (which decrease from
up to £25% at the surface to +1-5% at depth) by visual in-
spection or automatic laser profiling of the ice-core seg-
ments (e.g. Zagarodnov and others, 1994). The overall
depth—density function also contains key information on ac-
cumulation and surface temperature conditions. It can be
measured by weighing or automatic gamma-ray profiling
ofice-core segments (e.g. Gerland and others, 1999). The dis-
advantage of these methods is that the data are discontinu-
ous at core breaks. This paper describes an alternative,
down-borehole, method of density measurement using neu-
tron scattering,

THE WALLINGFORD PROBE

The Wallingford probe was developed for measurement of
soil moisture profiles using vertical access holes augered in
the soil (Bell, 1969). The probe consists of an annular radio-
active source of fast neutrons around the centre of a cylin-
drical detector for slow (thermal) neutrons. The fast
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neutrons lose energy by scattering, especially from the light
hydrogen atoms in soil water, and the number of slow
neutrons arriving at the detector per unit time is related to
the soil moisture content. In the case of water, snow or ice,
the neutron current at the detector is related to the density of
the medium. Note that, by convention, the flux of neutrons
in a given direction is known as the “neutron current” The
term “neutron flux” is used for a scalar variable: the neutron
track length per unit time per unit volume.

The source/detector assembly is lowered into the access
hole on a cable. The electrical pulses produced by the detec-
tor as each thermal neutron is absorbed are amplified and
shaped before passing up the cable to a rate scaler where
the mean count rate over a set period is displayed as counts
per second. Counting periods of 16 5,64 s,16 min and 64 min
are available. The source emits neutrons randomly, so for N
counts taken over time ¢ the count rate, R, and standard
error, OR, are given by

Rtop= N + @ . (1)
t t
Thus, longer counting times give more precise count rates.

The source is an annular americium-241/beryllium
neutron source of nominal strength 1.85 GBq. It is encapsu-
lated in a stainless-steel AEA Technology X.20 capsule of
length 19 mm, internal diameter 262 mm and external
diameter 333 mm. The tolerance on source strength is
10%, so that the expected neutron emission is g¢p = (1.1 £
0.) x 10° neutrons . The neutron spectrum is shown in
Figure 1. The average energy of the neutrons above 2 MeV
1s ~4.5 MeV. Note, however, that the source also emits a sig-
nificant number of lower-energy neutrons (~23% below
1 MeV with mean energy 400 keV).

The source is fitted around the centre of an enriched
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Fig. 1. The neutron spectrum of the Wallingford probe source
(from AEA Technology data sheet). The relative number of
neutrons for a given energy inlerval (relative intensity) is
given on a linear scale.

boron trifluoride proportional counter (Centronic Ltd UK
type 12EB70G). The nominal count rate per unit neutron
flux through the detector is 5.2 cps/neutroncm s . The
counter has an active length of 135 mm, nominal outside
diameter lin (254 mm) and internal diameter 24.4 mm.
The active volume is therefore 63.02 cm®, implying a nom-
inal macroscopic absorption cross-section of 8251 m .

EXPERIMENTAL CALIBRATION

Calibration of a neutron probe for snow-density measure-
ment is based on measurement of a “water count” Rwp
which is the thermal neutron count rate when the probe is
in an access tube of diameter D surrounded by water of den-
sity py. Kane (1969) suggested that the calibration equation
relating count rate Rp to snow density pg should have the
form

Rp = Rwplps/pu]” (2)
and that, for finite detector size and access tube diameter,
the value of x should lie in the range 1—1.5. This statement
was based on an error in scaling in his Fermi age theory for
neutron transport in snow (Fermi age theory in fact leads to
z = 3), but nevertheless empirical calibration data for the
Nuclear Chicago DM-19 probe (Anderson and others, 1962;
Leighty, 1963) do fit the equation with z = 1.28.

Figure 2 shows empirical calibration data for the Wal-
lingford probe obtained by comparing count rate in a 9 cm
diameter borehole (D98) on Devon Ice Cap, Nunavut,
Canada, with the densities of core segments of around
10 cm length taken from corresponding depths. The neu-
tron-probe data are representative of a sphere of about this
radius around the source/detector unit, although the snow
closest to the unit has the most effect on the count rate. The
probe was not fitted with a centring device. The snow densi-
ties range from 400 to 900 kg m * and have been divided by
the density of water. The data fit the power-law calibration
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Fig. 2. Calibration curves for the Wallingford neutron probe
relating neutron count rate per second to the relative density of
snow: (a) power-law equation (solid line); (b) linear equa-

tion (dashed line).

equation (Equation (2)) with x = 1.11 + 0.03 and r? =091
However, they also fit a linear equation

(1 - ps/pw) = Ap(1 — Rp/Rwp) (3)

equally well with 7% = 0.93. The scatter of £0.05 in the rela-
tive density at a given count rate is not unexpected for gravi-
metric measurements of core segment density (e.g.
Anderson and others (1962) quote a mean error in relative
snow density of £ 0.036 for their calibration data) but means
that this type of field data cannot be used to determine the
best form of the calibration equation, only the best param-
eters, once the form has been chosen.

