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The time it takes for rainfall to travel through a catchment and
reach the stream is a fundamental hydraulic parameter that
controls the retention of soluble contaminants and thus the
downstream consequences of pollution episodes"’. Catchments
with short flushing times will deliver brief, intense contaminant
pulses to downstream waters, whereas catchments with longer
flushing times will deliver less intense but more sustained con-
taminant fluxes. Here we analyse detailed time series of chloride, a
natural tracer, in both rainfall and runoff from headwater catch-
ments at Plynlimon, Wales. We show that, although the chloride
concentrations in rainfall have a white noise spectrum, the
chloride concentrations in streamflow exhibit fractal 1/f scaling
over three orders of magnitude. The fractal fluctuations in tracer
concentrations indicate that these catchments do not have char-
acteristic flushing times. Instead, their travel times follow an
approximate power-law distribution implying that they will
retain a long chemical memory of past inputs. Contaminants
will initially be flushed rapidly, but then low-level contamination
will be delivered to streams for a surprisingly long time.

A catchment is characterized by a distribution of travel times,
reflecting the diverse flow paths that rainfall can take to the stream.
Quantifying this travel time distribution is essential for predicting
the transport of water and solutes, including soluble contaminants.
Catchments are spatially complex and subsurface flow is invisible,
so one can only infer the movement and mixing of waters from the
isotopic and chemical tracers that they carry. Chloride is an effective
chemical tracer’, because it is nonreactive under typical catchment

conditions. Our three small (1.0-3.5 km?) study catchments’ are
close to the Welsh coastline, and sea-salt chloride inputs fluctuate
greatly from one storm to the next. By comparing the chloride
signatures of rainfall and runoff through time, we can measure how
long the catchments retain a chemical memory of the rain that has
fallen in them®®. We measured chloride in rainfall and streamflow at
two different temporal resolutions: weekly for 14 years (780 data
points), and daily for over three years (1,140 data points). In both
data sets, rainfall concentrations are volume-weighted averages over
the preceding day or week, whereas streamflow concentrations are
instantaneous values at the time of sampling.

The daily hydrograph (Fig. 1a) shows that storm rainfall inputs
are usually matched by prompt (and roughly equal) changes in
streamflow. By contrast, streamflow chloride response to storm
inputs is strongly damped (Fig. 1b), indicating that peak flows
consist mostly of pre-storm water released from the catchment,
rather than rainfall flowing directly into the stream® (storm
response at Plynlimon, as at many forested catchments, is domi-
nated by groundwater flow and interflow, with return flow occur-
ring at the bases of some slopes’™). This rapid release of ‘old’
water'®" implies that our catchments transmit hydrologic signals
from rainfall to runoff much more rapidly and distinctly than
chemical signals. This decoupling of timescales occurs because
fluctuations in hydraulic head (which drives water to the stream)
can propagate much faster than the water itself'.

The timescales of catchment hydrologic and chemical response
can be clarified using spectral methods', which decompose the
rainfall and streamflow signals into their component wavelengths.
By comparing the spectral power of the input (rainfall) and output
(streamflow) at each wavelength, we can determine how strongly
the catchment attenuates hydrologic and chemical signals on each
timescale. The spectra of water fluxes in rainfall and streamflow lie
nearly on top of one another (Fig. 2a), indicating that all three
catchments transmit hydrologic signals with little damping, on all
but the shortest timescales.

By contrast, the spectra of the streamflow chloride concentrations
(Fig. 2b) show strong attenuation on all wavelengths shorter than
5-10 years, with progressively greater attenuation at shorter wave-
lengths. Except for a strong annual peak (and its subharmonics)
reflecting seasonal fluctuations, the rainfall chloride spectrum scales
roughly as white noise. The streamflow chloride spectra, by con-
trast, show fractal power-law scaling that resembles 1/f noise (Fig.
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Figure 1 Time series of daily water fluxes and chloride concentrations. a, b, At the Hafren
catchment, Plynlimon, Wales, hydrologic response to rainfall inputs (@) is prompt, with

little attenuation, but chemical response (b) is strongly damped. Peaks beyond plot axes
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are labelled individually. ¢, Enlarged view of the stream chloride time series shows that it
exhibits both short-term transience and long-term persistence. For details of
measurement methods see ref. 3.
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2b), with spectral power inversely proportional to frequency; this
indicates that catchments can act as fractal filters, converting white
noise inputs into 1/f noise outputs. The fractal scaling in the
streamflow chloride spectra is consistent between the daily and
weekly data sets, consistent among five sampling sites in our three
study catchments (see Supplementary Information), and consistent
across timescales spanning three orders of magnitude—a wider
range of scales than is usually used to characterize fractal
behaviour™.

