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Abstract A natural-gradient tracer experiment and
laboratory batch tests were conducted to study at-
tenuation and transport of atrazine and picloram in
an alluvial gravel aquifer. An analytical transport
model, AT123D, was used to analyse the field data.
Data analysis suggests that there was no retardation
and degradation of atrazine and picloram in the aq-
uifer over a distance of 90 m within a period of 49 h.
In the batch tests with a much longer time duration
(194 days), atrazine concentrations significantly
decreased and picloram concentrations showed a
small decrease. It is considered that the rapid de-
crease in atrazine levels in the first 2 days was sorp-
tion-dominated and the slow decrease subsequently
was mainly because of degradation and partially the
result of slow sorption. If it is assumed that the de-
crease in the first 2 days was all the result of sorp-
tion and it had reached equilibrium, the estimated Kj
values are 0.04 ml/g for atrazine, and 0.02 ml/g for
picloram. Rates of atrazine degradation estimated
from the data after 2 days (slow rate of decrease) are
3.4 x 10"3 per day (equivalent half-life 204 days),
and 3.0 x 10"3 per day (equivalent half-life 231
days), for total and chemical degradation, respec-
tively, assuming that there was no adsorption after
2 days. No degradation rate could be determined
from the picloram data of the batch tests because of
its highly noisy data and insignificant decrease in
concentrations. The significantly higher attenuation
parameters derived from the batch tests compared to
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those derived from the field data suggests that attenu-
ation of pesticides in the field is affected by other
factors, such as aquifer heterogeneity and preferen-
tial flow, and flow hydrodynamics etc., which should
be taken into account when applying laboratory-
derived values to the field conditions.
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INTRODUCTION

A New Zealand-wide survey in 1990, which targeted
vulnerable groundwater systems, indicated that, al-
though pesticide levels in groundwater are generally
low, concentrations in some wells exceeded health
guidelines for drinking water (Close 1993). Investi-
gations on groundwater contamination by pesticides
have been intensively undertaken in some regions,
such as Waikato (Hadfield & Smith 1997) and Can-
terbury (Smith 1993). The survey in the Waikato
region showed that, at high risk sites, up to 74% of
the wells sampled contained pesticides, although at
generally low levels (Hadfield & Smith 1997). The
occurrence of these pesticides in groundwater raises
the question of their mobility and persistence in
groundwater and whether downstream wells are
likely to be affected. A study examining the leach-
ing of selected pesticides through soils has been
carried out in Hawke's Bay (Close et al. 1999).
Atrazine and picloram were more mobile than other
pesticides in that study, and so were selected to ob-
tain more information on their attenuation in ground-
water systems.

Atrazine (2-chloro-4-ethylamino-6-isopropylamino
-s-triazine) is a post-emergence herbicide for the se-
lective control of some annual grasses and most
broadleaf weeds in maize, sweetcorn, linseed, and
established lucerne in New Zealand (Novachem
Manual 1996). It is also used in forestry and for non-
selective weed control in non-crop areas. The active
ingredient Atrazine, trade name Aatrex, is used in a
number of trade formulations, such as Atradex 900
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WG and Gesaprim 90 WG in the form of a water
dispersible granule, and Atraflow 500, Flowable
Atrazine, and Gesaprim 500 FW in the form of a
suspension concentrate. Atrazine has a relatively
long persistence of 6-9 months in soils (Sattin et al.
1995) and is moderately mobile with a water solu-
bility of 33 mg/litre (Tomlin 1994). World-wide,
atrazine has been detected in groundwater more fre-
quently than any other herbicide (Ritter 1990), and
this is also true in New Zealand (Close 1995). Be-
cause of its frequent usage and leaching properties,
the occurrence of atrazine in groundwater is found
to be a significant indicator of the occurrence of other
herbicides as well (Holden et al. 1992; Kolpin et al.
1995).

