
The HP1 General Chemistry Model

HYDRUS-1D was recently coupled also with the
PHREEQC geochemical code (Parkhurst and Appelo,
1999) to create a new comprehensive simulation tool,
HP1 (acronym for HYDRUS1D-PHREEQC) (Jacques
et al., 2003; Jacques and Sùimuûnek, 2005; Sùimuûnek et
al., 2005). This new code contains modules simulating
transient water flow in variably saturated media, the
transport of multiple components, mixed equilibri-
um/kinetic biogeochemical reactions, and heat trans-
port. HP1 becomes a significant expansion of the
individual HYDRUS-1D and PHREEQC programs by
preserving most of their original features and capabil-
ities. The code still uses the Richards equation 
for simulating variably saturated water flow and
advection-dispersion type equations for heat and
solute transport. However, the loosely coupled pro-
gram can now simulate also a broad range of low-tem-
perature biogeochemical reactions in water, the
vadose zone and in ground water systems, including
interactions with minerals, gases, exchangers, and
sorption surfaces based on thermodynamic equilibri-
um, kinetic, or mixed equilibrium-kinetic reactions.
HP1 uses the operator splitting approach with no iter-
ations during one time step (noniterative sequential
approach). Jacques et al. (2006) evaluated the accura-
cy of the operator splitting approach for a kinetic
reaction network (i.e., sequential and parallel kinetic
degradation reactions) by comparing HP1 with an
analytical solution for trichloroethylene (TCE) degra-
dation and for mixed equilibrium and kinetic reac-
tions involving different flow conditions (steady state
and transient). HP1 is available on request from
www.sckcen.be/hp1. The current version of HP1 is
limited to one-dimensional flow and transport prob-
lems and does not consider oxidation reduction reac-
tions, surface complexation, and diffusion of
components in the gas phase. These reactions will be
available in upcoming versions currently under devel-
opment (Jacques et al., 2005b).

Jacques et al. (2003, 2005a) and Jacques and
Sùimuûnek (2005) demonstrated the versatility of HP1
on several examples such as the transport of heavy
metals (Zn2+, Pb2+, and Cd2+) subject to multiple
cation exchange reactions; transport with mineral dis-
solution of amorphous SiO2 and gibbsite, Al(OH)3;
heavy metal transport in a medium with a pH depen-
dent cation exchange complex; infiltration of a hyper-
alkaline solution in a clay sample (this example
considers kinetic precipitation-dissolution of kaolinite,
illite, quartz, calcite, dolomite, gypsum, hydrotalcite,
and sepiolite); long term transient flow and trans-
port of major cations (Na+, K+, Ca2+, and Mg2+) and
heavy metals (Cd2+, Zn2+, and Pb2+) in a soil profile;

cadmium leaching in acid sandy soils; radionuclide
transport; and long-term uranium migration in agri-
cultural field soils following mineral P-fertilization.
The first example is briefly discussed below, together
with a new application that involves the fate and sub-
surface transport of explosives.

Leaching of Heavy Metals From a Soil Col-
umn. As a first example application of HP1, Figure 2
shows calculated effluent concentrations of major ions
(Ca2+, Na+, Al3+, and Cl-) and heavy metals (Zn2+,
Pb2+, and Cd2+) leached from a soil column 8 cm long
having an initial solution as defined in Table 3 and
with its ion exchange complex in equilibrium with
this solution. Heavy metals initially on the exchange
complex are being replaced during the leaching pro-
cess by major ions (Ca2+, Mg2+, and Al3+). Ca rich
water with a chemical composition as given in Table 3
was applied to the top of the column at a steady flow
rate of 2 cm day-1. The longitudinal dispersivity was
assumed to be 0.2 cm.

The example considered the transport of ten ions
(Al, Br, Ca, Cd, Cl, K, Mg, Na, Pb, Zn) during a 15-day
period. Removal of Cd, Pb and Zn from the solid
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Figure 2. Concentrations of (a) Major Ions and (b) Heavy Metals
(Zn, Pb, and Cd) in the Effluent From an 8 cm Long Soil Column.



phase was calculated to occur by ion exchange with
mostly Ca and to a lesser degree with Mg. The 8 cm-
long soil column for the numerical calculations was
discretized into 40 elements of 0.2 cm each. More
details about numerical stability and its dependence
on the selected temporal and spatial discretization,
the cation exchange complex, and the solution preci-
sion are given by Jacques and Sùimuûnek (2005). 

