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ABSTRACT: We describe a microcontroller-based ice core melting and data
logging system allowing simultaneous depth coregistration of a continuous
ﬂow analysis (CFA) system (for microparticle and conductivity measurement) and a discrete sample analysis system (for geochemistry and
microparticles), both supplied from the same melted ice core section. This
hybrid melting system employs an ice parcel tracking algorithm which
calculates real-time sample transport through all portions of the meltwater
handling system, enabling accurate (1 mm) depth coregistration of all
measurements. Signal dispersion is analyzed using residence time theory,
experimental results of tracer injection tests and antiparallel melting of
replicate cores to rigorously quantify the signal dispersion in our system. Our
dispersion-limited resolution is 1.0 cm in ice and ∼2 cm in ﬁrn. We experimentally observe the peak lead phenomenon, where
signal dispersion causes the measured CFA peak associated with a given event to be depth assigned ∼1 cm shallower than the
true event depth. Dispersion eﬀects on resolution and signal depth assignment are discussed in detail. Our results have
implications for comparisons of chemistry and physical properties data recorded using multiple instruments and for
deconvolution methods of enhancing CFA depth resolution.

■

detector,12−15 allowing insights into past atmospheric transport
patterns.
One approach for analyzing a broad range of elements
couples a continuous ice core melter directly to an ICP-SMS
instrument.3 Disadvantages to this approach include limited
acidiﬁcation time leading to preferential leaching of silicate
particles,2,16 the inability to collect an archive, and relatively
short ICP-SMS scan times, which reduce the precision and
elemental range of the measurements.4 To address these issues,
Osterberg and others4 developed a continuous ice core melting
system with discrete sample collection (CMDS). This system
collected meltwater in three sets of sample vials, for trace
element, major ion, and stable water isotope analyses. Depth
assignment in this system (and similar CFA systems) assumed
constant ice core melting and pump speeds to calculate
sampling depth.
Combining the high vertical sampling resolution of CFA with
the geochemical accuracy and breadth of measurements
provided by discrete ICP-SMS analysis, we developed a hybrid
system to perform both analyses on the same ice core
meltwater stream. Hybrid systems have been used in the past
for both geochemical and microparticle analyses.10,17−20 The

