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Abstract

A sound understanding of solute transport under stormflow conditions is crucial for assessing groundwater and stream water

contamination risk. The vadoze zone exhibits its maximum protective effect, when solute transport occurs via translatory flow.

In contrast, short-term hydraulic short circuits via preferential flow can have considerable harmful effects on water quality.

The Lehstenbach study combines comprehensive physical and hydrochemical measurements that allow improved

understanding of the short-term stream discharge and groundwater recharge dynamics. The data set covers the 1998 catchment

wetting-up period, including the second to highest discharge peak, since measurements began in 1987. During that storm, the

pressure wave reached 0.9 m depth within 2 h, preceding the discharge peak by another 2 h. In contrast, shallow groundwater

response at 3 m depth was delayed considerably.

Soil hydrometric data and temperature, aluminum, sulfate, and dissolved organic carbon dynamics in stream water and

groundwater indicated translatory flow during groundwater recharge and stormflow runoff generation. In contrast, the observed

decline in silica concentration of groundwater and stream water provided strong evidence that seepage flux was restricted to a

small fraction of the total soil water pool. Exchange with the matrix was limited by the slow kinetics of silica dissolution, while

sulfate and aluminum kinetics are quite rapid, and this feature explains the apparent discrepancy between silica, sulfate, and

aluminum data.

The results emphasize that preferential flow phenomena are not so much due to inherent properties of the soil matrix as

depending on the scale of observation and the observed parameters and their kinetics of equilibrating with the matrix during

subsurface transport. q 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Preferential flow processes are of major concern to

hydrologists and biogeochemists. Many studies have

shown that quickly infiltrating contaminated water

that bypasses the soil matrix and its buffering potential

as preferential flow is a major threat to groundwater

(Zoller et al., 1998; Landon et al., 2000) and stream

water (Kirkby, 1988; Goodrich and Woolisher, 1991;

Bonell, 1998) quality.

However, different definitions of preferential flow
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exist. One common definition is based on pore space

geometry. Preferential flow is ascribed to water

transport in pores that exceed a certain diameter,

which are called macropores (Leaney et al., 1993;

Noguchi et al., 1999). However, different authors cite

different threshold values for the effective pore

diameter (Beven and German, 1982; Luxmoore et al.,

1990). In addition, the connectivity of the macropores

plays an important role that is difficult to quantify at

larger scales (Beven and German, 1982).

Other authors define preferential flow as the

fraction of water and solute transport that occurs

decoupled from the soil matrix, i.e. soil matrix

potential (non-Darcian flow; e.g. Göttlein and Man-

derscheid (1998) and Beven and German (1982)) or

solute concentration (Stewart and McDonnell, 1991;

Leaney et al., 1993). Quantification of preferential

flow then depends on the observed parameters and the

scale of observation. Many studies used tracers to

distinguish between event water and pre-event water.

Event water is defined to be the portion of rainfall that

reaches the stream or the groundwater during the

specific rainstorm, which is often ascribed to pre-

ferential flow (Beven and German, 1982; Jones, 1987;

Bonell, 1998).

‘Translatory flow’ describes piston-flow displace-

ment of pre-event water from the soil pore space due

to the increasing pressure of infiltrating new water

(Anderson et al., 1997; Rawlins et al., 1997;

McDonnell, 1990). When the effective porosity of

the soil is minimal, the speed of the subsurface

pressure wave might be of the same order of

magnitude as that of surface runoff and could explain

the oft-observed rapid stream hydrograph responses

and the dominance of pre-event water in stormflow of

low order watersheds (Kirkby, 1988; Bonell, 1998;

Anderson et al., 1997).

Due to the dependence of subsurface water flow on

pore diameter as described by the Hagen–Poiseuille

equation, every flow in natural porous media is

preferential flow at the micro scale. However, the

translatory flow concept can be a useful approxi-

mation for describing subsurface transport at larger

scales. It has to be kept in mind that preferential flow

phenomena are not so much due to inherent properties

of the soil matrix as depending on the scale of

observation and the observed parameters (e.g. tracer

concentration) and their kinetics of equilibrating with

the matrix during subsurface transport. Preferential

flow is then more likely for substances that react very

slowly with the matrix or even not at all, e.g. 2H and
18O isotopes, whereas preferential flow is often

unlikely with ions that are quickly exchanged with

the soil exchange complex (Robson et al., 1993). This

is addressed, e.g. by the two regions approach, which

assumes kinetically constrained exchange between

the mobile and the immobile fraction of the soil water

pool (Gerke and van Genuchten, 1993; Flühler et al.,

1996).

Conservative mixing of event water and pre-event

water can result in stream water solute concentrations

very similar to those of the pre-event soil water, since

the amount of infiltrating rain or melt water is usually

very small compared to the soil’s or aquifer’s total

water storage (Waddington et al., 1993; Brassard et al.,

2000; Landon et al., 2000).

Knowledge of these processes and their adequate

implementation in models is crucial to water quality

risk assessment. For example, Beven (2001a) points

out that quick return flow is often modeled as purely

surface flow, which does not have implications for

modeling of the hydrograph, but for stream water

chemistry modeling. Thus, different authors empha-

size the value of field data that are still not adequately

addressed by hydrological models (Beven, 2001b;

Rice and Hornberger, 1998; Bonell, 1998).

