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ABSTRACT. We have developed a system for measuring a ver-

tical strain rate profile in the firn on polar ice sheets using a

readily available video camera to detect metal bands inserted in

an air-filled hole. We used this system in 1995 and 1996 at Tay-

lor Dome, Antarctica. We use density measurements combined

with our strain rates to infer vertical velocities. From our veloc-

ities we calculate a steady state depth-age scale for the firn at

Taylor Dome. The age of a visible ash layer from 79.1 meters

is 675 ± 25 years; this ash can be correlated with ash found at

97.2 meters in a recent ice core at Siple Dome, West Antarctica.
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INTRODUCTION

Firn cores can often be dated by counting annual horizons identified by geo-

chemical analysis. It is useful, however, to have a physically based method

of dating these same cores to confirm the geochemical ages, and to resolve

any ambiguity in the geochemical interpretation where annual cycles in the

chemistry may be poor or nonexistent. Where both geochemical and geo-

physical depth-age relationships exist, they can be compared to extract in-

formation on variations in accumulation rate. A physically based model can

be derived from a measurement of the rate of vertical compaction in the

firn. This measurement is also useful for heat and ice flow models.

Making such a measurement is not as straightforward as measuring hor-

izontal motion at the surface, due to problems of access. We have developed

a simple method to make this measurement using readily available hardware

and software. We track markers placed at intervals in an existing borehole.

Unlike previous methods that used a custom-built tuned coil detector to

locate markers, we use a commercially available video camera.

TAYLOR DOME

Taylor Dome is an ice dome west of the Transantarctic mountains on the po-

lar plateau of East Antarctica. First noted by Drewry (1982) in an aerial ra-

dio echo sounding survey of the area, it is centered at 77◦50′S and 159◦00′E,

and is the source of ice for Taylor Glacier in the McMurdo Dry Valleys. It is

the site of a 554 m ice core to bedrock, taken in the 1993-94 austral summer
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field season (Grootes and others, 1994; Fitzpatrick, 1994; Steig and other-

s, 2000; Grootes and others, 2001). The recovered core contains a record

of past climate in its isotopic, chemical, physical, and bubble gas proper-

ties. In order to interpret the core correctly, studies of the ice dynamics in

the region of the drill site were carried out, starting in 1990 (Waddington

and others, 1991; Grootes and others, 1991; Morse and Waddington, 1992;

Waddington and others, 1993; Morse and Waddington, 1993; Waddington

and others, 1994). A network of over 250 survey poles on the dome was

surveyed repeatedly using optical, geoceiver (Transit Satellite), and Global

Positioning System (GPS) methods. This network, which was also tied into

bedrock points near Taylor Dome and a well-constrained point at McMur-

do station, provides horizontal velocity and strain rates on the ice surface

(Morse, 1997).

In an effort to further understand the bed topography and the internal

structure of the ice in this region, extensive surface-based radio echo sound-

ing surveys have been made (Morse and Waddington, 1993; Morse, 1997;

Morse and others, 1998). These profiles provide accurate bed topography

for flow modeling, and also show the internal layering of the ice. Other

geochemical and physical studies have been done using the recovered core

(Grootes and others, 1994). Three other cores were drilled, varying from 100

to 150 m in depth. One of these holes provided the opportunity to measure

vertical motion.
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MEASUREMENTS

For our measurements, we used a 130 m deep, 15 cm diameter dry borehole

located 50 m from the main hole at Taylor Dome. We placed markers in

the hole at approximately 5 m intervals. Each marker is a 10 cm by 1 m

strip of sheet phosphor bronze, coiled into a cylinder and released into the

hole, where it expands to the size of the hole and holds to the wall by spring

tension. A logging tool can pass through these markers. The custom tool

used for injecting the bands was built by Phil Taylor of Hydro-Tech, based on

the recommendations of Raymond and others (1994). Metal bands provide

both a sharp edge contrast for video, and a conductive ring geometry that

can be exploited by the tuned coil detection system developed by Rogers

and LaChapelle (1974), and used at Dyer Plateau by Raymond and others

(1996).

Instrument

Our video logging tool is a downward looking wide-angle video camera with

integral Light Emitting Diodes (LEDs) to provide illumination. This charge-

coupled device (CCD) camera is a “See Snake” model made by DeepSea

Power & Light Inc. We mounted the camera in a simple rigid frame of

about 10 cm diameter with tapered ends. We recorded images from the

SeeSnake camera with an 8mm video camcorder.