One method of choosing the appropriate form is by the-
oretical analysis of the physics of the process. Olgaard (1965)
has shown that, for neutron scattering from a point source in
water, good approximate solutions can be obtained by
grouping the neutrons into three energy ranges with three
constant slowing-down lengths, L, L1, Ly. The fast, medium
and slow neutron fluxes are calculated using diffusion the-
ory, with the transfer of neutrons from the fast to medium
and then to the slow group determined by the scattering
cross-section for each group. For a Ra-Be source which, like
the Wallingford source, emits neutrons with average energy
of about 4.5 MeV, Olgaard grouped neutrons with energies
of 4.5-2 MeV in the “fast” group, 2 MeV to 5kT}, in the “med-
ium” group and < 5kT}, in the slow group. Ty, is the neutron
temperature and £ is Boltzmann’s constant.

For snow, the diffusion coefficients and slowing-down
lengths  increase with  decreasing density (e.g
Ls = Lypy/ps. That is, the lengths defined by the physics
of the problem all scale with relative density. For a point
source and point sink of neutrons co-located on the axis of
the access hole, there is only one length scale defined by the
geometry of the problem: the diameter of the access hole, D.
Thus the count rate should be a function of only one vari-
able, the ratio of the scales, ps/Dpy. This relation may
break down as D approaches the length scale of the detector,
which then must be regarded as having finite size, but, even
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Fig. 3. Calibration curve for the Wallingford neutron probe re-
lating neutron count rate per second to the relative density of
snow and the diameter of the access tube. The numbers on the
plot are the diameters of the access tubes in millimetres.

so, it is clearly possible to arrive at an estimate of the vari-
ation of count rate with snow density for constant diameter
by measuring the variation of count rate with diameter at
constant density. This is what we have done.

Using the methods laid down by the Institute of Hydrol-
ogy (1981), we have determined the variation of Ryp with D
by measuring the standard count rate over 16 min in a series
of five 3.25mm thick aluminium access tubes of outside
diameter 50.8 mm (2in), 76.2mm (31in), 10L6 mm (4in),
126.54 mm (51n) and 152.96 mm (6in) surrounded by water
in a large test tank. The tubes were 0.9 m long and sealed by
a flat plate at the lower end attached to a weight to offset the
upthrust of the surrounding medium. Further values of
Rwp have been deduced from fitting the linear calibration
equation to field data from boreholes with nominal diam-
eters of 57.15 and 90 mm. We have also measured the count
rate in solid ice, Rip , using three of the access tubes. Ice
counts were obtained by freezing water around the access
tubes as slowly as possible in an attempt to reject dissolved
air at the freezing fronts. This was not entirely successful
and the ice was not bubble-free. Thus the density of the me-
dium was slightly less than that of pure ice.

The experimental count rates are shown in Figure 3
plotted against the scale ratio ps/Dpy. We have shown the
count rate in air (42 cps) at the origin of the scale ratio axis,
1.e. when p; — 0 and/or D — o0. The ice and water data lie
on the same curve, confirming that the simple scaling
approach may be used to deduce the appropriate form of
the calibration equation. A quadratic calibration equation
with coefficients ag = —67.7, a3 = 61.8, ay = —0.816 and
r? = 098 is shown. The snow data shown in Figure 2
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Fig. 4. The effect of offsetting the source/detector unit in the

access tube.

have been replotted against the scale ratio ps/Dpy, and fit
well onto the quadratic curve, despite the fact that a
centring device was not used. The curve possibly deviates
from the data for very low scale ratios. A power law
(Rp —42) = 42.2(D) " (ps/ pw)" fits the ice and water data
with 72 =0.99 and passes through the air-count point, but at
higher scale ratios the count rate is significantly overesti-
mated. The best-fit value for the ice and water data is x =
0.98 £ 0.04. If the same power law (using an air count of
42) is fitted to the D98 core data alone, the best-fit value is
x = 130 + 0.04 with 7* = 0.90. This is consistent with the
value of 128 for the Nuclear-Chicago Probe (Anderson
and others, 1962; Leighty, 1965) based on a similar range of
gravimetric snow densities with similar experimental error.
Taking all the data together, the best value of the exponent
is z = 111 £ 003 with r* = 093. However, the power-law
form is in fact not the best choice for an empirical calibra-
tion equation. The quadratic form is more accurate over a
larger range of scale ratio.