The study presented here is part of a large project

designed to investigate the impact of acid deposition

on soil and water quality in forested areas (Sager et al.,

1990; Matzner et al., 2001). In 1987, a comprehensive

hydrological monitoring program was instituted at the

Lehstenbach catchment in southern Germany. The

catchment is well suited to the study of groundwater

recharge and stormflow generation processes, because

the surface is not sealed, and impeding layers in the

soil are restricted to small areas. The aquifer is some

tens of meters thick, thus the bedrock surface

topography does not play an important role in

groundwater flow, unlike many intensively studied

small order catchments (cf. Burns et al., 1998).

The aim of the study is to investigate the extent to

which water flow and solute transport during ground-

water recharge and stormflow discharge can be

described as translatory flow, preferential flow, or

complete mixing with respect to soil hydrometric data

and various solutes that differ in their reactivity with
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the soil matrix. It is intended to provide a basis for

better understanding and modeling of solute turnover

at the watershed scale.

2. Site description

The study took place in the Lehstenbach watershed

(508080N and 118520E) in the Fichtelgebirge moun-

tains in southeast Germany. Watershed area is about

4.2 km2 and elevation ranges from 695 to 877 m amsl.

The bedrock is variscan granite. Bedrock outcrops

exist only at the mountaintop in the southwestern part

of the watershed (Fig. 1) and the regolith is up to 40 m

thick due to intensive tertiary weathering. The region

was not glaciated during the last ice age. The regolith

consists of a heterogeneous interlayering of loamy

sand, grus, and massive boulders up to several meters

in diameter. Dystric cambisols and podzols predomi-

nate. In the riparian zone, fibric histosols and dystric

gleysols are abundant, comprising 35% of the

watershed area. Poorly permeable layers are found

at the base of soliflucted till deposits.

Land use is exclusively forest with Norway spruce

covering more than 95% of the watershed area.

Closed-canopy forest is dominant, even on the

wetland soils. The climate is humid continental.

Annual mean air temperature is about 5–6.5 8C,

depending on altitude. In the 1988–1999 period,

annual mean precipitation was 985 mm. Mean runoff

was 461 mm, yielding a runoff coefficient of 0.47.

Snowpack usually develops in January and persists

until March.

Mean groundwater level is more than 10 m below

the surface in the upper parts of the watershed, and

close to the surface in one third of the watershed area.

Groundwater flow in the fractured bedrock is assumed

to be negligible compared to flow in the overlying

regolith (Lange et al., 1995). Saturated hydraulic

conductivity is roughly 1024 m s21 in the top soil

(Moritz et al., 1994), and 3 £ 1026 m s21 in the

aquifer (Hauck, 1999). There is no evidence of a

macropore system that could contribute considerable

amounts of water to stream discharge during rain-

storms. The effective porosity of the aquifer is about

10% (Hauck, 1999).

The watershed is drained by a dense network of

natural streams and artificial channels, part of which

are ephemeral, especially at higher altitudes. Accord-

ing to the 1:25,000 topographic map, the stream net

density is 2.4 km km22. Groundwater gradients and

subsequent discharge measurements along the streams

indicate that the streams are gaining throughout their

courses. Flow velocity in the main tributaries was

determined under baseflow conditions, being between

600 and 3000 m h21. Thus, it is assumed that the

mean time delay due to channel routing within the

watershed is less than 1 h under storm conditions. In

addition, most of the contributing area is likely to be

close to the catchment runoff. Thus, time delay due to

channel routing is not considered in this study.

The catchment outlet is located in a small incision

in the southeastern edge of the bowl-shaped watershed

(Fig. 1). Groundwater flow in the regolith parallel to

the stream at the catchment outlet is likely to comprise

only a negligible portion of the total outflow.

3. Measurements

Meteorological parameters including precipitation,

Fig. 1. Map of the Lehstenbach watershed. The hatched area denotes

wetland soils (fens and bogs) according to the forestry adminis-

tration soil map. Solid circles: groundwater wells; gray squares:

integrated sites; triangles: detailed meteorological measurements;

thin gray lines: contour levels at 20 m intervals; thick gray line:

public road. Gauss-Krüger coordinates at the x- and y-axes are given

in m; y-axis in north–south direction.
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air temperature, etc. are measured continuously from

a 30 m tower at the Weidenbrunnen site, and at a

clearing about 275 m west of the tower, both roughly

at 765 m amsl (Fig. 1). Time resolution is 10 min

throughout the year. In an earlier study, open field

precipitation was measured at sites at 705, 770, and

785 m amsl (Moritz et al., 1994). No significant

differences were found.

Several ‘integrated’ sites that cover a wide range of

tree age, mean groundwater level and distance from

the next stream were instrumented. In 1998, through-

fall (amount and solute concentration) was collected

at four of these sites by 15 (Weidenbrunnen, GW02,

GW03) and 20 (Coulissenhieb) samplers per site at

biweekly intervals, yielding 29 aggregated samples

per date in total. Suction cups at 0.2, 0.5, 0.9, and

1.0 m depth collected soil solution at biweekly

intervals. The vacuum was maintained between

2200 and 2300 hPa. In total, 59 suction cups were

probed on each sampling day in 1998.

Soil matrix potential, soil water content, and soil

temperature were measured at six sites at up to 0.9 m

in depth at hourly intervals. A plastic frill at the soil

surface prevented water from pouring down the

tensiometer shafts. Prior studies confirmed that

horizontally and vertically installed tensiometers do

not differ with respect to response time or magnitude

of readings. In the wetland areas, tensiometers and

TDR probes were installed on top of the small

hummocks on the softly undulating surface. TDR

probes were installed at a 458 angle from the surface.

