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2. Numerical Simulations of Water Flow and Solute Transport
Applied to Acid Sulfate Soils

Daud W. Rassam1 and Freeman J. Cook2

Abstract: Field investigations of Rassam et al. in 2001 have highlighted the effects of infiltration, drainage, and evapotranspir
the dynamics of water flow and solute transport in acid sulfate~AS! soils. In this work,HYDRUS-2Dis adopted as the modeling tool t
elucidate the trends observed in that field experiment. Hypothetical simulations have shown that the relative contribution of
lowering the water table is significant only when closely spaced drains are installed in coarse textured soils, evapotranspiration
main driving force in all other cases. AS soils reaction products that are close to a drain are readily transportable during infiltra
early drainage, but those produced farther away from it near the midpoint between drains are only slowly transported during a p
drainage process. Simulating the field trial of Rassam et al. has shown that drain depth and evapotranspiration significantly aff
fluxes exported to the ecosystem. Managing AS soils should target minimal drain depth and density. Partial or full lining of th
should be considered as a management option for ameliorating the environmental hazards of AS soils.

DOI: 10.1061/~ASCE!0733-9437~2002!128:2~107!

CE Database keywords: Numerical models; Water flow; Acids; Soils; Drainage.
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Introduction
Field studies of Rassam et al.~2002! have investigated the hy
drology of acid sulfate~AS! soils and pointed out that evapotran
piration ~ET! plays a crucial role in driving water-table dynamic
in low-conductivity AS soils. The study has also shown uniq
trends of solute concentration in the drainage water during in
tration and drainage.

Grismer~1989! suggests that intensive field measurements
conjunction with computer modeling might be necessary wh
designing drainage systems that incorporate water quality. G
mer ~1993! adopts numerical techniques to demonstrate the r
tive effects of drain spacing and depth on water quality.

The interaction of climate, hydrology, and drainage is the m
poorly understood aspect of AS soils~White et al. 1996!. In this
work, numerical simulations are conducted in hypothetical sit
tions to demonstrate the relative importance of drain depth, d
spacing, and ET on the dynamics of water flow and solute tra
port in soils of various textures. Simulations of solute transp
are conducted to simulate the trends observed in the field stu
of Rassam et al.~2002!. Simulations that use realistic soil param
eters and weather data are conducted to show the effects o

1Senior Modelling Engineer, Dept. of Natural Resources and Mi
and Cooperative Research Center for Sustainable Sugar Produ
80 Meiers Rd., Indooroopily QLD 4068, Australia. E-ma
RassamD@dnr.qld.gov.au

2Principal Research Scientist, Commonwealth Scientific and Ind
trial Research Organisation Land and Water and Cooperative Rese
Center for Sustainable Sugar Production, 80 Meiers R
Indooroopily QLD 4068, Australia. E-mail: CookF@dnr.qld.gov.au

Note. Discussion open until September 1, 2002. Separate discus
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Editor. The manuscript for this paper was submitted for review and p
sible publication on January 24, 2001; approved on September 11, 2
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and drain depth on solute fluxes from AS soils. In light of t
modeling findings, management options for AS soils are s
gested.

Modeling Tool

HYDRUS-2D ~Simunek et al. 1994! was used to investigate
water-table dynamics and to simulate solute transport. It uses
finite element programSWMS-2D~Simunek et al. 1994! to simu-
late two-dimensional water movement in variably satura
media. The following modified form of Richards’ equation go
erns water flow:

]u

]t
5

]

]x Fk~c!S ]c

]x
11D G2s (1)

where x5spatial coordinate~L!; t5time ~T!; u5volumetric
water content (L3/L3); k(c)5unsaturated hydraulic conductivit
(L/T); c5pressure head~L!; and s5a sink term (L21). The
latter represents the volume of water removed per unit time fo
unit volume of soil due to plant water uptake. Feddes et al.~1978!
defineds as

s~c!5a~c!sp (2)

where the water stress response functiona(c)5a prescribed di-
mensionless function andsp5potential water uptake rate. Wate
uptake is assumed to be zero both close to saturation (c.h1) and
beyond the wilting point (c,h4). It assumes optimal uptake be
tween intermediate headsh2 andh3 . The function assumes linea
variation betweenh1 andh2 andh3 andh4 . The Feddes’ param
eters~h1 , h2 , h3 , and h4! used for the current simulations ar
listed in Table 1.