We have also tested the generality of these results using long (8—
30 year) time series of weekly chloride measurements in nine
Scandinavian and North American streams; eight of the nine exhibit
fractal power-law scaling, between 1/f*” and 1/f'?, over 1.5-2.5
orders of magnitude. Whereas the Plynlimon catchments are under-
lain by deeply fractured shale, the Scandinavian and North Ameri-
can catchments mostly lie on glaciated granitic and metamorphic
rocks and thus are much less permeable at depth. The prevalence of
fractal scaling means that it does not require unusual catchment
characteristics.

The damping of tracer fluctuations from rainfall to streamflow
can be used to infer a catchment’s travel time distribution'®". Each
day’s rainfall influences stream chemistry in future days, by an
amount that is determined by the travel time distribution. Equiva-
lently, the present concentration in the stream reflects the rainfall
concentrations throughout the past, weighted by their fractional
contribution to the present runoff. Mathematically this means that
the stream concentration cs(#) at any time ¢ is the convolution of the
travel time distribution h(7) and the rainfall concentration cx(t— 7)
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Fig. 2 Power spectra of water fluxes and chloride concentrations. Water flux (rainfall and
streamflow) spectra (a) indicate little damping, except at the shortest timescales, whereas
chloride concentration spectra (b) show strong attenuation, except at the longest
timescales. Chloride spectra of rainfall (dotted lines) resemble white noise; those of
streamflow (solid lines) resemble 1/fnoise, with spectral power increasing proportionally
to wavelength across the entire range of scales. For ease of interpretation, spectra are
shown as functions of wavelength (reciprocal of frequency) rather than frequency. a, Data
are daily for 14 years; b, data are daily for 3 years, or weekly for 14 years (see figure).
Hafren, Hore and Tanllwyth are adjacent catchments at Plynlimon, Wales.

NATURE |VOL 403 |3 FEBRUARY 2000 | www.nature.com

A4 © 2000 Macmillan Magazines Ltd

letters to nature

throughout the past, where 7 is the lag time between rainfall and
runoff:

() = j:mﬂcR(t — dr (1)

Because the flow rate varies through time, equation (1) is strictly
valid when ¢ and 7 are expressed in terms of the cumulative flow
through the catchment, rather than calendar time'®", but the
mathematics are the same in either case'’. We performed the
following analysis both ways and obtained functionally equivalent
results, so for simplicity we use the time-based formalism below.

From equation (1) one can see that if a catchment’s travel time
distribution is broad compared to the wavelength of a chemical
signal in the rainfall, signals travelling by different flow paths will
tend to average each other out when they reach the stream. Thus the
average concentration will be maintained, but fluctuations will be
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Figure 3 Travel time distributions and their implications for contaminant transport.
a, Power-law (gamma) distribution compared to two conventional models for catchment
travel times (advection—dispersion and exponential). b, Power spectra of the three
distributions, superimposed on the rainfall and Hafren chloride concentration spectra.
Modelled power spectra assume that the rainfall concentration spectrum is white noise
(straight dotted line). ¢, Response of streamflow concentrations to a delta-function pulse
input of contaminants. Because the gamma distribution has a much longer tail than the
conventional models, it sustains substantial contaminant concentrations for much longer
time spans. The logarithmic concentration scale emphasizes the persistence of low-level
contamination. Inset depicts delta-function contaminant input.
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attenuated. The shorter the wavelength of the chemical fluctuation
in rainfall compared to the catchment’s travel time distribution, the
stronger this attenuation by averaging becomes. Conversely, che-
mical variations on timescales that are long compared to the travel
time distribution will be transmitted through the catchment with-
out significant attenuation. By the convolution theorem, equation
(1) implies that™:

Cs(f) = H(f)Cr(f) ICs(HIP = IHOPIC(HIP 2)