Soil temperature was measured close to the pressure

transducer of the tensiometers, about 10 cm from the

lower end of the tensiometer. Up to 20 tensiometers

per depth had been installed at the Coulissenhieb,

Weidenbrunnen and Schlöppnerbrunnen sites in the

first years of the study (1993–1995). The number of

replicates per site was reduced in 1996 due to the very

similar observations, especially during the wet season.

This allowed to monitor additional sites.

Groundwater level was measured at monthly

intervals, and groundwater solute concentrations at

bimonthly intervals in 13 wells. Depth integrated

samples were taken by a submerged pump. In

addition, groundwater level, temperature, and hydro-

chemical parameters were recorded at hourly intervals

in wells GW03 and GW12 (Fig. 1). Well GW03 is

screened from 2 to 8 m and from 9 to 15.4 m below

the surface, and the probe was installed 4.4 m below

the surface. The drilling core reveals two sandy layers

at 0–5 and 10–10.5 m below the surface. Granite, at

varying stages of weathering, was found between 5–

10 and 10.5–16 m below the surface. Rötting (2000)

showed that 20% of the total inflow into GW03

occurred rather homogeneously in the upper 2–9 m

depth interval, and the remaining 80% flowed in from

the 9 to 12 m depth interval.

GW12 is screened between 7 and 10 m below the

surface, and the probe was installed at 7.2 m below the

surface. Here, two clay layers exist at 1.2–1.8 and

2.2–4.0 m depth. However, sandy layers prevail in the

drilling core. Below 5.8 m, granite boulders comprise

a substantial part of the matrix. Well GW06 is located

about 100 m from the Weidenbrunnen site. Down to

16 m, sandy layers prevail. At 1.5–2.5, 5.25–7, and

10–11.5 m the drilling core contains granite rock. At

all wells, a concrete slab of about 1 m2 protects the

wellhead. In addition, clay pellets to 2 m depth seal

the pipe.

Depth specific groundwater sampling was per-

formed at six wells in 4–20 m depth. There were no

significant correlations of sulfate, aluminum, silica or

dissolved organic carbon (DOC) concentration with

depth for the pooled data from all wells. This does not

hold for single wells. The median of solute concen-

tration decrease with depth is 0.0002 mmol l21 m21

for sulfate, 0.003 mmol l21 m21 for aluminum, and

0.0014 mmol l21 m21 for DOC. In contrast, silica

concentration increases with depth with a median

gradient of 0.004 mmol l21 m21 (Rötting 2000).

Stream discharge and stream water solute concen-

trations were measured at the catchment outlet. Grab

samples were taken biweekly. An autosampler took

samples at hourly intervals, which were then mixed in

equal ratios to yield a daily composite. Discharge was

also measured at 1 h intervals.

Water samples were stored in the dark at less than

4 8C. They were filtered through a cellulose-mem-

brane filter with 0.45 mm pore size. Sulfate concen-

tration was determined by ion exchange

chromatography (Dionex 200i-SP). Silica and alumi-

num concentration were measured by atomic emission

spectrometry with inductively coupled plasma (Inte-

gra XMP, GBC). Concentration of DOC was

determined as CO2 by infrared detection after

persulfate-UV-oxidation (Foss Heraeus LiquiTOC).
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4. Results

4.1. Water capacity of the vadoze zone

The lower the effective porosity of the matrix,

the faster a pressure wave can propagate through

the soil. However, the relationship between soil

water content and soil matrix potential must be

known in order to investigate this effect. Data

from 13 TDR probe and tensiometer pairs from

July 1 to December 31, 1998 period were used to

derive field relationships (Fig. 2). Data scattering

is ascribed to both the limited accuracy of the

TDR readings (about 0.01 m3 m23), and to small-

scale heterogeneities. Spacing between TDR

probes and tensiometers at the same depth was

less than 1 m. Due to high precipitation amounts,

matrix potential less than 2200 hPa was only

rarely observed in 1998. This might be a reason

why hysteresis between water content and matrix

potential was not very pronounced.

The median of soil water content data for the

ranges [21; 0], [211; 210], and [2105; 295] hPa

was calculated for each TDR and tensiometer pair to

quantify soil water capacity. The resulting roughly 5%

increase of volumetric water content in the range of

210–0 hPa is about the same as that for the 2100 to

210 hPa range (Table 1).

4.2. Topography of the riparian zone

The soil surface was investigated in detail at

site GW02, where the slope is rather homoge-

neously directed east to an area of about

85 £ 75 m2 in order to better understand runoff

generation in the riparian zone. The surface was

leveled at 83 points. Subtracting the general

decline (linear regression of all levels) from the

local elevation yielded residuals with a Gaussian

distribution (Kolmogorov–Smirnov test with Lil-

liefors correction, 0.05 level of significance) with

a standard deviation of 0.347 m. Thus, 2.5% of the

area is saturated to the surface, when the mean

groundwater level is 0.68 m below mean surface,

and 10% when the mean groundwater level is

0.445 m below mean surface.

The correlation length is less than the mean

spacing of survey points (9 m). Visual inspection

revealed that the hollows form irregular patches rather

than interconnected rivulets. Nevertheless, it was

observed that surface water flow in the hollows

exhibited quite high flow velocities during rainstorms.

This was obviously due to subsurface flow between

single patches within or underneath the litter layer.

Fig. 2. Water retention relationship, determined by adjacent tensiometers and TDR probes at different sites in the Lehstenbach watershed.