INTRODUCTION

Ice cores are paleoclimate archives containing low levels of
soluble and insoluble chemical impurities indicating past
atmospheric and environmental conditions over seasonal to
millennial time scales. One challenge in processing ice core
samples is to develop methods for contamination-free analysis
that preserve the trace-level (ppb, ppt) concentrations of
impurities contained within and allow for high vertical sampling
resolution (∼1 sample cm−1).1−8 Continuous ice core melter
systems, which allow for the collection of discrete samples and/
or continuous ﬂow analysis (CFA) of meltwater collected from
the inner portion of the ice core sample, meet these
requirements.
CFA systems have developed over the past two decades,
beginning with the work of Sigg and others in the early 1990s.1
Their system employed a heated, circular melthead with an
annular ridge to separate the inner (uncontaminated) from the
outer (possibly contaminated) fraction of meltwater. While the
basic design of ice core melter systems has changed little, the
number of analytes measured has expanded to include a broad
range of soluble elements, analyzed by ﬂuorimetric, absorption
and chromatographic techniques,6,7,9−11 and insoluble elements, analyzed by inductively coupled plasma-sector ﬁeld mass
spectrometry (ICP-SMS).2,3 In addition, mineral aerosol
(microparticle) concentrations and size distributions are
routinely measured using a ﬂow-through laser particle
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level digital systems and the high-level data logging system on
the PC as shown in Figure 1.
The functions of the Melt Monitor are as follows:
1. collect rotary encoder data for melt displacement,
meltspeed, and parcel generation
2. check debubbler level and adjust downstream pump
speeds to maintain proper level
3. perform parcel transport calculations based on current
pump speeds and parcel locations
4. calculate current volume of sample vial in DSA system,
move fraction collectors to a new vial if volume goal has been
reached
5. process commands from and send data to data collection
PC.
The Monitor cycles through this loop several thousand times
per second, ensuring that measurement of and response to
changing melt conditions is eﬀectively instantaneous.
Loss-Free Debubbling System. The meltwater stream
from both ﬁrn (compacted, granular snow) and ice contains air
bubbles entrained in the ﬂow from the melthead. Bubbles must
be removed prior to CFA measurements to avoid erroneous
data or irreversible instrument damage. The small inner fraction
area of our melthead and our desire to maintain the highest
possible sample resolution required a loss-free debubbler
system. Due to the variability in the melting process and the
air content of the ice itself, loss-free debubbling requires a
dynamic feedback system to nondestructively detect and
control ﬂuid level by adjusting pump speeds downstream of
the debubbler.
The upper section of the debubbler vessel is a 2 cm long
section of transparent, 7.94 mm OD FEP tubing (Cole-Parmer,
Vernon Hills, IL), while the lower section is a custom machined
section of PTFE that serves to couple the upper section to a
STAPURE tube below. Sigg et al.1 used optical methods for the
detection of air bubbles inside 1.5 mm OD transparent tubing.
We adapted this technique to measure the debubbler liquid
level, employing two photomicrosensors which send infrared
beams across the transparent portion of the vessel (see
Supporting Information).
Because the system varies pump speeds to control ﬂuid level
(and because perfectly constant meltspeeds are rarely observed
in real melting systems), we abandoned the traditional method
of sample depth assignment which assumes constant
proportionality between melt time and core depth. We instead
developed a new method of correctly maintaining depth
assignment in a variable ﬂow rate CFA system, described below.
Parcel Tracking Algorithm. The true signal of interest in
an ice core is a function of space (i.e., depth in the core), while
the CFA process creates a measured signal as a function of
instrument time. These signals are typically related in CFA by
assuming constant melt and pump speeds; thus assigned depth
is directly proportional to melt time. We have taken a diﬀerent
approach, developing an ice parcel tracking algorithm which
locates, in real time, samples from a particular depth in the ice
core as it is transported through the sample handling system.
Parcel tracking makes no assumptions regarding meltspeed and
allows the use of variable pump speeds to control debubbler
level.
A parcel is deﬁned as the contents (water and air) of a one
mm thick section of ice core passing through the inner channel
of the melthead. A new, uniquely numbered parcel is assigned
to every additional mm of melt displacement. Displacement is

most signiﬁcant challenge in the development of a continuous
melting, hybrid sampling (CMHS) system is establishing depth
coregistration between continuous and discrete analyses. Our
solution is an ice parcel tracking algorithm that calculates realtime sample transport throughout the system. Parcel tracking
calculates ideal transport, revealing the signiﬁcant eﬀects of
signal dispersion on resolution and sample depth assignment.
Our goals in this paper are 4-fold: (1) describe the technical
details of the hybrid melter system, (2) demonstrate what the
system reveals about signal dispersion in CFA systems, (3)
discuss methods of quantifying and calculating signal
dispersion, and ﬁnally (4) discuss the implications of our
ﬁndings on resolution, depth assignment, and deconvolution of
CFA signals.

■

METHODS
Overall Melting System. The melting process begins at
the melthead where ﬁrn and ice cores are melted and
transferred into the sample handling system which moves the
meltwater from the melthead to CFA instruments and ﬁnally to
discrete sample analysis (DSA) vials (see Figure 1). Our

Figure 1. Overview of the CMHS System: MH = melthead, P =
peristaltic pump, DB = debubbler, ECM = electrolytic conductivity
meter, PSD = laser particle size detector, FC = fraction collector, CFA
= continuous ﬂow analysis, DSA = discrete sample analysis. The ice
core is shown in the traditional top-down orientation.