The pressure-saturation relationship is given by van Ge
chten~1980!

Q5
u2u r

us2u r
5@11~ac!n#2m (3)

,

h

s

.
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Table 1. Hydraulic and Solute Transport Parameters of Modeled Soils

Hydraulic parameters Ks ~m/s! us u r a ~m21! n

Sandy loam 1.22831025 0.41 0.065 7.5 1.89
Silt loam 1.2531026 0.45 0.067 2 1.41
Silt 6.9431027 0.46 0.034 1.6 1.37
Clay loam 7.2231027 0.41 0.095 1.9 1.31
Pimpama soil 2.431028 0.54 0.22 0.2093 2.01

Solute transport
parameters

Diffusion
coefficienta

~m2/d!

Longitudinal
dispersivitylL

~m!

Transverse
dispersivityLT

b

~m!

All soils 9.2531025 0.1 0.01

Feddes’ parametersc h1520.01 m h2520.25 m h3522 m h45280 m
aDiffusion coefficient for SO4

22 ~Kemper 1986!.
bTypically lT5lT/10 ~HYDRUS-2Ddefault value!.
cParameters for sugar cane fromHYDRUS-2Dlibrary.
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whereQ5relative water content;us5saturated volumetric wate
content;u r5residual volumetric water content; anda (L21), n,
andm5fitting parameters.

The unsaturated hydraulic conductivity function used is tha
van Genuchten~1980!, who used the statistical pore-size distrib
tion model of Mualem~1976! to obtain the following predictive
equation for the special case in whichm5121/n:

k~c!5Ks

$12~ac!n21@11~ac!n#2m%2

@11~ac!n#m/2 (4)

whereKs5saturated hydraulic conductivity of the soil.
Nonreactive solute transport is governed by the followi

advection-dispersion equation:

]c

]t
5Dh

]2c

]x22ns

]c

]x
(5)

wherec5concentration of the solute in the liquid phase~M /L3,
M refers to mass expressed in moles!; ns5average linear velocity
of water (L/T); and Dh5hydrodynamic dispersion coefficien
(L2/T), which accounts for mechanical dispersionDm and mo-
lecular diffusionDo. HYDRUS-2Drequires separate entries fo
the diffusion coefficient and dispersivity. The latter is defined
follows:

l5
Dm

ns
(6)

whereDm5mechanical dispersion coefficient.
The boundary conditions for the two-dimensional model

illustrated in Fig. 1. Due to symmetry, only half the problem
analyzed~S is half the drain spacing!. Both the base and th
symmetry line are assumed to be no-flow boundary conditi
~the impermeable base is taken as the datum for water-head
surement!. The drain is represented by a ditch with a seep
face. The soil surface is an open atmospheric boundary cond
through which infiltrative influx or evapotranspirative efflux
allowed.

The governing differential equations are solved using
Galerkin-type linear finite element method applied to a netw
of triangular elements. Integration in time is achieved using
implicit ~backward! finite difference scheme for both saturate
and unsaturated conditions.
108 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING / MARC
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Modeling of Hydrology

Shallow drains are traditionally introduced into cane fields to p
vent water logging and to drain surface runoff. In this section,
effects of drain depth and spacing are investigated. The inte
pendent effects of evaporation and drainage on the water-t
dynamics are closely examined. Two soil types are conside
namely sandy loam~a high-conductivity soil! and clay loam~a
low-conductivity soil!. The hydraulic properties of these soil
which are listed in Table 1, were obtained fromRosseta~Schaap
et al. 2001!. The simulations assume an initial water table loca
at the soil surface.