Table 1

Water capacity (change of volumetric water content within different

ranges of matrix potential) determined by adjacent tensiometers and

TDR probes in the Lehstenbach topsoil

[210; 0] hPa (%) [2100; 210] hPa (%)

Median 5.1 6.2

1. Quartile 3.2 3.4

3. Quartile 5.7 9.9
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Fig. 3. Time series of stream discharge, precipitation and groundwater levels at various sites in fall 1998.

Fig. 4. Time series of precipitation, discharge at the catchment outlet (upper panel), matrix potential (middle panel), and soil water content

(lower panel) at different sites in fall 1998.
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4.3. Hydrometric data

In July and August 1998, catchment discharge was

fairly constant and only occasionally exceeded

0.5 mm day21 (Fig. 3) and groundwater levels at

greater depths (.1 m below surface) did not change

before mid-September. In contrast, the shallow

groundwater level at GW04 clearly reacts even during

minor rainstorms. The amplitude of groundwater level

fluctuations was less than 0.2 m. At the more up-hill

Schlöppnerbrunnen site, groundwater level increased

by up to 0.4 m during single rainstorms and decreased

again thereafter, until the end of August.

A series of rainstorms occurred at the end of

August. From September 1 to October 20, precipi-

tation was 300 mm. The highest intensity of

74 mm day21 occurred between 18:00 on September

14 and 18:00 on September 15. Another 55 mm of

precipitation was recorded between October 10 and

18.

The September 15 discharge peak of 1039 l s21

(0.89 mm h21) was the second to highest observed in

the watershed since the end of 1986 (Fig. 3).

Discharge increased by a factor of 20 within 21 h.

The runoff coefficient (ratio of runoff over precipi-

tation) between September 12 and 23 was 0.40.

Subtracting the base flow of about 24 l s21 or

0.02 mm h21 observed prior to the rainstorm, the

runoff coefficient was 0.35, which is equal to the

portion of wetland soils of the watershed area (Fig. 1).

As a consequence, the hydrological behavior of the

catchment changed considerably. Discharge did not

fall below 1 mm day21 until the end of 1998 (Fig. 3).

In contrast to the preceding period, groundwater level

at the Schlöppnerbrunnen site remained close to the

surface, and the range of fluctuations was very similar

to that at the GW04 site from that point forward.

Similarly, even at up-slope sites where the depth to the

water table exceeded several meters, the groundwater

level started to increase (Fig. 3).

In general, matrix potential in the top soil (0.2 m

depth) exceeded 2100 hPa at most sites prior to

September 15, indicating that preceding rainstorms

almost completely rewetted the top soil after the end

of the vegetation growth period. Time series of matrix

Table 2

Mean lag time between maximum rainfall intensity, and maximum

soil matrix potential and peak discharge on September 15. The

number of replicates is given in brackets

Parameter Depth

(m)

Median

(h)

Range

(h)

Soil matrix potential 0.20 0 (9) 0–0

Soil matrix potential 0.35 0.5 (10) 0–2

Soil matrix potential 0.90 2 (9) 0–6

Groundwater level (GW03) 3.28–2.10 32 (1) –

Groundwater level (GW12) 1.64–0.63 175 (1) –

Runoff – 4 (1) –

Fig. 5. Groundwater level, oxygen concentration (upper panel), pH and electrical conductivity (lower panel) at well GW03 in fall 1998. The

sharp peaks of pH and electrical conductivity on October 14 are artifacts of groundwater sampling.

G. Lischeid et al. / Journal of Hydrology 265 (2002) 195–211 201



potential at various sites differ with respect to level

and amplitude. At all sites, soil matrix potential

increased within a few hours on September 15 (Fig.

4). The increase was much less at sites, where matrix

potential indicated saturation prior to the September

15 rainstorm. For example, at GW04, located in the

riparian zone close to the stream (Fig. 1), the increase

of soil matrix potential at 90 cm depth was less than

10 hPa. This is less than half the groundwater level

increase required to store 74 mm of precipitation (see

above) in soil with a total porosity of 37% (indicated

by TDR measurements), thus strongly suggesting

rapid lateral flow of excess water.

The shape of the matrix potential curves was very

similar to the hydrograph. Even minor peaks of

rainfall intensity were reflected by soil matrix

potential data and discharge (Fig. 4). Time series of

soil water content paralleled soil matrix potential in

the unsaturated zone, and remained constant during

saturation.

Mean lag time between rainfall intensity and

discharge was 4 h, while it was less than 1 h for soil

matrix potential at 0.20 and 0.35 m depth (Table 2).

Only at 0.90 m depth did soil matrix potential in the

wetland sites react more rapidly than in the remaining

three sites. The speed of the pressure wave was about

0.70 m h21 from the soil surface to 35 cm depth,

0.36 m h21 for 35 – 90 cm depth, and roughly

0.08 m h21 for the 90–328 cm depth interval at

GW03 (Table 2, Fig. 4).

Groundwater level at GW03 began to rise 24 h

after the 5:00 onset of the September 14 rainstorm,

and 3 h after the rainstorm peak at 2:00 on September

15. It reached a first plateau 29 h later, and began to

fall 4 days after the plateau (Fig. 5). At well GW12,

the maximum groundwater level was observed 1 week

after the rainstorm. Due to coarser temporal resolution

data, groundwater level increase at GW06 cannot be

attributed to single rainstorms (Fig. 3).