melthead is modiﬁed from that described in ref 4, with a smaller
inner ring (1.54 cm2). The meltwater stream passes through a
loss-free debubbler to remove entrained air and then splits into
two legs: one for microparticle and electrolytic conductivity
CFA and the other for glaciochemistry via ICP-SMS. To avoid
contamination of the geochemistry analyses, both CFA
instruments are located in the microparticle leg. See Table S1
for blanks and detection limits of the CMHS system and ICPSMS.
Sample Handling System. The sample handling system is
a collection of instrumented tubing and pumps which
transports meltwater and provides volumetric ﬂow rate
information. Flow rate can be obtained by quantifying pump
performance with a pump constant K, determined by running a
pump for a known number of revolutions R, collecting and
weighing the water moved and calculating K = mwater/(ρwaterR)
= Vwater/R. Typical values were K = 0.2296 ± 0.0004 mL rev−1.
Over a one meter ice core segment, the uncertainty in K (see
the Supporting Information) leads to meltwater volume
uncertainty of ±0.56 mL out of the total 140 mL of inner
channel meltwater.
Melt Monitor. The Melt Monitor is a microcontroller-based
system that serves as a data and control bridge between low11923
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(assuming melting in the traditional top-down direction)
change this signal due to nonideal ﬂows:
1. Mixing of ﬂuid in a vessel (e.g., melthead or debubbler)
combines and averages the signal over a signiﬁcant sample
volume.21 Because both vessels are gravity driven, a sample
from deeper in the core drops into and, to some extent,
‘channels’ through the reservoir of sample from shallower
regions. The mixed sample is then pumped out of the vessel
before complete mixing can occur, causing signals to be biased
toward shallower depths than the true signal.
2. Real ﬂuids in tubes have nonuniform velocity proﬁles,
especially for laminar ﬂow, the typical ﬂow regime for CFA
systems.22 For an average ﬂow velocity, ﬂuid near the center of
the tube has a higher velocity than the average, while ﬂuid near
the tube wall has a slower velocity than the average due to the
no-slip boundary condition at the wall.
Residence time theory uses residence time distributions
(RTDs) to characterize nonideal ﬂow in continuous ﬂow
reactors and ﬂuid handling systems.23−25 The RTD represents a
dimensionless response to a delta function input, allowing
calculation of the output signal for any arbitrary input to the
same system. Importantly, residence time theory calculates a
mean residence time, providing a relationship between ideal
signal transport (easy to calculate) and nonideal signal
transport (diﬃcult to calculate).
Measuring Residence Time Distributions. We measured the
RTD of our system using a very short injection of tracer
(approximating a delta function) directly into the melthead
during the course of a water ﬂush simulating 917 kg m−3 ice.
Resulting transients were recorded on both ECM and PSD
instruments and converted23 to an RTD by (1) averaging 5
tracer injection transients, (2) subtracting the signal background, (3) normalizing the area under the curve to unity, (4)
calculating the mean residence time t ̅ for material in the
transient, and (5) calculating a dimensionless time scale.
Statistics of the Residence Time Distribution. The total area
under the tracer transient curve is calculated as A = ΣiCiΔt
where Ci is the net concentration of tracer measured in the
CFA instrument at time ti and Δt is the time interval between
data points. The mean residence time is calculated as the ﬁrst
moment of the RTD:

measured using a rotary encoder attached to a 200 g stainless
steel weight encased in Teﬂon for cleanliness.
Locating Instruments and Parcels. The CMHS system uses
ﬁxed lengths of tubing between the melthead, CFA instruments, and DSA vials; these items not only have a location x in
real space (measured in cm of tubing from some reference
point) but also have a location in volume space within the
sample handling system. Transforming to volume space allows
us to deﬁne a measure of the relative location (0 ≤ Λ ≤ 1)
along a given section of the sample handling system, as shown
in eq 1.
Λ ( x = S) =

volume to fill tubing from x = 0 to S
total volume of tubing

(1)