The tool hangs by a single triaxial cable containing both video and power

conductors. We also used the cable to measure the depth of the camera. We

ran the cable over a pulley placed atop a survey tripod positioned over the
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hole. We raised and lowered the tool by hand. A camming cable brake

attached to the pulley housing allowed the tool to hang suspended during

measurements.

Once the bands were in place, we recorded their relative positions with

the video logging tool in January 1995. One year later we repeated the

survey. For the first log, we made a permanent mark on the cable when

we could image each band. We measured the distance between this mark

and the borehole casing with a vernier caliper (see Figure 1) for this and all

subsequent images of this particular band edge.

The two dimensional image of a band in the hole (Figure 2) shows the

edge of the band as a circle. We determine the location of the camera

relative to the band by measuring the observed apparent radius of the band

at a given camera position. The distance d between the camera lens and the

edge of the band can be expressed in terms of the focal length f of the lens,

the actual radius of the band ra,and the observed radius of the band ro:

d =
fra

ro
. (1)

Ideally we would select an optimum distance from each band to position

the camera for caliper measurements, calculate the desired apparent radius

rd for that distance, and make the caliper measurement when the camera

is positioned so that ro = rd. Since we did not have fine adjustment ability

to position our tool, and had no accurate means of assessing the apparent

radius in the field, we used the following “bracketing” approach to ensure

we had positioned the camera in the same way from year to year.
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For each band, we repeated the measurement at least 3 times, moving the

camera vertically by approximately 1 cm each time. The resulting data set

consists of several images of the top and bottom edges of each band, each

image taken from a different height above the band. Acquiring multiple

images ensured that we could interpolate the measurement to the same

distance d relative to the band for each year. Although rearranging and

integrating equation 1 shows that observed apparent radius varies with the

inverse square of the distance d, over the short range of our survey the

relationship is almost linear.

Data reduction

We first digitized the video images using a commercially available video

frame grabber. We then found the radius of the band edge on each video

image. Since the band was markedly darker than the surrounding firn, we

used an edge detection process to enhance the edge of the band. After extra-

neous edges were removed, the apparent radius of the band was determined

by fitting a circle to the bright pixels of the band edge, using a least-squares

process. For each band, we plotted the apparent radius of the band against

the height of the permanent mark on the cable above the top of the borehole

casing. The result (Figure 3) was an almost linear relationship. Repeating

the process the following year gave a similar line at a different height. The

offset between the 2 lines gives the displacement of the band relative to

our reference mark (i.e. the top of the casing). This displacement divid-

ed by the elapsed time between measurements (approximately 1 year) gives

6



relative velocity wr(z) between the borehole casing and the band at depth

z.

Sources of error

Noise appears to grow sharply at depths greater than 85 meters. At these

depths the decreasing contrast between the ice and band makes the band

edge more difficult to distinguish in the video image. This source of error is

addressed in the next section. Modifying the markers to have an easily visi-

ble edge would help to overcome this. In addition, since the expected signal

for vertical strain becomes very small at these depths, the signal-to-noise

ratio declines with depth. Bands such as the ones we used have slipped in

past experiments (Raymond and others, 1994). Although we have no reason

to conclude that bands were displaced in our experiment, it is impossible

to exclude displacements smaller than ±2mm. A further uncertainty in this

system is introduced by the cable. The plastic-sheathed video cable was not

designed or tested for consistent elastic or thermal response, and the effects

of aging are unknown. If the cable stretches by a certain amount one year

and a different amount in a subsequent year, error is introduced. Since the

stretch would be affected by the temperature profile along the cable, lab-

oratory tests on the cable are impractical. Using an accurately calibrated

logging cable that could carry a video signal would minimize this source of

error.
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VERTICAL VELOCITY

To obtain a vertical velocity profile for use in calculating a depth-age scale,

we must address two issues: accounting for the uncertainty in our measure-

ments, and converting our measured velocities relative to the top of the hole

into absolute velocities.

For these calculations, we introduce three assumptions that we will also

use in calculating density: 1) the density profile in the hole is in steady state

(Sorge’s law, Paterson, 1994, p. 14), such that

5 · (ρ~v) = 0, (2)

2) ρ(z) is independent of x and y, and 3) The horizontal components of

~v(x, y, z) and therefore the horizontal strain rates are independent of depth

z over the depth range of the survey. This last assumption is valid for the

shallow depths we are concerned with here, where the largest motions are

associated with firn densification. The combined divergence-driven horizon-

tal strain, 1.3 × 10−4, is an order of magnitude smaller than the vertical

strain (1.3× 10−3 at 25 meters).