In addition, the time delay between peak rainfall and

peak discharge was investigated based on hourly values

for the June 1–November 30 period. Snowpack did not

develop before the beginning of December. In 44 cases,

maximum rainfall intensity was at least 0.5 mm h21,

and the increase of discharge at least 1.0 l s21 or

0.0009 mm h21, respectively. The time delay was

between 2 and 5 h (Table 3). Time delay is not

correlated with rainfall intensity, discharge, or increase

of discharge. Instead, the ratio between peak discharge

and maximum rainfall intensity increases significantly

(Spearman rank correlation, p , 0.001) starting in

September, corresponding to increasing soil rewetting

and increasing groundwater level (Fig. 3). Again, this

ratio is not correlated with maximum rainfall intensity.

Table 3

Delay between maximum of rainfall intensity and maximum

discharge, calculated based on hourly values June 1–November

30, 1998

Delay (h) 2 3 4 5

Number of cases 13 16 12 3

Fig. 6. Temperature in air, soil (two sensors at 15 cm depth at site GW03) and groundwater (site GW03) in fall 1998. The sharp decrease of

groundwater temperature on October 14 is an artifact of groundwater sampling.
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4.4. Temperature data

Air temperature decreased by 10 8C within 3 days

and was less than 4 8C on September 15 (Fig. 6). Soil

temperature at 15 cm depth was considerably more

damped and delayed than air temperature. In contrast,

groundwater temperature at 4.4 m depth increased to

more than 8 8C until September 18. A similar increase

of groundwater temperature despite lower air tem-

perature was observed 1 month later at the same site

(Fig. 6).

4.5. Solute concentration

DOC concentration in catchment runoff increased

and silica decreased with discharge in the short-term

(Fig. 7). Aluminum concentration increased with

discharge in mid-September, but remained fairly

constant at a rather high level in the end of October.

In contrast, sulfate concentration decreased only

slightly during the major discharge peaks, but clearly

increased after the mid-September discharge peak.

Groundwater samples were taken by depth-inte-

grating sampling. At GW03, sulfate and aluminum

exhibited an increase, and silica a decrease after mid-

September (Fig. 8). DOC concentration was below the

detection limit of 0.167 mmol l21.

Table 4 gives the range of solute concentrations in

throughfall and soil solution (0.2–1.0 m depth)

measured at four different sites during the second

half of 1998. Soil solution data do not show any clear

trend for this time period. High solute concentrations

in throughfall were only observed in dry periods with

very low precipitation amounts. For the remaining

Fig. 7. Time series of discharge and solute concentration in catchment runoff.

Fig. 8. Time series of solute concentration in groundwater at GW03 (depth integrated sampling).
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sampling dates, maximum throughfall concentrations

of sulfate, aluminum, and silica were far below those

of stream water and groundwater. In general, the

higher the stream discharge or groundwater level,

the more sulfate and aluminum concentrations in the

stream and in the groundwater resembled those in soil

solution. The opposite was true for silica. Compared

to earlier samples, catchment runoff silica concen-

tration decreased by 35% on September 15, and by

30% in GW03 groundwater in November. In contrast,

DOC concentration in the catchment runoff clearly

exceeded the median of throughfall and soil solution

concentration.

In the short-term, the increase of electrical

conductivity, temperature, and O2 concentration, and

the decrease of pH at GW03 began synchronously

with groundwater level increase in mid-September

(Figs. 5 and 6). Within 6 h, electrical conductivity and

O2 reached a first maximum and remained fairly

constant for 45 or 14 h after the end of rainfall (Fig. 5).

Then temperature, electrical conductivity, and O2

concentration decreased rapidly, and pH increased. A

second, much more damped and delayed response was

observed, until the groundwater level reached the pre-

event level roughly 2 weeks later. A similar pattern of

temperature, pH, electrical conductivity, and O2 was

observed in mid-October. In contrast, there was no

corresponding response at GW12 (not shown).

5. Discussion

The period described here was selected, because of

the clarity of the described phenomena due to the

magnitude of rainfall and discharge. Similar obser-

vations were made repeatedly during smaller dis-

charge events, since the intensive monitoring program

began in 1995.

5.1. Hydrometric data

5.1.1. Groundwater recharge

The saturated hydraulic conductivity of the top soil

(see above) exceeds maximum rainfall intensity on

September 15 (7 mm h21) by more than two orders of

magnitude. Correspondingly, neither overland flow

nor any evidence of it, such as litter being washed

away or erosion rills was detected outside the

saturated areas. In addition, the groundwater level

increase of roughly 1 m at GW03 and GW12

corresponds to the rainfall quotient (110 mm between

September 14 and 23) over effective porosity (10%).

At most sites, the soil water content increase

associated with the transient saturation in the vadoze

zone during the mid-September rainstorm was less

than 5% (Figs. 2 and 4). In addition, upper soil layer

matrix potential started to decrease again, while it

continued to increase in the deeper layer. Thus, only a

small portion of the total water pool in the vadoze soil

was required to propagate the pressure wave down to

the water table.

The parallel readings of TDR probes and adjacent

tensiometers confirm the translatory flow concept.

There is no hint of short-term decoupling of soil water

content and soil matrix potential. Assuming Darcian

flow, a hydraulic gradient of two would be required

for the observed velocity of vertical pressure trans-

mission in the top 35 cm (Table 2). According to the

Table 4

Median and range of solute concentration in throughfall and soil solution (0.2–1.0 m) measured at four different sites in the Lehstenbach

watershed July–December 1998

pH El. Cond. (mS cm21) SO4 (mmol l21) Al (mmol l21) Si (mmol l21) DOC (mmol l21)

Throughfall

Minimum 3.04 10 0.012 ,0.007 ,0.007 0.220

Median 4.27 37 0.034 ,0.007 ,0.007 1.017

Maximum 6.86 565 0.370 0.010 0.020 5.070

Soil solution

Minimum 2.82 21 0.007 ,0.007 0.070 0.210

Median 4.06 96 0.162 0.157 0.213 0.403

Maximum 6.17 314 0.800 0.745 0.480 8.150
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tensiometer data, the hydraulic gradients in the

vadoze zone were between 0.5 and 1.5 during peak

discharge on September 15, which is only slightly

less.