We have also conducted a series of experiments to deter-
mine the effect of offsetting the source/detector unit in the
access tube. The proportional offset is defined as (D — d)/
(D + d), where d is the distance of the centre of the source/
detector unit from the axis of the tube. The normalized
water count at offset d is Rwp(d)/Rwp (0). Figure 4 shows
a quadratic curve, fitted to all the experimental data except
one anomalous point, with coefficients ay = —0.076, a; =
345, ay = —377 and r* = 0.995. Offsetting the source in-
creases the count rate, quite significantly in the case of the
larger-diameter tubes. From these data it is clear that the
position of the source must be known for accurate measure-
ments of density in ice-core boreholes. The source must be
either centred using a centring device or held firmly against
the wall of the borehole.

In summary, in this section we have shown that the

601


https://doi.org/10.3189/172756503781830403

Morris and Cooper: Instruments and methods

0
98—
_1 -
96—
% i <~ 95—
2 - « 94
93—
92>
-3 -
« 91>
4

0.2 0.4 06 0.8
Ps/ Py

g, 5. A density profile measured with the neutron probe with
nearby stratigraphic records. Light-grey bands represent depth
hoar; dark grey bands represent icy layers (“ice—furn” ). Re-
Jrozen melt layers are shown as black bands. All other snow
types are represented by mid-grey bands. The depth of the sum-
mer surface for the years 1991-98 determined independently
by R. M. Koerner ts also shown.

Wallingford neutron probe can be used to measure snow
density on the 10 cm scale and have produced an accurate
calibration curve for the probe which allows the effect of
the diameter of the access tube to be taken into account.

MEASUREMENTS OF SNOW STRATIGRAPHY

In the past it has been assumed that, as in the case of soil
moisture measurements, centimetre-scale variations in
snow density cannot be resolved. This is because neutron
scattering occurs throughout a sphere surrounding the
source, of about 15-30 cm radius, depending on density or
water content. The flux of slow neutrons at the detector is a
weighted function of density over the sphere. For soil mois-
ture measurements with the Wallingford probe it has
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become standard practice to assume that the optimum spa-
cing of readings is 10—15 cm and no greater resolution can be
obtained by decreasing this spacing (Bell, 1987). Probably
for this reason, in the past snow-density measurements with
the Wallingford and other neutron probes have been made
at similar, or greater, intervals (e.g. Anderson and others,
1962; Leighty, 1965; Kane, 1969). However, we have found
that provided that the amplitude of the density change is
sufficiently large, centimetre-scale variations can be distin-
guished. This opens up the possibility for using the probe
to determine detailed snow-cover stratigraphy.

To demonstrate the potential of the probe for strati-
graphic measurement, we present two examples of profiles
taken on Devon Ice Cap as part of a collaborative study of
mass-balance and surface-density fluctuations with the
Geological Survey of Canada’s National Glaciology Pro-
gramme.

The first example shows snow density, measured using
the Wallingford probe using 5cm diameter access holes
drilled to 10 m depth using a Kovacs auger. The count rate
was measured over a 64 s period at vertical spacings of 1 cm
down each hole. The density has been calculated using the
empirical calibration equation for uncontaminated snow
given in the previous section. (The effect of natural impuri-
ties, especially dust containing boron which has a large ab-
sorption cross-section for thermal neutrons, has been
calculated and found to be negligible) Figure 5 shows the
upper part of a profile (Cl) with three stratigraphic records
(X,Yand Z). The profile Cl was measured first and then two
snow pits dug on either side of the augered access hole and
faced back to 30 cm from the hole. Record X comes from the
south wall of the north snow pit, and records Yand Z from
the north wall of the south snow pit. X and Y are separated
by 65 cm; Y and Z by 175 cm. The difference between the
stratigraphic records is quite marked, although it is possible
that in some cases the snow has been wrongly classified (e.g.
at —1m in record Z the snow type is probably depth hoar as
in X). In particular, the ice layers are thicker and more nu-
merous on the west side of the south pit (nearY) than on the
east side (near Z). A close examination shows evidence of
preferential pathways for vertical flow of meltwater which
has subsequently refrozen in horizontal layers of limited
extent. This significant small-scale horizontal variability
makes it difficult to make an exact comparison of the stratig-
raphy with the neutron-probe density profile. However, the
data suggest that, on the 10-50 cm scale, troughs of low den-
sity in the neutron-probe profile are associated with
(autumn) depth hoar, and peaks of high density with (sum-
mer) ice—firn, and, on the 1-10 cm scale, kinks in the profile
are associated with thin ice layers.