Transport of TNT and Its Daughter Products.
The second example deals with the fate and transport
of explosive species. Concern is increasing about the
presence of explosives and energetics in the subsur-
face environment. Such chemicals are the result of
the manufacture, distribution, testing and/or unsafe
disposal of ammunition. Contamination of soil and
water resources with residues of major explosives and
energetics now constitutes a widespread environmen-
tal problem. These include TNT (2,4,6-trinitro-
toluene); RDX (hexahydro-1,3,5- trinitro-1,3,5-
triazine); HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine); picrid acid; tetryl, hexyl, nitroglycerin;
and PETN; as well as their principal transformation
products (notably 2ADNT, 4ADNT, 2,4DANT,
2,6DANT, 1,3,5TNB, 1,3DNB, NB, and 3,5DNA) and
some of their manufacturing impurities (2,4DNT and
2,6DNT) (Gorontzy et al., 1994; Brannon and Pen-
nington, 2002). Many of these compounds are known
or suspected to be potentially toxic, mutagenic, or car-
cinogenic.  The chemicals have been found not only at
ammunition production and handling facilities in the
United States and worldwide but also at many dispos-
al sites and army testing, training, and firing ranges,

among other places (Pennington et al., 2001; Brannon
and Pennington, 2002). They often leach through the
vadose zone into ground water and thus threaten
underlying or downgradient water resources. The cost
to complete the current U.S. Department of Defense
(DoD) cleanup program using traditional approaches
is estimated to be more than $35 billion (Pennington
et al., 1999a).

Previous efforts to model the transport of major
explosives have been based mostly on either Modflow
(Harbaugh et al., 2000) combined with MT3D (Zheng
and Wang, 1999) for ground water systems or
FEMWATER (Yeh et al., 1992) for vadose zone type
investigations (Pennington et al., 1999b). Neither of
these codes at present accounts for all of the processes
known or hypothesized to affect the fate and subsur-
face transport of explosives and their metabolites,
such as nonlinear and kinetic dissolution and sorp-
tion, simultaneous transport of multiple metabolites,
simultaneous transport in both the liquid and vapor
phase, and the temperature dependence of transport
and reaction parameters. Most or all of these process-
es can be simulated with HP1 and other biogeochemi-
cal models such as 3DHYDROGEOCHEM or
CRUNCH Ð notably the transport of the major explo-
sives themselves (the parent products) such as TNT,
RDX, or HMX but also the various metabolites (the
daughter products) such as 2ADNT, 2,4DANT,
1,3,5TNB as they are being created sequentionally by
degradation of the parent compounds. HP1 further
allows the parent and daughter compounds to have
different mobilities in the subsurface as dictated 
by their specific dissolution, sorption and transport
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TABLE 3. Chemical Components (mmol/L) and Species Considered, and Elemental Compositions of Initial
and Boundary Solutions Used in the Column Simulation (X refers to ion exchanger).

Solutions
Components Species Boundary Initial

Al Al3+, Al(OH)2+, Al(OH)2+, Al(OH)30, Al(OH)4- 0.1 0.5

Br Br- 3.7 11.9

Cl Cl- (and Cd, Pb, and Zn-species, see below) 10 0

Ca Ca2+, Ca(OH)+ 5 0

K K+, KOH0 0 2

Na Na+, NaOH0 0 6

Mg Mg2+, Mg(OH)+ 1 0.75

Cd Cd2+, Cd(OH)+, Cd(OH)20, Cd(OH)3-, Cd(OH)42-, CdCl+, CdCl2, CdCl3- 0 0.9

Pb Pb2+, Pb(OH)+, Pb(OH)20, Pb(OH)3-, Pb(OH)42-, PbCl+, PbCl20, PbCl3-, PbCl42- 0 0.1

Zn Zn2+, Zn(OH)+, Zn(OH)20, Zn(OH)3-, Zn(OH)42-, ZnCl+, ZnCl20, ZnCl3-, ZnCl42- 0 0.25

X AlX3, AlOHX2, CaX2, CdX2, KX, NaX, MgX2, PbX2, ZnX2 (mmol) NA 11



properties. In its most general case, the model per-
mits contaminants to reside in all three phases, i.e.,
the liquid, solid (precipitated and sorbed), and
gaseous phases. HP1 allows for multiple degradation
pathways that involve both diverging and converging
branches. Since users of HP1 can define any kinetic
reaction through its Basic interpreter, there is virtual-
ly no limitation on the complexity of processes calcu-
lated. An example of an initially diverging and then
converging branch is TNT degradation, which may
proceed along two branches before reaching the com-
pound 2,4,6-triminotoulene (TAT) by reductive bio-
transformation (Figure 3).