A typical section of the sample handling system is composed
of several diﬀerent tubing and/or CFA instrument types of
variable inner diameter. The volume space approach transforms
the diﬃcult problem of calculating and integrating parcel
velocities for variable tubing size and pump speed into the
simpler problem of counting pump revolutions. One pump
revolution increases Λ by the same amount (1 rev × K)/Vtubing,
regardless of tubing cross-sectional area or pump speed
changes. The Melt Monitor directly controls pump speed
Ṙ (t) and calculates pump revolutions accumulated over time Δt
̇
as R(Δt) = ∫ Δt
0 R(t)dt. This dedicated ‘odometer’ for each
pump, which indicates the total volume V(Δt) = KR(Δt)
moved by that pump in Δt, is also used to correctly meter the
sample volume delivered to each vial in the DSA system.
Parcel Transport. The odometer concept can be expanded
to implement the parcel transport calculation by attaching a
pump odometer to each parcel. Parcel i, from ‘birth’ (age ti = 0,
location Λi = 0) in the melthead, accumulates pump revolutions
to determine Λi(ti), the relative location of the parcel within the
sample handling system at some parcel age ti > 0.
ti

Λi(ti) =

K ∫ Ṙ pump(t ) dt
0

Vsys

=

R i(ti)
R sys

(2)

Rsys is the number of pump revolutions to ﬁll the entire system
tubing volume Vsys for a given value of pump constant K.
With the Melt Monitor continuously updating all the Λi, we
can detect when parcel i has reached a location of interest
(Λi(ti) = ΛECM, for example). Parcels with interesting Λ values
are sent to the PC to be included into the CFA and DSA data
streams, thus achieving simultaneous depth coregistration for
all parts of the CMHS system. This process is repeated for
every live parcel, every time through the main Melt Monitor
program loop. At the end of a parcel i’s journey (Λi = 1), it is
recorded as ﬁlling the DSA vial. When Λi+1 = 1, parcel i is
terminated and is removed from the tracking array.
The uncertainty in Λi(ti) is 0.11% (see the Supporting
Information). Putting this value in perspective, in a uniform,
400 cm long section of tubing with an average cross-sectional
area of 0.06 cm2, this equates to a positional uncertainty of
roughly 0.5 cm for a typical 2.5 cm long parcel. Extreme
variations in debubbler level may increase this uncertainty to
1.0 cm in poor quality ice; the additional uncertainty in parcel
starting depth (±0.04 mm) is negligible.
Quantifying Dispersion in CFA Systems Using
Residence Time Theory. Stratigraphic layers comprise the
true signal (chemical, microparticle, isotopic, etc.) that we seek
to recover and measure. Continuous melting systems

t RTD
=
̅

∑i tiCiΔt
∑i CiΔt

(3)

We use θ = t/tR̅ TD as a common, dimensionless time scale
with θ = 1 as the center reference point for an RTD. In ideal
transport, the hydraulic residence time for a CFA instrument
th̅ ,inst = Λinst(Vsys/V̇ ) is the time delay between true signal input
and nondispersed signal output at the instrument, where Vsys is
the total volume of the system and V̇ is the average volumetric
ﬂow rate in the system.26 For nonideal transport, dispersion
eﬀects are centered about th̅ ,inst and are described by the RTD
with a statistical center θ = 1. Therefore, aligning θ = 1 with
th̅ ,inst allows us to correctly locate dispersion eﬀects in time as
described in the Convolution section below.
The second moment of the RTD is the variance:
σt2 =

2
∑i (ti − t RTD
̅ ) CiΔt

∑i CiΔt

(4)