Effect of Drain Depth and Spacing

The steady-state drainage equation of Hooghoudt~1940, in van
der Molen and Wesseling 1991! is extensively used to calculat
drain spacing

S25
KsH

V
~2d1H ! (7)

whereS5half the drain spacing;H5hydraulic head midway be-
tween the drains;d5thickness of an equivalent subsoil layer; an
V5steady-state outflow rate (L/T).

Fig. 1. Vertical cross section showing modeled soil-block a
boundary conditions
H/APRIL 2002
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Fig. 2. Effect of drain depth and spacing on seepage flux without evaporation
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Numerical simulations show that a deeper drain has sim
effects on low- and high-conductivity soils~Fig. 2!. For both
soils, the cumulative seepage flux increases by about an ord
magnitude when the drain depth is increased fourfold when th
is no evaporation. Referring to Fig. 2, a higher drainage flux fr
the sandy loam is noted when the drain spacing is increase
will be shown in the next section that the effects of increasing
drain spacing are offset by evaporation, especially in the cas
fine-grained soil.

Interaction of Evaporation and Drainage

The interaction of evaporation and drainage is investigated f
constant evaporation rate of 2 mm/d. The effect of evaporation
seepage from low-conductivity soils for two drain spacingsS
55 and 20 m is shown in Fig. 3. Fig. 3 demonstrates that
low-conductivity soils regardless of drain spacing, seepage
lowered when evaporation is accounted for in the simulat
~curve 1 shows a cumulative discharge lower than curves 2
3!. In contrast, the effect ofS is more significant in high-
JOURNAL OF IRR

J. Irrig. Drain Eng. 20
f

t

f

conductivity soils@the results shown in curves 4 and 5 are diffe
ent from those in curves 6 and 7~Fig. 3!#. The effect of evapora-
tion is evident early in the simulation for the case of a lo
conductivity soil~Fig. 3, curves 1 and 2!, however it exhibits a
time lag in the case of a high-conductivity soil~Fig. 3, curves 6
and 7 coincide up to 15 days of simulation time!.

The relative significance of seepage and evaporation may
interpreted in terms of the ratio of cumulative evaporative flux
cumulative seepage flux (SEa /SS). A simulation is carried out
to compare the fluxes from a fine-textured soil with a shall
drain of 1 m~minimize drainage! to those from a coarse-texture
soil with a deep drain of 2 m~maximize drainage!. Fig. 4 shows
a difference inSEa /SS of more than an order of magnitud
between the two cases, which later in the simulation increase
more than two orders of magnitude. At the end of the simulati
the slope ofSEa /SS has not yet flattened in the case of th
fine-textured soil. This is due to the fact that the actual evapo
tive flux is still close to its potential value (Ep). On the other
hand, actual evaporative flux from the coarse-textured soil
Fig. 3. Interaction of evaporation and drainage
IGATION AND DRAINAGE ENGINEERING / MARCH/APRIL 2002 / 109
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Fig. 4. Relative significance of evaporative and drainage fluxes
y-
f a

in

th

the
on

ig. 6
the

t th
ow
the

ery
of

e-
, a
lute

pes
ulic
ob-

pth
in

te
. 7
fallen to about 0.6Ep due a dramatic drop in the unsaturated h
draulic conductivity of the coarse-textured soil. For the case o
fine-textured soil with a shallow drain,SS ~cumulative drainage!
accounts for only 3%~50.054/@0.05411.98#, see Fig. 4! of the
total water balance compared to 81%~55.3/@1.2115.3#, see Fig.
4! for the case of a coarse-grained soil with a deep drain.