Here f is frequency; Cs(f), H(f) and Cr(f) are the Fourier
transforms of cg(t), h(7) and cx(t — 7); and |Cs(f)|*, |H(f)|* and
|Cx(f)|* are their power spectra. In our case, because the rainfall
concentration spectrum is nearly white noise (|Cr( f)|* is approxi-
mately constant), the spectrum of the travel time distribution
is roughly proportional to the runoff concentration spectrum
(|H(f)|Zoc |C5(f)|2). From equation (2) it is clear that the power-
law scaling observed in Fig. 2b can arise only if the travel time
distribution is an approximate power function of the form h(7)o7™"
with m = 0.5. It is equally clear that this approximation must break
down for large 7, because otherwise the average travel time would
become infinite. (No such difficulty occurs for small 7, since 7" (0
< m < 1) is integrable, though unbounded, at 7 = 0.) An
approximate power function that is integrable at large 7 is the
gamma distribution (Fig. 3a):

and

Ta =1
h(r) = ———e ™ 3)
Bl ()
Here f is a scale parameter and o = 1 — m =~ 0.5 is a shape

parameter. With a fitted value of o« = 0.48 = 0.01, the gamma
distribution’s power spectrum?

IH(OIP = (1 +47f*8) "« 4)

agrees well with the observed power spectrum (Fig. 3b), scaling
as %=~ ™ for 2aff > 1. The gamma distribution has
previously been used to model catchment travel times*, but with
a = 1 rather than o = 0.5, for which it has a completely different
shape.

Figure 3 contrasts the gamma distribution with two distributions
that are often used to model travel times in catchments. If catch-
ments are modelled as well-mixed reservoirs, their travel times
follow an exponential distribution'®'®*, which is equivalent to
equation (3) with & = 1. Thus a well-mixed reservoir also exhibits
power-law scaling, but with a non-fractal slope of 2, rather than the
observed fractal slope of ~1 (Fig. 3b). Alternatively, if solutes are
assumed to reach the stream by transport and dispersion along a
single flow path, their travel times are described by the advection—
dispersion equation®*, whose power spectrum'® shows no power-
law scaling (Fig. 3b). Both of these alternative models strongly
attenuate fluctuations below some characteristic timescale; thus
they will either greatly overestimate the attenuation of short-term
fluctuations, or greatly underestimate the timescales required for
output concentrations to track inputs (and thus the flushing time
for the catchment). The stream concentration time series (Fig. 1c)
and spectrum (Fig. 2b) indicate that the catchment exhibits both
short-term responsiveness to input fluctuations, and long-term
memory of past inputs. Only the approximate power-law distribu-
tion (equation (3)) has both of these characteristics.

Our finding that tracer fluctuations in streams are fractals, and
thus that catchment travel time distributions are approximate
power functions, has important implications for contaminant
retention by catchments. Conventional methods for predicting
cleanup timescales assume that solute travel times follow either an
exponential or advection—dispersion distribution®. Compared to
those distributions, equation (3) is much steeper at very short lags,
but converges toward zero very slowly for long lag times (Fig. 3a).
This implies that after pollution episodes, contaminant concentra-
tions will fall rapidly at first, but then decline much more gradually
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(Fig. 3c). Expectations based on the initial rapid drop will be
thwarted by the persistence of contaminant concentrations over
the long term. This persistence may be further amplified by
adsorption/desorption reactions between contaminants and
mineral surfaces (“retardation”), which do not affect our chloride
tracer.

Soil pores and bedrock fractures exhibit fractal scaling®”**, which
may be related to the power-law distribution of travel times and the
fractal structure of stream chemistry fluctuations. However, catch-
ment travel time distributions are also shaped by many other
factors: the spatial distribution of rainfall, the length, tortuosity,
and velocity of the flowpaths connecting the stream to each point on
the surface, dispersion along and between flowpaths, and diffusive
exchange between mobile water in macropores and immobile water
in the matrix between them®. The travel time distribution (equa-
tion (3)) and power spectra (Fig. 2) presented here provide
important observational constraints on the physical processes con-
trolling water flow, storage, and mixing at catchment scale. Under-
standing these processes, and their implications for water quality, is
a critical challenge in the environmental sciences™.

Methods
Power spectra

Because rainfall chloride concentrations are undefined on dates without rain, we
calculated power spectra using the Lomb—Scargle Fourier transform', which has the same
statistical properties as the conventional Fast Fourier Transform, but does not require
evenly spaced data. We omitted Scargle’s prefactor of (N,/2)""? in order to make spectral
power comparable between the daily and weekly data sets, which have different numbers
of points.