The year labels mark the position of the summer ice—firn
layer determined independently by R. M. Koerner by visual
inspection of the snow-pit stratigraphy from Y to Z. It ap-
pears that the distance between peaks in the neutron-probe
profile can be used to estimate the depth of accumulation for
each year. This can be converted to water equivalent since
the density is also known. Hence, at sites where there is a
sufficiently strong annual variation in snow density, and
where any summer melt remains within the annual accu-
mulation layer, the neutron probe has the potential to deter-
mine an annual mass-balance series.

The second example concerns a “proof-of-concept” ex-
periment undertaken in 2001. A Wallingford source/detector
system was incorporated in a geophysical logging system
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Fig. 6. The variation of "0 in a core taken on Devon Ice Cap
(dashed line) and the variation in density measured by pro-

Jiling the borehole (solid line). Summer peaks are marked
with an arrow.

developed by “GeoVista” Figure 6 shows density derived
from neutron-probe profiling down a 9 cm diameter bore-
hole drilled in 1998 and the oxygen-18 isotopic record from a
core taken nearby. At this depth the ice is some 300 years old.
The present-day accumulation at the site is 20 cm w.e.a
which translates to a depth of 24cm of firn of density
850 kg m >. The variation in isotopic concentration in Figure
6 does not resolve all the summer peaks, partly because of the
diffusion to be expected at this depth (e.g. Hammer, 1989)
and partly because the resolution of the samples is too low.
Similarly the density record does not show a high density
peak for every summer. However, when the depths of the
peaks marked on each curve are compared, a good corre-
spondence is obtained (r* = 0.99 for a straight line plotted
through 33 points). This suggests that both records are af-
fected by amount of summer melt, high melt years producing
strong peaks in §'*0 and in density. The implication is that in
this case counting density peaks is as accurate a method of de-
riving the depth—time relationship (and hence the accumu-
lation series) as counting isotope peaks. At this site both
1sotope and density peaks can be identified down to 170 m
depth. A detailed comparison of isotope and density data
over the whole depth range will be presented elsewhere.
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FUTURE DEVELOPMENT OF THE SYSTEM

In order to correct for missed peaks, reference horizons (e.g.
radioactive debris, volcanic acids) must be identified. One
well-established way of identifying volcanic layers is by elec-
trical profiling. This can be done on the core or within the
borehole. Down-borehole gamma probes can also be used to
detect dust layers. Thus, for best results, the neutron probe
should be part of a geophysical logging system which allows
several sondes to be used together in one pass.

The laboratory experiments have shown that knowledge
of the diameter of the access hole and the position of the
neutron probe within it is vital for accurate density meas-
urement. When small-diameter access tubes are used (as in
the measurement of soil water content) down-hole variation
may be limited. However, holes left after ice-core drilling
can vary in diameter by up to 10 mm (see, e.g., Ichistiakov
and others, 1994). We therefore conclude that the neutron-
probe source/detector unit should be combined with a bore-
hole-measuring caliper. Such calipers can measure diam-
eter to better than 04 mm (which would allow density to
be determined to 10 kg m * rather than the £50 kgm > of
the gravimetric method). Furthermore, the source/detector
unit must either be housed within a centring device or held
against one wall of the borehole so that it is always at max-
imum offset.

We have shown it is possible to observe layering on the 1—
10 cm scale provided that a counting period of at least 64 s is
used. An automatic, continuous profiling system working at
a speed of &2 cm min 'is therefore needed. (This is a factor
of 200 times slower than the speed used by Kane (1969) to
determine depth—density relations in Antarctica where the
annual variation of snow density was not resolved.) Because
the time taken to profile a deep borehole will be consider-
able, all the measurements must be taken in one pass. Devel-
opment of software to deconvolute the count-rate signal will
increase the resolution of the density data.

CONCLUSIONS

Measurement of the variation of snow and ice density with
depth is required to obtain time series of accumulation. The
standard gravimetric technique, using samples cut from an
ice core, is slow and inaccurate at low densities. A new in-
strument for rapid, automatic and non-destructive density
profiling in the field has now been developed. It can be de-
ployed in rapidly augered access holes, making it feasible to
collect the volume of data required to define the spatial and
temporal variability of density in natural snow covers.
Furthermore, in areas with strong annual variation in den-
sity, the instrument can be used to determine accumulation
series directly without the necessity of chemical or isotopic
analysis of core samples.

The neutron probe can also support other modern meth-
ods of mass-balance measurement by providing good den-
sity profiles to connect surface elevation to mass-balance
change, to interpret radar reflection surfaces and to validate
altimeter data.
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