The midpoint water-table depth is an important criterion
drain design ~Ayars et al. 1997!. Youngs ~1985! proposed a
simple equation that uses the midpoint water depth to describe
water-table draw-down. Referring to Fig. 1,b-a and b represent
the midpoint water-table depths due to evaporation only and
combined evaporation and drainage, respectively. Fig. 5 dem
strates the variation of@Hd-(b-a)# and (Hd-b) with time for S
55 m and the drained soil is a coarse-textured sandy loam. F
compares the contribution of drainage to the draw-down of
water table as indicated by the ratioa/b for three different sce-
narios of drain spacings and soil types. It demonstrates tha
contribution of drainage is significant only in the case of narr
drain spacing and coarse-textured soil. In the case in which
110 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING / MARC
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e

-

e

drain spacing is narrow, the contribution of drainage peaks v
early in the simulation, while a time lag is noticed in the case
the wider drain spacing.

Modeling of Solute Transport

In order to investigate the impact of different hydrologic sc
narios and soil types on the export of solutes from AS soils
hypothetical soil block was assumed to have a uniform so
concentration of 1 mmol/m3 ~in soil’s pore water!. The assumed
solute transport parameters are listed in Table 1. The soil ty
considered were sandy loam, silt loam, and silt. The hydra
properties of these soils, which are listed in Table 1, were
tained fromRosseta~Schaap 1999, unpublished!.

The first set of simulations assumes an initial water-table de
of 1.5 m and hydrostatic equilibrium; other details are shown
Fig. 7. A large infiltration rate of 1 m/d is simulated to investiga
concentration patterns at different locations and times. Fig
Fig. 5. Water-table draw-down for evaporation alone and combined evaporation and drainage
H/APRIL 2002
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Fig. 6. Relative contribution of drainage to water-table draw-down
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shows that the solute concentration in the soil close to the sur
commences to decrease earlier and faster compared to the
located at a greater depth. Solutes are diluted as the volum
water content of the soil increases up to saturation, hence
kinks apparent at timeT1, which are associated with soil satur
tion ~Fig. 7, OP1 and OP2!. The higher volume fraction of the
pore air space associated with a lower soil potential near
surface explains the higher dilution noted closer to the soil s
face ~OP3 drops to a concentration lower than OP2!. This dem-
onstrates the significance of the initial soil conditions when m
eling solute transport. The kink is not seen clearly close to
drain ~Fig. 7, OP1! because of the replenishment action of t
infiltrating water in such a high conductivity soil, which continu
to dilute the solutes and readily carries them into the drain@Fig.
8~b!, see velocity vectors close to the drain#. At 0.8 m from the
drain~Fig. 7, OP1!, the concentration drops to zero after 2.5 d. O
the other extreme, the concentration during the periodT2-T1
remains almost unchanged at 10 m from the drain~Fig. 7, OP2
and OP3!. Fig. 8~a! demonstrates how the concentration conto
move during the infiltration period close to the drain while th
JOURNAL OF IRR
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e
il

c
e

remain stationary at a distance farther from the drain@Fig. 8~b!,
see velocity vectors with very low magnitude.6 m from the
drain#.

During drainage (T.20 d), a notable drop in concentratio
occurs at a depth of 0.6 m, 10 m from the drain~Fig. 7, OP2!. The
phenomenon is less notable closer to the soil surface~Fig. 7,
OP3!. Shortly after drainage commences, a rise in concentra
is notable close to the drain~Fig. 7, OP1!. This phenomenon may
be attributable to the transverse movement of water having a
solute concentration towards the drain@Fig. 8~c!, see velocity
vectors; note movement of concentration contours during dr
age in Fig. 8~a!#.

The velocity vectors shown in Figs. 8~b and c! show that the
pore-water~and hence dissolved solutes! located close to a drain
is more quickly transported during a rainfall event. In contra
the pore-water located farther away from a drain is more slo
transported during the drainage stage that follows the cessatio
rainfall.