The example here considers the fate and transport
of four explosive species in a 100 cm deep fully satu-
rated soil profile leached for 10 days at a water flux
rate of 1 cm/h and using a longitudinal dispersivity
equal to 5 cm. TNT, the parent product, was assumed
to be initially present in the top 5 cm of the soil at a
concentration of 1 mg/kg (6.61e-6 mol). The kinetic
dissolution rate (mol/h) of TNT is given as

where A is the reactive surface of TNT (assumed to be
1 cm2 and kept constant during the simulation), k is
the dissolution rate (equal to 1.8e-5 mol/cm2/h), and
K is the equilibrium constant of TNT dissolution,
log(K) = -5.356. When dissolved, TNT was assumed to
degrade at a rate of 0.01 1/h to form the daughter
products 2ADNT (2-amino-4,6-dinitrotoluene) (66.7
percent) and 4ADNT (4-amino-2,6-dinitrotoluene)
(33.3 percent), which further degrade at rates of 0.006
and 0.04 1/h, respectively, to produce the same final
daughter product TAT (Pennington et al., 1999b). The
distribution coefficients, KD, for linear sorption were
assumed to be equal to 3, 5, 6, and 0 L/kg for TNT,
2ADNT, 4ADNT, and TAT, respectively (Pennington et
al., 1999b). Figure 4 shows calculated breakthrough
curves at 50 and 100 cm depths, and Figure 5 shows

simulated concentration distributions versus depth.
Although TAT is the last daughter product, it arrived
at the 50 and 100 cm depths before the other species
as a result of having the smallest distribution coeffi-
cient and due to the relatively short half-life of
4ADNT (T1/2 = 17.3 h) (Figure 4). Because of the
much longer half-life of 2ADNT (T1/2 = 115.5 h), most
of the observed TAT present at early times is due to
degradation of 4ADNT. And while concentrations of
TNT were initially highest (e.g., after 2 d in Figure 5)
and then decreased due to degradation, concentra-
tions of all daughter species (2ADNT, 4ADNT, and
TAT) always increased during the 10-day simulation.
Because of less sorption, TAT moved fastest through
the soil profile, followed by TNT, and then 2ADNT
and 4ADNT at very similar velocities. This example
demonstrates that ground water may be more vulner-
able to leaching of TNT daughter products (notably
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Figure 3. Degradation Pathway of TNT (2,4,6-trinitrotoluene)
Through Two Degradation Products 2ADNT (2-amino-4,

6-dinitrotoluene) and 4ADNT (4-amino-2,6-dinitrotoluene)
to TAT (2,4,6-triminotoulene).
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Figure 4. Breakthrough Curves at Depths of 50 and
100 cm for TNT, 2ADNT, 4ADNT, and TAT.



TAT) than of the parent compound itself and that sen-
sors detecting daughter products may provide an
early warning of possible TNT leaching.

SUMMARY AND CONCLUSIONS

Two new comprehensive simulation tools based on
the HYDRUS-1D software package were presented in
this paper. While the UNSATCHEM module (directly
incorporated into HYDRUS-1D) is restricted to a spe-
cific chemical system involving the transport and
reactions of major ions Ð thus making the program

relatively easy to use, but rather restrictive in terms
of its range of applications Ð HP1 (HYDRUS1D-
PHREEQC) accounts for a very wide range of
instantaneous and kinetic chemical and biological
reactions, including complexation, cation exchange,
surface complexation, precipitation dissolution, and/or
redox reactions, thus requiring users to be more
familiar with the chemistry involved. Capabilities of
the major ion module of HYDRUS-1D were demon-
strated by simulating sodic soil reclamation involving
the removal of excessive salts from a soil profile and
replacement of exchangeable Na+ with Ca2+. Capabil-
ities of HP1 were shown by means of example prob-
lems involving the leaching of heavy metals subject to
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Figure 5. Concentration Profiles for TNT, 2ADNT, 4ADNT, and TAT (0 to 10 days)