At a much smaller scale, Göttlein and Mandersc-

heid (1998) observed preferential flow in the top soil

of the same watershed. This corresponds with the

observation that the effect of preferential flow

phenomena often decreases with increasing scale

(Torres et al., 1998). It is concluded that at the given

scale of observation, hydrometric data are in accord-

ance with the translatory flow concept for ground-

water recharge.

5.1.2. Runoff generation

Maximum increase of groundwater level until

the end of the September 15 discharge peak was

less than 1 m, which is less than 5% of the

thickness of the aquifer. Assuming a maximum

hydraulic gradient of 0.1, which is roughly equal

to mean slope, and the above cited mean hydraulic

conductivity of the top soil, the Darcian flow

velocity would be in the range of a few cm h21. It

is clear that enhanced groundwater matrix flow

accounts only for a negligible portion of the

observed 2000% discharge increase coincident

with findings from many other sites (Bonell,

1998).

On September 15, the pressure wave reached

0.9 m depth in about half the time lag between

precipitation maximum and peak discharge (Table

2). Depth to the water table is even less at many

sites in the riparian zone. Due to the softly

undulating topography, the soil saturated to the

surface in the small depressions first, initiating

surface runoff. In addition, part of the runoff

might have occurred in the highly porous forest

floor layer. This transient network very efficiently

drained excess water, as, e.g. even during the most

intense precipitation, the water level at the GW04

tensiometers did not exceed about 0.6 m below the

surface. Similarly, the increase of groundwater

level during rainstorms at the Schlöppnerbrunnen

site did not exceed a few cm after the end of

August (Fig. 3). Only a small increase of the

groundwater level was required to hydraulically

connect the riparian zone to the stream and to

increase stream discharge. That might explain the

discrepancy between the short-term variability of

the source area assumed by many runoff models

and the apparent constancy of the saturated areas

observed in the field (Güntner et al., 1999;

Kirnbauer and Haas, 1998).

The more the groundwater level increased at

sites further up-slope, the larger the portion of the

catchment that was connected hydraulically to

the stream during single storms, indicated, e.g. by

the Schlöppnerbrunnen data (Figs. 1 and 3).

However, the time lag between the maximum

rainfall intensity and the corresponding discharge

peak (Table 3) depended on neither the antecedent

groundwater level nor on rainfall intensity or

rainfall amount. This is at odds with the results of

Evans et al. (1999), in which the time lag was

inversely correlated with precipitation intensity,

stream discharge, and runoff coefficient. Perhaps

the hourly time resolution of the Lehstenbach data

is not sufficient to detect these correlations.

It is remarkable that different studies at different

sites yield lag times similar to those in this study

(Tables 2 and 3), irrespective of catchment size and

total channel length. During an irrigation experiment

in an 860 m2 headwater catchment, Torres et al.

(1998) observed a 2.5 h time lag between peak rainfall

and peak discharge. Mean lag time for piezometers

inside the catchment was 1.7 h in the upper 1 m soil

layer, which is only slightly less than that of the

Lehstenbach tensiometers at 0.9 m depth. In contrast,

mean lag time for runoff at the bedrock surface at

approximately 0.5 m depth observed by Buttle and

Turcotte (1999) was 0.5–1 h. This is about the same

as the lag time observed for tensiometers at 0.35 m

depth in the Lehstenbach catchment (Table 2).

Evans et al. (1999) report a mean lag time of 2.8 h

for stormflow in the 11.4 km2 Trout Beck catchment.

Güntner et al. (1999) observed time lags of about 2–

3 h in the 40 km2 Brugga watershed. These data are

very close to the 2–5 h time lag observed in the

4.2 km2 Lehstenbach catchment. This suggests that

the speed of vertical pressure wave propagation to the

shallow groundwater table in the transiently saturated

zone determines the rapid response of stream

discharge. In contrast, residence time in the channels

does not seem to play an important role at that

temporal and spatial scale. This is obviously the case

in the Lehstenbach catchment (see above).
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5.2. Natural tracer data

5.2.1. Kinetics

Temperature and solute concentration were used as

natural tracers. In the short-term, these might be

regarded as conservative tracers (Hendershot et al.,

1992; Hooper and Shoemaker, 1986; Sidle et al.,

2000), depending on the kinetics of the interaction

with the soil matrix and with the pre-event water pool.

Time constants of heat transfer in the soil are

difficult to quantify at the field scale. At the micro

scale, the transfer coefficient depends strongly on the

size of the interface between the soil matrix and the

liquid face. The nature of the surface plays a crucial

role as does the spatial distribution of pre-event and

event water. In field studies, temperature data are

often interpreted assuming short-term conservative

transport in the soil (Kobayashi et al., 1999; Sidle

et al., 2000).

The kinetics of geochemical processes depend on a

variety of parameters, e.g. the nature of mineral

phases, concentrations of competing solutes, etc.

(Nielsen et al., 1986). In addition, different processes

that are not discussed in this paper determine the

interaction between solutes and matrix, e.g. deso-

rption and adsorption, dissolution, precipitation, and

diffusion into and out of dead-end pores.