The impact of varying drain depth, drain spacing, and eva
ration rate on the cumulative solute seepage flux~total export to
Fig. 7. Solute concentration versus time at various locations relative to drain
IGATION AND DRAINAGE ENGINEERING / MARCH/APRIL 2002 / 111
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ecosystem! is shown in Fig. 9. It is notable that during infiltratio
~time ,T1!, drain spacing has little effect~Fig. 9, curves 2–5
coincide!. This is attributable to the fact that most solutes dur
the infiltration stage are transported from the soil in the vicinity
the drain~hence drain spacing is irrelevant!. Cook et al.~1998!
used a stream-tube model to demonstrate that solutes are un
to arrive from a distance of more than 10 m from the drain dur
a storm event. A marginal long-term increase of total solutes
the case of wider drain spacing, is attributed to the transv
solute flux that takes place over a long period of time~Fig. 9,
curves 2 and 5!. This increase is offset when evaporation is
corporated into the simulation. Evaporative flux drops the hydr
lic gradient, but unlike water flux, it does not contribute to i
creasing the total solute mass~Fig. 9, compare curves 5, 4, and 3!.
However, drain depth has an effect on the total solute export a
stages~Fig. 9, compare curve 1 with the rest!. It is worth men-
tioning that the simulation assumes a sandy loam soil for wh
the effects of the drains are magnified.

Fig. 8. Solute concentration contours and velocity vectors dur
infiltration and drainage
112 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING / MARC
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Measuring ion concentration in the drainage water is one
the most common tools adopted to monitor AS soils. The va
tion of ion concentration during infiltration and drainage events
an indicator of the impact that the contaminated water is hav
on the environment. The simulations assume 10 days of infil
tion, during which a steady-state infiltrative condition is esta
lished~corresponding to constant seepage flux during the infil
tion period, Fig. 10!, followed by 90 days of drainage. During th
infiltration period, the concentration dramatically decreases@as
demonstrated when studying the velocity vectors, Fig. 8~b!#. The
longer the infiltration period, the lower the resulting concent
tion. A higher saturated conductivity results in a steeper drop
concentration~Fig. 10, compare siltK50.1 and 0.5 m/d!. How-
ever, a surge in concentration is notable during drainage, a t
noted in the field experiment of Rassam et al.~2002!. Since fluxes
during drainage run mainly in the horizontal direction@see veloc-
ity vectors, Fig. 8~c!#, it is postulated that a higher initial solut
concentration~in soil’s pore-water! away from the drain would
affect the steepness of the concentration surge. A simulation
conducted in which the grid was discretized into three eq
zones in the horizontal direction. The initial solute concentrat
C ~in soil’s pore-water! away from the drain was assigned valu
of 1, 3, and 5 mmol/m3. Fig. 10 ~empty squares! shows that the
steepness of the concentration surge is mainly controlled by
initial solute concentration, though the water retention parame
of the soil play a minor role too~Fig. 10, solid triangles!.

Effect of Drain Depth and Envapotranspiration on
Solute Fluxes from an Acid Sulfate Soil Field

It has been shown that drain depth and ET have a signific
impact on solute export from low-conductivity soils. The effec
of those two factors will be further demonstrated by adopting
measured soil parameters listed in Table 1 and weather dat
ported in the field trial of Rassam et al.~2002!. The initial con-
centration in the soil’s pore-water is assumed to be 1 mmol/m3.

A drainage event is simulated to demonstrate the effect of
on solute fluxes from the Pimpama AS soil. The average ET
ues for the dry and wet seasons in the Pimpama region are 3.6
1 mm/d, respectively~Rassam et al. 2002!. The impact of the
seasonal variation of ET on solute export is shown in Fig. 11. I
Fig. 9. Effect of S, Hd, andEp on solute mass export to drain
H/APRIL 2002
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Fig. 10. Effect of initial solute concentration and soil type on ion concentration in seepage water with time
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also revealed that excluding ET from the simulation results i
magnified estimate of solute export.