Measurement uncertainty

To address the uncertainty in our measurement of wr(z) at depth, we define

a new parameter γ. We expect a smoothly varying vertical velocity pattern.

Below 85 meters, our velocity data have a much larger spatial variability

than we would expect firn or ice to exhibit. As indicated above, this is likely
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due to difficulty in distinguishing band edges. A “least squares” smooth

curve through the points might not reflect the true profile. Therefore we

use physical constraints to extend our relative velocity curve below the last

reliable points. Measured values of horizontal strain at the surface combined

with conservation of mass provide a lower limit on the vertical strain rate

below 80 meters. The magnitude of the vertical strain rate (| ∂w/∂z |, the

slope of the velocity curve) cannot be smaller than the total horizontal strain

rate (| ∂u/∂x + ∂v/∂y |): unless the firn is dilating, material flowing out

in the horizontal direction must be replaced by material from above. The

upper limit is taken as a curve drawn through our highest relative velocity

measurements. The true vertical velocity profile is then somewhere between

the two extremes. We define the partitioning coefficient γ, 0 ≤ γ ≤ 1 as a

measure of the position of the actual velocity profile wr(z) relative to the

two extremes. Once a value of γ is chosen,

wr(z) = γwl
r(z) + (1− γ)wu

r (z), (3)

where wl
r(z) and wu

r (z) are the lower and upper limits, respectively. The

measured wr(z) data points, and the range of wr(z) profiles allowed by (3)

are shown in Figure 4(a). A sampling of the measured wr values are listed

in table 1, along with measured densities.

Absolute velocity

Our goal is to arrive at a true vertical velocity for each surveyed point in the

borehole, to be used in calculating a depth-age scale. For any given marker,
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the true vertical velocity is found by adding the measured velocity wr(z)

relative to the surface marker to the absolute downward velocity wo of the

surface marker. For a steady surface, ideally we could measure wo using

survey-quality repeat GPS measurements such as those made by Hamilton

and Whillans (1996). Since we do not have such data, we infer wo using

measured density profiles from the main core site 50 meters away.

Conservation of mass in a vertical column of ice from the surface to the

depth zbot of the borehole (here 130 meters) gives

woρo − w(zbot)ρ(zbot) =
(

∂u

∂x
+

∂v

∂y

) ∫ zbot

0
ρ(z)dz, (4)

where ρo is the density of snow at the top of the hole. Fitzpatrick (1994)

and Grootes and others (1994) measured density ρ as a function of depth z,

and Morse (1997) measured the horizontal strain rate (∂u/∂x + ∂v/∂y) at

the surface using a network of poles. Equation (4) says that in steady state,

any mass that comes in the top of the box, and does not go out the sides,

must come out the bottom.

Now, to express wo entirely in terms of readily measurable quantities, we

first recognize that wo = w(zbot)−wr(zbot), where we have already measured

the relative velocity wr(zbot) of the bottom of the hole. Second, we note that

the mass flux woρo through the upper surface of the ice sheet can also be

written as ḃρice, where ḃ is ice-equivalent accumulation rate, and ρice is the

density of ice. Third, we note that the density ρ(zbot) at the bottom of the

hole has reached the ice density ρice. Incorporating this information into (4)

leads to
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wo = ḃ− 1
ρ(zbot)

(
∂u

∂x
+

∂v

∂y

) ∫ zbot

0
ρ(z)dz − wr(zbot). (5)

We then use ḃ and γ as free parameters in the density model described

below.

Density profile

Since the firn is compressible, vertical velocity is coupled to firn compaction.

We find wo by selecting the pair of parameters [ḃ, γ] that, when combined

with our measured dw/dz and used in the calculations below, simultaneously

produces a pair of coupled solutions w(z) and ρ(z) such that ρ(z) best

matches measured densities. We then accept that corresponding velocity

solution w(z).

Expanding (2) with the assumptions above, and then solving for ∂ρ/∂z

in yields

∂ρ

∂z
= −

(
∂u

∂x
+

∂v

∂y
+

∂w

∂z

)
ρ(z)
w(z)

(6)

which can be integrated numerically to obtain a density profile, using mea-

sured values of ∂u/∂x, ∂v/∂y, and ∂w/∂z. We computed density distribu-

tions using a range of possible values for both ḃ and γ. For each [ḃ, γ] pair,

we compared the modeled density profile to measured density data from

the main borehole 50 meters away (Grootes and others, 1994; Fitzpatrick,

1994). Our preferred profile is the one that matches the measurements most

closely in a least-squares sense. Equation 6 can also be solved to predict a
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w(z) profile, based on a measured ρ(z) profile and a surface velocity. Us-

ing a value for the surface velocity from our final accepted velocity profile

(derived in this section), the resulting velocity profile wρ agrees well with

our accepted final w(z) profile; both can be seen in table 1. To quantify our

confidence in our preferred profile, we use the “bootstrap” method (Press

and others, 1992, p. 691).