Sulfate desorption kinetics in soil have been

quantified in various studies. Based on isotope data

in field studies, Mörth and Torsander (1995) conclude

that the time constant of sulfate desorption in the field

is in the range of minutes. Courchesne and Hendershot

(1990) performed batch experiments with soil

samples from two Canadian podzols and found that

50% of the totally desorbed SO4 was desorbed within

the first 5 min. Alewell (1998) performed desorption

experiments with top soil samples from the Lehsten-

bach watershed and two other sites. Desorbed sulfate

from undisturbed soil columns sprinkled with

10 mm day21 differed only slightly from that des-

orbed in batch experiments shaken for 18 h. Schweis-

ser (1998) studied drilling core samples from up to

10 m depth in the Lehstenbach catchment. After a

10 min shaking interval, solution sulfate concen-

tration exhibited about 85–88% of that measured

after 7 days (Fig. 9). In two of the samples, sulfate

concentration slightly decreased after 4 days, which

might be due to precipitation.

The kinetics of silica dissolution is often assumed

to be rather slow. Hooper and Shoemaker (1986)

compared results of hydrograph separation by deuter-

ium and silica and described similar results. Simons-

son and Berggren (1998) performed batch

experiments with soil samples from the B horizon of

different Swedish podzols with 1 mM NaCl or 2 mM

HCl. They found a clear and nearly linear increase in

silica concentration with time up to 27 days in three

out of four samples. In contrast, Wels et al. (1991)

observed rapid equilibration of soil water with silica

of the soil matrix within a few hours, both in the field

and in the laboratory. However, different soil types

varied considerably with respect to their silica

kinetics. In a preliminary study, samples from

Lehstenbach catchment drilling cores were investi-

gated. The samples were shaken with solutions similar

to mean groundwater concentration, but without silica

Fig. 9. Kinetics of sulfate desorption (left panel; data: Schweisser, 1998) and silica release (right panel; Rötting, personal communication) of

drilling core samples of the Lehstenbach catchment, determined by batch experiments.
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and with varying ionic strength (Rötting, unpublished

data). Although the rate of silica concentration increase

was the highest in the first 10 min, silica concentration

of the solution continued to increase for 48 h until the

end of the experiment (Fig. 9). The results are similar to

those of Simonsson and Berggren (1998). Despite the

limited number of replicates, the data clearly suggest

that the silica kinetics in the Lehstenbach is consider-

ably slower than that of sulfate.

In addition to silica dynamics, Simonsson and

Berggren (1998) investigated, in the same samples,

the kinetics of quickly reacting aluminum. In contrast

to silica, aluminum concentration was highest in the

first (0.2 days) or second step (5 days) of the batch

experiments. Franken et al. (1995) studied the

aluminum kinetics of undisturbed soil samples from

the A and B horizons of the Lehstenbach catchment.

Undersaturation of Al could not be detected for steady

state flow with 4 and 12 mm day21, but was obvious

for 36 mm day21. The maximum daily rainfall was

7 mm h21 on September 15, 1998. Related to the

respective pore volume, the aluminum free signal of

throughfall would be entirely buffered between 0.9

and 2.8 m depth.

5.2.2. Observed tracer dynamics

Despite its higher groundwater level, groundwater

solute concentration and groundwater level response

at GW12 was less pronounced than in GW03. This

can be attributed to the clayey layers at 0.8–2.2 m

depth at GW12. The probe at GW12 was installed

7.2 m below the groundwater level, in contrast to

4.4 m at GW03 (see earlier).

During the heavy rainstorms, sulfate and aluminum

concentrations in groundwater recharge at GW03

(Fig. 8) and stream discharge (Fig. 7) exhibited a shift

toward pre-event water concentrations in the vadoze

zone instead of toward event water, i.e. throughfall.

The change of solute concentration in GW03

groundwater is evidently due to exchange in the

overlying soil layers and not due to local equilibrium

in the layer that becomes additionally saturated, since

the hydrochemical parameters returned to the pre-

event level much earlier than the groundwater level

(Fig. 5). In addition, the change of solute concen-

tration exceeds the median gradient of solute

concentration over depth determined by Rötting

(2000) by more than one order of magnitude. Thus,

the sulfate and aluminum data at the given scale of

observations are in accordance with the translatory

flow concept. The same holds for temperature data

during groundwater recharge (Fig. 6).

However, conservative mixing of pre-event and

event water in the vadoze zone also needs to be

considered. Sidle et al. (2000) conclude from soil and

discharge temperature data that rapid mixing takes

place in the vadoze zone even during stormflow.

Experimental data from Jardine et al. (1990) and

Brandi-Dohrn et al. (1996) show that the vertical

transport velocity of a bromide tracer in the large

pores of the subsoil exceeds that of the small pores by

far, but the difference diminishes with increasing

depth, indicating increasing mixing between small

pore and large pore water. The concept can also be

extended to the catchment scale. The fractal filtering

of the chloride input signal that was observed at

various catchments could be traced back to advection

and dispersion of spatially distributed rainfall inputs

along flowpaths of different lengths (Kirchner et al.,

2000, 2001).