These statistics characterize the RTD in a general way and
also serve as parameters in speciﬁc dispersion models. Many
11924
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diﬀerent models are available,24,27 but we have chosen the
closed vessel axial dispersion model due to its simplicity, its
closeness of ﬁt to our dispersion data, and its general
applicability to laminar-ﬂow CFA systems.
Relating the RTD to the Closed Vessel Axial Dispersion
Model. We use the closed vessel axial dispersion model of
Levenspiel23 which treats ﬂuid transport as axial diﬀusion
superimposed on ideal plug ﬂow advection. The axial diﬀusion
is characterized by a dimensionless dispersion number (D/uL),
where D is the axial diﬀusion coeﬃcient, u is the mean ﬂow
velocity, and L is the length of the system.
This model quantiﬁes peak lead, a phenomenon where the
peak or maximum value of the dispersed signal arrives earlier
than θ = 1. This phenomenon is illustrated in Figures 2 and 3.
For (D/uL) < 0.01, signal dispersion is eﬀectively symmetric
about θ = 1 and peak lead is negligible. Where (D/uL) > 0.01,
the signal peak can substantially lead θ = 1; the axial dispersion
model is generally invalid for (D/uL) larger than unity.23
We convert σ2t to a dimensionless variance σ2θ = σ2/t2R̅ TD, to
compare with the closed vessel axial dispersion model.
Levenspiel23 found that dimensionless variance and dispersion
in a closed system can be related as
⎛D⎞
⎛ D ⎞2
σθ2 = 2⎜ ⎟ − 2⎜ ⎟ [1 − e−(uL / D)]
⎝ uL ⎠
⎝ uL ⎠

Figure 3. CMHS residence time distribution E(θ) and 5 sets of raw
tracer data (electrolytic conductivity vs parcel number). The RTD
(variance σ2θ = 0.366) demonstrates the signiﬁcant lead between the
signal peak arrival time and the mean residence time at θ = 1. The raw
tracer data show the high repeatability of signal dispersion.

(5)

Figure 4. (a) Relating RTD dimensionless variance and dimensionless
peak time θmax to dispersion number (D/uL) in the closed vessel axial
dispersion model. Lines connecting θmax data points are a guide to the
eye only, as there is no analytical expression for θmax as a function of
(D/uL). Dashed lines and arrows indicate derivations of dispersion
number and θmax for the CMHS system, given σ2θ = 0.366. (b)
Residence Time Distributions for the closed vessel axial dispersion
model for various values of (D/uL). θmax and closed vessel axial
dispersion RTD data are adapted from Figure 13.8 of Levenspiel.23

Figure 2. Tracer test of the parcel tracking algorithm. 200 μL of
Beckman-Coulter 10 μm particle concentration standard (which also
had a signiﬁcant eﬀect on EC) was injected into the melthead at the
parcels marked ‘Plug ﬂow’ in the midst of a deionized water ﬂush of
the system. Depth diﬀerence between expected and observed tracer
transient peak is due to signal dispersion, not errors in calibration or
operation of parcel tracking algorithm.

injection transient should coregister in depth on both CFA
instruments. Figure 2 shows the results of the correctly
calibrated system and explicitly shows the peak lead predicted
by the axial dispersion model.
We calibrated instrument locations using an air−water
interface, while the test of that calibration was performed
using a concentration signal in water. The location of an air−
water interface is unambiguous as it travels through tubing as a
cylindrical ‘plug’ of water, but a particle and ion concentration
signal in water suﬀers from the eﬀects of dispersion during its
travel, hence the signal arrives ∼6 parcels earlier than expected
according to the ideal ﬂow calculated by the parcel tracking
system. This lead is consistent with the RTD for our system,
discussed below.
Residence Time Distribution Results. We measured the
RTD of our system using delta function tracer injections
directly into the melthead and recorded the resulting transients
on both CFA instruments. The raw tracer data and E(θ), our
calculated RTD, are shown in Figure 3 and are tabulated in the
Supporting Information.
Tracer data were recorded under conditions simulating 917
kg m−3 ice, representing the smallest possible signal dispersion
with respect to core depth for our system. Larger signal

The solution to this equation (i.e., ﬁnding the value of (D/
uL) for a system given σ2θ) can be found iteratively or
graphically as illustrated in Figure 4(a).