Bootstrapping confidence levels

The goal of bootstrapping is to place confidence bounds on a measurement

or on a calculated result, where the underlying sampled population cannot

provide traditional statistical information. In the current situation, we look

for confidence bounds on our calculated w(z) and ρ(z), yet we have only

one density sample from any given depth and therefore cannot calculate

a standard deviation for these underlying data. In the bootstrap method,

the lack of repeated measurements is compensated for by using the actual

data set D0 to create a number of synthetic data sets D1, D2, ..., each with

the same number of points as the original set. Each synthetic data set is

populated by drawing samples at random from the measured data set with

replacement. Replacement ensures that in the synthetic data sets, some

measurements will be repeated (and thus be more highly weighted) and

some will be omitted. For each of these synthetic data sets we find a “best

fit” calculated density profile. The resulting set of “best fit” values of ḃ and

γ serve as a population from which we can calculate meaningful statistics.

One such population of 224 sets of fitted parameters is shown in Figure 5,
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along with our resulting preferred value for ḃ and its 95% confidence interval.

This confidence interval is used to estimate the error range on the velocity

profile and the associated depth-age scale discussed below.

The preferred velocity profile, shown by the bold curve in Figure 6, uses

ḃ = 0.0865 m a−1 and γ = 0.35. The shaded region contains all profiles with

ḃ inside the 95% confidence interval in Figure 5.

Surface density measurements provide further support of our optimiza-

tion. All model runs within our 95% confidence interval produced surface

densities in the range 0.32 g cm−3 ≤ ρ ≤ 0.35 g cm−3; these values fall

within the range of measured surface densities at Taylor Dome (M. Duvall,

unpublished field report, 1994).

DATING THE CORE

We use the vertical velocity profile in Figure 6 to calculate a depth-age

scale for the upper 130 meters, following the procedure used by Paterson

and others (1977) for the Devon Island Ice Cap. We still assume that the

vertical velocity profile is in steady state in a reference frame fixed to the

surface, which could be moving up or down. Although the particle paths do

not follow straight down the borehole, the horizontal components of ~v(x, y, z)

are small enough that the vertical component is unlikely to vary with x or

y and the one-dimensional approximation is valid.

We numerically integrate the inverse of the vertical velocity from the

surface to depth z to find the age today of ice at depth z,

13



age =
∫ z

0

1
w(ξ)

dξ. (7)

Using our preferred w(z) profile, the resulting depth-age profile is shown by

the bold curve in Figure 7. The shaded region on either side of the bold

curve represents age profiles produced with the highest and lowest wo values

allowed by our 95% confidence interval in Figure 5.

DISCUSSION

Accumulation rates

The range of accumulation rates within the 95% confidence interval in Fig-

ure 5 is compatible with local accumulation rates measured by a variety

of methods (Morse and others, 1999). Our measurement provides a phys-

ical constraint on the average accumulation rate over the last 1300 years,

in much the same way as gross-β measurements of nuclear bomb fallout

products (see Picciotto and Wilgain (1963) for a description of the method)

provide a constraint on average accumulation over the last ≈ 45 years.

Our 1300-year average value for ḃ is greater than the 45-year average

of ḃ = 7.6 cm a−1 from gross-β, and greater than the average of ≈ 6 −
7 cm a−1 over the Holocene (Steig and others, 2000; Morse and others,

1998). Conservation of mass implies that a steady state ice dome with ḃ

throughout the Holocene equal to our value of 8.65 cm a−1 would require a

larger horizontal flux divergence, either by being considerably thicker than

Taylor Dome, or having greater horizontal strain rates than those measured
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by Morse (1997).

This illustrates the temporal variability of the accumulation rate pattern

at Taylor Dome. Our analysis derives an average value of ḃ, whereas the

true accumulation rate probably varied over time. Since the accumulation

rate affects the slope of the depth-age curve, a calculation that allowed for a

time-dependent accumulation rate would produce a depth-age profile which

might show slope deviations of up to 10-20% from our preferred curve in

Figure 7, but would on average produce similar ages at similar depths.