Obviously, mixing of throughfall and soil solution

during groundwater recharge was restricted to a small

fraction of the total soil water volume. The total

amount of precipitation from September 20 to

October 14 was 100 mm. The size of the pre-event

water pool in the overlying 3 m thick vadoze zone,

assuming a rather low water content of 30% (Fig. 4),

is about 900 mm. Assuming further that throughfall

silica concentration is zero, conservative mixing

would result in at most a 10% decrease of silica

concentration in the vadoze zone. In contrast, the

observed 16% decrease in groundwater silica concen-

tration at GW03 between September 7 and October 14

is likely to be a substantial underestimation of silica

concentration of the recharging water due to the

depth-integrating sampling procedure (see above).

Thus, the silica data provide strong evidence that a

substantial fraction of event water reaches deeper

layers during the major rainstorms, bypassing the

largest fraction of the soil water store. In contrast to

sulfate and aluminum, only the silica kinetics is

sufficiently slow to kinetically constrain the solute

turnover and to clearly show that effect. Based on

deuterium data, Stewart and McDonnell (1991) found

evidence for small-scale preferential flow and sub-

sequent mixing with the soil water pool. Similarly,
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Landon et al. (2000) found a hybrid model that

combined small-scale piston-flow displacement and

subsequent mixing to be the most adequate for

modeling the observed stable isotope dynamics.

Leaney et al. (1993) state that the observed dampen-

ing of the rainfall isotope signal is due to mixing with

pre-event water within the macropores. In addition,

Robson et al. (1993) conclude that the apparent

constancy of stream solute concentration during

stormflow in a low order catchment is due to the

very rapid kinetics of solute exchange.

Silica data in the catchment runoff confirm that

conclusion. Assuming deep groundwater contribution

to be constant and equal to pre-event baseflow, and

conservative mixing of throughfall and top soil

solution each with median pre-event solute concen-

tration, throughfall would account for about 37% of

peak discharge according to the silica data. This is

likely to underestimate the event water contribution

due to coarse temporal resolution (daily composite

sample) in the stream data. Substantial changes of

silica concentration in stream water are observed at

the scale of hours rather than days even in

substantially larger basins (Lischeid and Uhlenbrook,

2002).

DOC concentration in catchment runoff during

discharge peaks exceeded the median concentration of

soil solution at 20–200 cm depth (Fig. 7, Table 4).

Hornberger et al. (1994) modeled the DOC dynamics

in the runoff of a small forested catchment assuming

mobilization in the top soil layer of the riparian zone.

Likewise, Hagedorn et al. (2000) identified the near-

stream top soil layer to be the dominating DOC source

during stormflow in a small Swiss catchment, based

on a hydrograph analysis for the different fractions of

DOC.

This points to the influence of the riparian zone on

stormflow stream water chemistry. The Lehstenbach

hydrometric data indicate that discharge peaks were

generated by excess water that ran off on the surface

or through the forest floor of the riparian zone.

However, despite minimal contact time with the soil

matrix, sulfate and aluminum concentrations are

similar to pre-event soil water (Fig. 7, Table 4).

Waddington et al. (1993), and Brassard et al. (2000)

trace this apparent discrepancy to rapid mixing of

infiltrating throughfall with a considerable store of

pre-event water in the vadoze zone, due to turbulent

flow and the kinetic energy of raindrops falling on the

water surface. The different behavior of sulfate,

aluminum, and silica in the Lehstenbach watershed

shows that short-term exchange with the matrix also

plays an important role.

6. Conclusions

Groundwater and stream water contamination risk

assessment depends on a sound understanding of

short-term hydrological dynamics. The Lehstenbach

study combined comprehensive hydrometric and

hydrochemical measurements to enhance understand-

ing of these short-term stream discharge and ground-

water recharge dynamics.

The results show that the scale of observation and

the observed parameters determine the extent to

which water flow can be described as translatory or

preferential flow. Tensiometer and TDR readings in

the vadoze zone indicate a rapid propagation of the

wetting front down to the groundwater level at 3 m

depth. The data do not provide any evidence for

preferential flow and the dynamics can be described as

transient flow. Stormflow generation was restricted to

surface or near-surface runoff in the riparian zone. In

contrast to the common assumption of a highly

dynamic horizontal extension of the saturated area

influencing storm runoff, minor changes of the

groundwater level in the riparian zone determined

the rapid increase of discharge from the Lehstenbach

catchment.

Temperature, sulfate, aluminum, and DOC

dynamics during groundwater recharge and storm-

flow generation can be described as translatory

flow. However, the silica data elucidate the role of

solute exchange with the soil matrix. The

infiltrated event water reached the groundwater

table up to a depth of 3 m, bypassing the largest

part of the soil water store. A few hours’ contact

time with the soil matrix was sufficient to allow

sulfate and aluminum equilibration with the

matrix, but not silica, due to the slow kinetics

of silica dissolution. This holds for saturated area

runoff as well, because of the small-scale pattern

of groundwater recharge and return flow in the

riparian zone. These results emphasize that

preferential flow phenomena are not so much
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due to inherent properties of the soil matrix as

depending on the scale of observation and the

observed parameters and their kinetics of equili-

brating with the matrix during subsurface

transport.

Due to rapid equilibration with the soil matrix,

stream water concentration of, e.g. sulfate, during

discharge peaks can be used as a spatial integral for

monitoring mid-term changes in the top soil. This

would allow researchers to circumvent some of the

difficulties of the enormous spatial heterogeneity of

soil solution encountered in the field (Neal et al.,

1997; Manderscheid and Matzner, 1995). The poten-

tial of this approach has been demonstrated by an

analysis of the Lehstenbach sulfate concentration data

to investigate the effects of decreasing sulfur depo-

sition on soil water, groundwater, and stream water

quality (Lischeid, 2001).
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