Travel time distributions

The power spectra of all three travel time distributions were fitted to the stream chloride
spectra (Fig. 3b) by least squares. The gamma distribution is equation (3), with parameter
values of o« = 0.48 = 0.01 and 8 =1.9 * 0.1 years (corresponding to an average travel time
of a3 = 0.9 years). The power-law slope of its spectrum is controlled by «, and its left-to-
right location is controlled by 8. The exponential distribution is equation (3) with « fixed
at 1 and a fitted mean travel time of &8 = 0.16 * 0.01 years. The advection—dispersion

model is equation (11) of Kreft and Zuber®, with an assumed Peclet number of 5 and a
fitted mean travel time of 0.10 £ 0.01 years; other realistic Peclet numbers yield equally
poor fits to the data.
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Recent seismological, geochemical and experimental observations
suggest that, as mantle peridotite melts, the resulting basaltic
liquid forms an interconnected network, culminating in the rapid
ascent of the basalt relative to the surrounding solid matrix'~.
Mantle melting is therefore a polybaric process, with melts
produced over a range of pressures having differing chemical
characteristics*®. Modelling and peridotite-melting experiments
designed to simulate polybaric mantle melting generally assume
that there is no interaction between melts generated at greater
pressures and the overlying solid mantle at lower pressures™.
Beneath mid-ocean ridges, melts derived from greater depth are
probably channelized during ascent, so preventing direct
re-equilibration with shallow peridotite®, as required by geo-
chemical observations®’. I show here, however, that sodium in
ascending melts will quickly diffuse into the melt formed within
nearby peridotite at lower pressures. This process fundamentally
changes the manner by which the peridotite melts, and can
account for both the creation of silica-rich glass inclusions in
mantle xenoliths and the anomalous melting modes recorded by
abyssal peridotites. Increased melting of lithosphere and upwelling
asthenosphere could result from this process without the need to
invoke higher mantle temperatures.

On the basis of experimental results, early formed high-pressure
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melts derived from the base of a melting column will be lower in
SiO; and higher in Na,O than larger-degree melts in equilibrium
with mantle peridotite at shallow depths'®''. To simulate the
interaction between a melt originally generated at greater pressures
and peridotite at lower pressure, a two-step experiment was per-
formed in a piston cylinder apparatus at 1,300 °C and 0.9 GPa using
salt—Pyrex assemblies (10% friction correction). The initial synth-
esis runs (30 hours) produced (1) a peridotite coexisting with
~10% tholeiitic glass (starting material was spinel therzolite KLB-
1'?) and (2) a basanitic glass coexisting with ~10% olivine (starting
material was EL-10 from the Canary Islands, collected by
K. Hoernle), both enclosed in graphite inner capsules sealed
inside Pt-lined Mo outer capsules. After synthesis, a portion of
each of these materials was removed for analysis. The capsules were
then each polished flat on one end and juxtaposed in the piston
cylinder for 10 minutes under the same conditions of temperature
and pressure. The peridotite—basanite interface after reaction
remained well defined and fixed in its original location; however,
peridotite close to the interface contained more melt than did
peridotite far from the interface (Fig. 1).

Compositions of melt pools within the peridotite vary as a

a Adjacent to interface

Figure 1 Back-scattered electron (BSE) images of peridotite. a, Closest to the basanite—
peridotite interface; b, farthest from the interface. Note the clear difference in melt and
mineral modes between the two regions of the experiment. Representative minerals are
labelled (orthopyroxene (OPX), dark grey; olivine (OL), medium grey; clinopyroxene (CPX)
and MELT, both light grey) with lighter jagged edges on pyroxenes and lighter rims on
olivine resulting from quench crystallization. In order to quantify phase proportions in the
experiment (Fig. 3), four non-overlapping, digital BSE images (250 wm? and Mg X-ray
maps were simultaneously collected throughout the peridotite portion of the sample in
each of four rows that varied as a function of distance from the original peridotite—
basanite interface (see Fig. 2 for locations of rows). Each image was processed using NIH
Image software with mineral modes calculated by summing areas of particular grey scale.
With the aid of Mg X-ray maps, melt, orthopyroxene and clinopyroxene were distinguished
from olivine and the mode of each was counted after selectively darkening phases using
imaging software. For each row, an average mode and 1 standard deviation (s.d.) were
calculated from the four images. Quench crystals could be readily distinguished from the
primary minerals; the melt mode reflects the area covered by both melt and quench
crystals. Cracks and surface imperfections (black) are not included in the modal
determination.
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