Ash layer

A number of primary volcanic ash, or tephra layers, are found in the ice cores

from Taylor Dome and from Siple Dome, West Antarctica. Tephra layers,

when found in sedimentary sequences such as ice, provide time-stratigraphic

markers because volcanic eruptions, ash transport, and deposition occur in

geologically-short time intervals. A well-defined and chemically distinctive

tephra layer is found at a depth of 79.2 meters in the Taylor Dome ice

core. Although this layer is interpreted to be from a local source volcano

and cannot be directly dated, it is chemically indistinguishable from a layer

found at a depth of between 97.2 and 97.7 meters in the Siple Dome B

core. Based on the geochemical correlation, as well as the similarity of

shard morphology, these layers are interpreted to be the result of the same

volcanic eruption, and therefore to represent the same time interval in the

two cores.

The age of the lowest horizon where the ash was found, 97.7 meters
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depth, in the Siple Dome A ice core has been estimated to be 709 years

before 1995 with an error of 10% (K. Taylor, pers. comm., 2001), and

we would infer that the 79.2 meter depth in the Taylor Dome core is the

same age. This age is very close to the age determined by vertical strain

measurements presented in this paper (675± 25 years before 1996, Fig. 7).

The slight discrepancy between the ages may be in part due small errors in

the age-depth estimates for the Siple Dome ice core.

CONCLUSIONS

Measurement of vertical velocity in an ice sheet borehole is possible with

readily available hardware and software that can be used with few modifica-

tions. This is a useful measurement because it can provide a physically-based

depth-age scale where the geochemical annual layer record is disturbed or

unresolvable. Our calculated depth-age scale is likely the most accurate

depth-age scale for the Taylor Dome firn thus far, and can also help con-

strain dating of the Siple Dome core.
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Figure 1: Schematic of the video tool in the borehole.

21



Figure 2: Downward-looking image of a band at ≈ 50 meters. In the center of the field

of view is a corner reflector for looking directly out to the sides which was not used in this

analysis. Only the direct image of the band (dark circle) was used.
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Figure 3: The observed apparent band edge radius in an image as a function of position

of the logging tool. The caliper measures the distance from a mark on the cable to the top

of the borehole casing. Separation between the two lines measures the total shortening of

the firn column between 44.58 meters and the borehole casing.
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Depth(m) wr(ma−1) ρ1(gcm−3) ρ2(gcm−3) w(ma−1) wρ(ma−1)

3.87 .017 - - 0.203 -

9.41 .073 0.529 0.485 0.165 0.166

19.43 .101 0.573 0.569 0.138 0.138

29.44 .114 0.665 0.618 0.124 0.124

39.52 .123 0.702 0.677 0.115 0.114

49.82 .131 0.713 0.727 0.107 0.104

59.84 .139 0.788 0.771 0.099 0.096

69.77 .148 0.807 0.811 0.092 0.090

79.94 .151 0.856 0.846 0.086 0.086

90.16 .155 0.870 0.877 0.083 0.083

100.21 .164 0.884 0.871 0.080 0.080

110.55 .168 - - 0.078 -

120.51 .162 - - 0.077 -

Table 1: Values of relative velocity wr and density measurements ρ1 from Fitzpatrick

(1994) and ρ2 from Grootes and others (1994). Final accepted w(z) and expected wρ

predicted by steady state and Sorges law are also shown.
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Figure 4: (a): The measured vertical motion of markers relative to the surface. The

shaded grey area indicates the region encompassed by 0 ≤ γ ≤ 1. (b): A modeled density

profile (dashed line) compared to two measured density data sets from a hole 50 meters

away. The modeled density is constrained to converge on that of pure ice (0.917 g cm−3).

The shaded grey area indicates the range of possible density depth profiles for 0 ≤ γ ≤ 1.
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Figure 5: The population of 224 “bootstrapped” ḃ and γ, the best fit ḃ (solid vertical line)

and 95% confidence interval on ḃ (dashed vertical lines). ḃ is indicated in ice equivalent

units.
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Figure 6: The vertical velocity profile. The bold line shows the best fit. The shaded

region contains all profiles with ḃ inside the 95% confidence interval in Figure 5.
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Figure 7: Depth-age scale for the firn at Taylor Dome C hole. The bold curve was

made using the preferred accumulation of 8.65 cm a−1 and γ of 0.35. The shaded region

represents the range of possible depth-age scales with ḃ inside the 95% confidence interval

in figure 5. The depth and age of a volcanic ash layer from a depth of 79.1 meters

(675± 25years) are indicated by the dashed lines.
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