Picloram (4-amino-3, 5, 6-trichloropicolinic
acid), trade name Tordon, is a chlorinated picolinic
acid (pyridine carboxylic acid) herbicide, used for
the control of many difficult-to-kill perennial weeds
such as blackberry, fennel, gorse, hemlock, inkweed,
ragwort, and sweet brier in New Zealand (Novachem
Manual 1996). It can be used alone or mixed with
2,4-D (as Tordon 50-D), or with triclopyr (as Tordon
Brushkiller), or with clopyralid (as Radiate). It has
a solubility in water of 430 mg/litre (Tomlin 1994).
The widely used potassium salt of picloram is highly
water soluble (solubility >400 000 mg/litre, Neary
et al. 1985) and relatively resistant to degradation in
soil.

Literature studies of the transport of pesticides in
the subsurface are mostly focused on their vertical
movement through soils. There are fewer published
studies on their movement and degradation in
groundwater. Groundwater systems are generally
low in temperature, organic material, oxygen, and
microbes, and light is absent, hence degradation of
pesticides in groundwaters is much slower than in
surface water and soils. The objective of this study
was to investigate the attenuation and transport char-
acteristics of atrazine and picloram in an alluvial
gravel aquifer.

METHODS

Field tracer experiment
The study site was located at Burnham, Canterbury,
New Zealand, immediately up-gradient of a waste
water treatment plant. The site has been always used
for stock grazing. The underlying aquifer consists of
alluvial sandy gravel with varying proportions of
sand, silt, and clay. The aquifer material was classi-
fied as medium and coarse gravels (D5Q= 13-20 mm)

with a low cation exchange capacity (5.3 me/100 g)
and low organic carbon content (0.23%). The fine
fraction with a particle size <0.063 mm was only
0.2%, containing mainly SiC>2 and AI2O3 with very
little clay mineral content. There is a coating mate-
rial (6-13 |j.m thick) on the gravels which are pre-
dominantly iron oxides. The in situ groundwater was
composed of Na+Ca-HCO3 type, with pH values of
6.6-7.2 and ionic strength of 2 mmol/kg. Concen-
trations of major components and trace metals were
all within the recommended drinking water stand-
ards.

The site involved 21 wells (Fig. 1), each with a
depth of c. 18 m. One injection well and 20 obser-
vation wells situated in four arrays at c. 20, 40, 65,
and 90 m downgradient of the injection well. All
wells had a diameter of 100 mm and had slotted PVC
screens from 12 to 18 m (screen porosity c. 20%).
Groundwater levels measured during the experiment
were c. 11 m below ground level, and the average
hydraulic gradient was 0.0016.

On 25 February 1997,40 litres of a solution con-
taining atrazine (250 mg/litre) and picloram (250 mg/
litre), together with rhodamine WT (800 mg/litre),
were introduced into the injection well at 13.5-15 m
below ground level (i.e., 2.2-3.7 m below the water
table) where the flow path had been identified pre-
viously. The injection hose was then flushed with a
few litres of fresh water. The tracer solution was
injected through a perforated tube, and the injection
interval was isolated by well packers which re-
mained inflated during the entire experiment. The
injection was completed in 10 min. The pesticide
solution was pre-made by mixing 20 ml of atrazine
suspension concentrate (500 g/litre) and 500 g of
picloram pellet (20 g/kg) with 40 litres of tapwater
(with chemistry similar to that of the Burnham
groundwater), and kept stirred using a submersible
pump overnight. Although the input concentration
of atrazine was higher than its solubility, rapid dilu-
tion within the injection well was expected. Rhod-
amine WT was used to compare movement of the
pesticides.

After the injection, four downgradient monitor-
ing wells along the main flowline (Fig. 1) were sam-
pled over a period of 36-120 h, which was inferred
from previous experiments at the site for obtaining
relatively complete breakthrough curves (BTCs).
The sampling depth in each well was selected at the
depth of the flowpath identified previously (Pang et
al. 1998). Samples were stored in a chilly-bin to
minimise the effect of temperature and light on con-
centration change and were transported to the