■

RESULTS AND DISCUSSION
Results of Parcel Tracking Algorithm Calibration. The
sample handling system volume was calculated with Vsys =
KRsys, and the instrument location calibration was derived from
Λinst = Vinst/Vsys = Rinst/Rsys. The calibration was performed by
slow speed pumping of deionized water through an initially dry
system and noting the pump revolutions and water volumes
required to supply water to any given location within the
handling system.
We tested the location calibration by injecting a particle/
conductivity standard cocktail into the melthead and pumping
at normal melting speeds. If the parcel tracking algorithm works
properly, and ΛECM and ΛPSD are correctly calibrated, then the
11925
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dispersion occurs in low density cores because the same
number of parcels are distributed over a smaller mass of
meltwater for the same length of core.
Plotting eq 5 in Figure 4(a), we ﬁnd that the measured RTD
variance σ2θ = 0.366 implies (D/uL) = 0.246, indicating that the
signal has experienced signiﬁcant dispersion, yet is within the
bounds of applicability for the axial dispersion model.
For (D/uL) = 0.246, the axial dispersion model predicts a
peak arrival time (i.e., signal maximum) of θmax = tmax/tR̅ TD =
0.6. The measured peak therefore leads the ideal peak (at θ =
1) by 0.4 units of dimensionless time. This lead is equivalent to
5.6 parcels for 917 kg m−3 ice (compare upper and lower x-axes
of Figure 3), consistent with the ∼6 parcel lead observed during
calibration testing.
Peak lead depends on the density of the ice core, the shape of
the input signal, and the dispersion number (D/uL) of the
system, as shown in Figures 4 and 6. Early peak arrival times
(i.e., θmax < 1) indicate stagnant water within the system where
the signal ‘channels’ through the stagnant water (i.e., in the
melthead and debubbler), arriving sooner than expected.22 Our
axial ﬂow debubbler attempts to minimize this channeling but
could likely be improved by decreasing the debubbler vessel
diameter.
Convolution. Consider the perfect melting system:
dispersionless and operating at constant melt and pump
speeds. The perfect RTD is simply a delta function δ(t)
where tR̅ TD = 0. Input signals arrive at a CFA instrument after a
time delay th̅ ,inst, and the CFA response g(t) is calculated by
convolving the RTD with the true input signal f(t). In the
perfect case, the output signal is exactly equal to the input,
except for translation forward in time: g(t) = f(t−th̅ ,inst). It is
clear that we assign the dimensionless time θ = 1 (i.e., t = tR̅ TD)
to th̅ ,inst in real melting time, thus linking the mean residence
time of the RTD to the hydraulic residence time of the system.
The tR̅ TD-to-th̅ ,inst assignment must also hold for dispersive
systems, though tR̅ TD will no longer be zero and the RTD will
be some more complicated function of time. We therefore write
our convolution integral as
g (t ) =

∫0

Figure 5. Modeling three diﬀerent signal dispersion eﬀects using the
measured RTD. Upper plot shows unit-magnitude delta function
inputs at 20, 80, 90, 93, and 95 mm in an otherwise pure ice core. The
meltspeed is constant at 0.333 mm sec−1 and th̅ ,inst = 300 s,
representing typical CMHS system values. Middle plot shows CFA
output calculated from eq 6, bottom plot shows CFA output vs depth.
Eﬀect 1: By aligning th̅ ,inst with tR̅ TD, eq 6, correctly calculates a peak
lead matching experimental results in Figure 2. The event at 20 mm
depth, for example, has a predicted peak arrival time of 360 s (300 s +
(20 mm ÷ 0.333 mm sec−1)) based on ideal signal transport; for
dispersive signal transport, eq 6 predicts a peak arrival time of 347 s.
Eﬀect 2: For antiparallel melting of replicate cores, eq 6 predicts a peak
lead for top-down melting and peak lag for bottom-down melting. This
is because the RTDs for the two diﬀerent melt orientations are mirror
images of each other, the common reﬂection point being tR̅ TD. Eﬀect 3:
eq 6 also shows that dispersion, not CFA sampling rate or meltspeed,
limits the depth resolution of the system. Of ﬁve true events, only
three peaks are observable because depth intervals separating the 90,
93, and 95 mm events are smaller than the dispersion-limited
resolution of the system.