The weather data reported in the field trail of Rassam e
~2002! were incorporated as atmospheric boundary condition
investigate the effect of reducing drain depth on the cumula
solute flux. A series of 180-day simulations covering the per
between January and June of 1999 were carried out. Fig
clearly shows a significant drop~logarithmic decay pattern! in
solute fluxes as a result of reducing drain depth in such AS
fields.

Conclusions

Field and laboratory observations of Rassam et al.~2002! have
shed some light on water-table dynamics and solute transpo
acid sulfate~AS! soils. Numerical modeling helps us to unde
stand the mechanisms involved in such complex systems
hence leads to better management options.

Hypothetical numerical simulation usingHYDRUS-2D has
shown that in low-conductivity AS soils, drains are responsi
JOURNAL OF IRR
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l

d

for lowering the water table and exposing the pyrites only in th
close vicinity. The main factor responsible for lowering the wa
table away from the drain is evapotranspiration. That is, dra
make an appreciable contribution to the phenomenon only w
closely spaced drains are installed in high-conductivity soils. T
interaction of drainage and evaporation, which depends upon
type and drain spacing, plays a key role in the hydrology of
soils.

Hypothetical simulations of solute transport have shown t
the reaction products that are close to a drain are readily tr
portable during infiltration, while those produced farther aw
from it are slowly transported during a prolonged drainage p
cess. Ion concentration in the drainage water exhibited uni
trends during the infiltration and drainage periods. A decline
concentration was notable during infiltration, which was co
trolled by the duration of infiltration and the saturated hydrau
conductivity of the soil. However, a surge in concentration w
notable during drainage, which was mainly controlled by the s
tial variation of initial solute concentration~in soil’s pore-water!
and marginally affected by the water retention parameters of
Fig. 11. Effect of potential evapotranspiration on cumulative solute mass export during drainage of Pimpama soil
IGATION AND DRAINAGE ENGINEERING / MARCH/APRIL 2002 / 113
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Fig. 12. Effect of drain depth on cumulative solute mass export during wet year in Pimpama region
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soil. Simulations that assumed an increasing initial solute con
tration away from the drain have resulted in a steep surge
concentration during drainage.

Numerical simulations that incorporated the field data of R
sam et al.~2002! have shown that the seasonal variations
evapotranspiration~ET! have a pronounced effect on solute flux
from draining AS soils. Excluding ET from the simulations r
sulted in a magnified estimate of solute fluxes to drains. A 1
day simulation has shown the advantages of reducing drain d
in AS soil fields.

The design of drainage systems in AS soil fields should
clude a thorough environmental impact study. Modeling res
have shown that minimal drain depth and density should be
geted in AS soil fields. Partial lining of existing open-ditch drai
should reduce the environmental hazards of AS soils. In a
where the drains’ function is mainly for collecting runoff wat
~e.g., where laser leveling is adopted!, it is highly recommended
that the sides of the drains be fully lined.
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Notation

The following symbols are used in this paper:
c 5 solute concentration in liquid phase;
D 5 dispersion coefficient;
h 5 pressure head for Feddes’ function;
K 5 saturated hydraulic conductivity;
k 5 unsaturated hydraulic conductivity;
m 5 fitting parameter for van Genuchten model;
n 5 fitting parameter for van Genuchten model;
S 5 half drain spacing;
s 5 sink term;
t 5 time;

V 5 steady-state outflow rate from drain;
x 5 spatial coordinate;
114 / JOURNAL OF IRRIGATION AND DRAINAGE ENGINEERING / MARC
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-

h

-

s

-

a 5 fitting parameter for van Genuchten model;
Q 5 relative water content;
u 5 volumetric water content;
l 5 dispersivity;
n 5 average linear pore-water velocity; and
c 5 pressure head.

Subscripts

h 5 hydrodynamic;
L 5 longitudinal;
m 5 mechanical;
o 5 molecular;
r 5 residual;
s 5 saturation; and
T 5 transverse.
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