∞

f (τ )E(t − th,inst
+ t RTD
− τ )dτ
̅
̅

(6)

This expression gives rise to the peak lead we observe
experimentally, predicts a peak lag when melting in the bottomdown orientation, and returns to the perfect system response in
the zero dispersion limit. Figure 5 shows the result of our
convolution method for a hypothetical ice core, demonstrating
several important dispersion eﬀects on the output CFA signal.
Signal Asymmetry and Resolution. Real input signals are
not simple delta functions. In Figure 6 we plot CFA output for
two mirror-image ramp function inputs. Taken separately, the
ramp inputs are asymmetric and show signiﬁcant diﬀerences in
the assigned output peak depth compared to the true peak
depth. Signal asymmetry therefore has an impact not only on
the signals recorded in a CFA system but also on our
understanding of signal resolution.
We deﬁne depth resolution based on the 10% valley
deﬁnition of resolution in mass spectrometry.28 Let two equal
magnitude events (chemical, microparticle, etc.), located at
depths z and z+Δz in an ice core, be separated by a valley
which is just 10% below the height of the ﬁrst event as
measured by a CFA instrument. A system meeting this criterion
is said to have a depth resolution of Δz. Because we have no a
priori knowledge of true input signal shape, we use delta

Figure 6. Dispersion eﬀects on asymmetric inputs. Ramp functions
have equal magnitudes and ramp rates but are mirror images of each
other. Input signals with asymmetries similar to the asymmetry of the
RTD (i.e., tails pointing in the same direction) will be measured with
greater ﬁdelity; in the case for top-down melting shown here, the
output for the ramp down has a small peak lag, while the output for
the ramp up (tail pointing opposite to RTD tail) has a large peak lead.

functions for determination of our system resolution (see the
Supporting Information) as they are symmetric and make no
assumptions about true signal shapes. For low density cores
(600 kg m−3) the resolution is approximately 2 cm, while for ice
11926
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(917 kg m−3) the resolution is 1.0 cm. This is comparable to
other purely CFA systems.3,5,10,29
Depth resolution depends on many factors, including signal
asymmetry. Signal asymmetry eﬀects can be observed in Figure
5 where events, starting at 80 mm, occur with increasing
frequency up until 95 mm depth. Output for top-down melting
shows that the 80 mm event and the cluster of events from 90
to 95 mm are resolvable according to the 10% valley criterion
(events within the cluster are still unresolvable). The same
events in the bottom-down output are not resolvable since the
valley at 89 mm is only 1.2% lower than the shallowest peak at
85 mm. This case demonstrates the complicated relationship
between input signal shape and depth resolution in CFA
systems. It also cautions against overemphasis on the depth
assigned to “peaks” in ice core analysis, as dispersion can have a
signiﬁcant impact on the depth assignment of the peak and on
the relative phasing of peaks measured on systems with
diﬀerent dispersion characteristics.
Sample Coregistration and Reproducibility of Results.
We tested the CMHS system with 6 sets of 3 × 3 × 100 cm3
replicate ice ‘sticks’ cut from the same sections of the WDC06A
deep ice core. In order to observe dispersion eﬀects on natural
signals, we measured the replicate cores under identical melting
conditions but melted in antiparallel orientations. The eﬀects of
dispersion can been seen in the slightly diﬀerent shapes and
depths of peaks in Figure 7.
The apparent lead and lag were variable and may be caused
by cm-scale horizontal variations in ice core chemistry, though
signal asymmetry eﬀects are a more likely explanation. Our best
estimate of the true depth of these events is at the center point
equidistant from both peaks, since dispersion should be
independent of the core melting direction.
Implications. The peak lead phenomenon has special
importance for melting systems with several parallel CFA legs,
each leg with a diﬀerent dispersion characteristic. This issue is
traditionally handled using a ﬁxed “delay time” which
presumably accounts for diﬀerent tubing lengths, instrument
response times, etc. but makes the very signiﬁcant assumption
that the relationship between the true, spatial signal in the ice
core and the measured, temporal signal recorded by CFA is
completely characterized by a f ixed time dif ference. This
assumption is justiﬁed only for systems with negligibly small
dispersion. For real systems, variations in core density, signal
symmetry, and melt speed will undermine the depth
coregistration of signals recorded on parallel CFA systems
unless the diﬀerences in dispersion between the parallel legs is
quantiﬁed. Similar issues apply to serial CFA systems if the
instruments themselves induce signal dispersion, though this
does not seem to be signiﬁcant in our system. For fraction
collecting, the impact of peak lead only becomes signiﬁcant as
the ice thickness-per-fraction approaches a few multiples of a
peak-lead distance.
Peak lead and lag also have implications for CFA resolution
enhancement via deconvolution techniques (e.g., refs 1 and
21). The deconvolution approach eﬀectively ‘undoes’ some of
the signal dispersion incurred in the CFA measurement, but the
process assumes that a peak in the true signal and a peak in the
dispersed signal must occur at the same depth. This assumption
is contrary to our experimental results because the RTD (also
called a “ﬁlter” in ref 21) must be correctly located in time by
aligning tR̅ TD with the hydraulic residence time of the
instrument in order to relate the dispersed signal peak to the
true signal source depth. Making this adjustment to the

Figure 7. CFA microparticle data from 6 sets of replicate ice ‘sticks’
melted in antiparallel orientations (‘top-down’ vs ‘bottom-down’)
using the CMHS system. Each core spans nearly a meter (data from
core breaks are removed), and depths are indicated below each plot.
Note the varying abscissa scales. Observed depth oﬀset between dust
events is primarily a function of signal dispersion in the system.
Reported r values are Pearson’s linear correlation coeﬃcients.

deconvolution methods of Rasmussen and others21 would
result in peak-lead size improvements in signal depth
assignment but would not improve the resolution beyond
that achievable with those methods.

■

ASSOCIATED CONTENT

* Supporting Information
S

Equipment details, parcel tracking algorithms, cleanliness data,
uncertainty analysis, discussion of our resolution deﬁnition and
example RTD and dispersion calculations. This material is
available free of charge via the Internet at http://pubs.acs.org.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: daniel.j.breton@dartmouth.edu (D.J.B.), bess.
koﬀman@maine.edu (B.G.K.).
Present Address
§

Dartmouth College, Thayer School of Engineering, 14
Engineering Drive, Hanover, NH 03755.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
We are grateful for the comments of three anonymous
reviewers which greatly improved the manuscript. We thank
11927

dx.doi.org/10.1021/es302041k | Environ. Sci. Technol. 2012, 46, 11922−11928

Environmental Science & Technology

Article

(17) Wolff, E. W.; Fischer, H.; Fundel, F.; Ruth, U.; Twarloh, B.;
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Röthlisberger, R.; Miller, H. High-resolution microparticle profiles at
NorthGRIP, Greenland: case studies of the calcium-dust relationship.
Ann. Glaciol. 2002, 35, 237−242.
(13) Ruth, U.; Wagenbach, D.; Steﬀensen, J.; Bigler, M. Continuous
record of microparticle concentration and size distribution in the
central Greenland NGRIP ice core during the last glacial period. J.
Geophys. Res 2003, 108.
(14) Lambert, F.; Delmonte, B.; Petit, J.; Bigler, M.; Kaufmann, P.;
Hutterli, M.; Stocker, T.; Ruth, U.; Steffensen, J.; Maggi, V. Dustclimate couplings over the past 800,000 years from the EPICA Dome
C ice core. Nature 2008, 452, 616−619.
(15) EPICA Community Members, One-to-one coupling of glacial
climate variability in Greenland and Antarctica. Nature 2006, 444,
195−198.
(16) Rhodes, R.; Baker, J.; Millet, M.; Bertler, N. Experimental
investigation of the effects of mineral dust on the reproducibility and
accuracy of ice core trace element analyses. Chem. Geol. 2011, 286,
207−221.
11928

dx.doi.org/10.1021/es302041k | Environ. Sci. Technol. 2012, 46, 11922−11928

