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A STEADY-STATE MODEL FOR TWO
HUMIC FRACTIONS

Tom Frisk1)& Vappu Pennanen2)

FRISK, T. & PENNANEN, V. 1986. A steady-state model for two humic
fractions. Publications of the Water Research lnstitute, National Board of
Waters, Finland, No. 65.

A steady-state mass balance model for two humic fractions is presented. In
the model the input of humus to the lake and the output from the lake, the
loss reaction of humus including decay and sedimentation, and the possible
transfer reactions between the two fractions are taken into account. The loss
coefficients of the fractions are Iinearly interdependent. The absolute values of
the coefficients cannot, however, be determined using the steady-state
approach of this study. The characteristic coefficients of the interdependence
of the coefficients as well as the loss coefficients of total humus were
calculated for three lakes: Hakojärvi, Kalajärvi, and Seinäjärvi. The loss
reaction of humus appeared to be much slower in lake Hakojärvi than in lakes
Kalajärvi and Seinajärvi. This may have resulted at least in part from the
longer detention time in lake Hakojärvi. In lakes Hakojärvi and Seinäjärvi
about half of the humus input was lost in decay and sedimentation reactions,
whereas in lake Kalajärvi, an artificial lake, only one quarter was lost.

mdcx words: Humus, fractions, mass balancc, steady state, niodel.

1. INTRODUCTION

The concentration of humic substances is one of
the most important state variabies characterizing
Finnish lakes. However, it has not hitherto been
included in water quality models used in Finland.
Partly this reflects the fact that the models have
been imported from countries in which the
importance of aquatic humus is not so great. As
late as in the middle of the nineteen-seventies it

was widely believed that human activities do not

seriously affect the concentration of humus in lakes
and therefore modelling of humic substances was
not considered to be important as far as water
pollution control was concerned. On the other
hand the Iack of submodels describing humic
substances is due to the fact that routine methods

1) National Board of Waters, Finland, P0. Box 250, SF
00101 Helsinki

(colour, chemical oxygen demand) do not provide
accurate estimates of the quantity and quality of
humus.

The development of submodels describing
humic substances has become topical because e.g.
forest drainage, peat mining, lake regulation, and
construction of artificial lakes often affect the
behaviour of humus. The purpose of these
modelling activities is to develop methods for
making quantitative assessments and predictions of
the effects of different human activities. In
addition, modelling is a useful tool in research,
especially because the dynamics of humus in lakes
are not well known.

This work is a preliminary study of the
possibilities of modelling the behaviour of humus
in a lake. A steady-state mass balance approach has

2) University of Helsinki, Department of Limnology
Viikki E Building, SF-00710 Helsinki
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been applied. The method gives information on the
magnitude of the reaction rate coefficients of
humic fractions as well as on the mass balances of
humus in lakes.

2. THE MASS BALANCE MODEL

The simple principle of mass balance modelling
presented e.g. by Vollenweider (1969, 1975) was
applied. The lake is considered as a continuously
stirred tank reactor (CSTR). This kind of
hydraulic description becomes realistic only in the
consideration of long term average values, because
normal Finnish lakes are dimictic, i.e. the contents
of the different water layers are mixed twice a year.

Four humic fractions can be separated using gel
fractionation technique (Pennanen 1980, 1982). In
this work, however, only two fractions were
included in the model and suitable summation of
the fractions had to be carried out. The basic
equations for the two fractions are as follows:

dc1 I Q
—

— S12 (c1) + S21 (c2) — k1 c1

and

dc212 Q
—

— + S12(c1) — S21 (c2) — k2c2

where
= the concentration of humic fraction

number 1 (M L3)
= the concentration of humic fraction

number 2 (M L3)
t time (T)

= input of humic fraction number 1
(M T1)

‘2 input of humic fraction number 2
(M T1)

V = volume of the lake (L3)
Q = discharge of the lake (L3 T1)
S12 (c1) = increase of the concentration of fraction

2 due to the transfer reaction from
fraction 1, expressed as a function of c1

S21 (c2) = increase of the concentration of fraction
1 due to the transfer reaction from
fraction 2, expressed as a function of c2
(M L3 T1)

= loss reaction coefficient of fraction 1
(T1)

k2 Ioss reaction coefficient of fraction 2
(T1)

A mass balance equation for total humus can be
obtained by summing up Eqs (1) and (2):

dt V V

where

(3)

c = c1 + c2
1 I + 12
k = loss reaction coefficient for total humus

(T1)

At steady state the derivative at the left hand side
of Eq. (3) equals zero and the solution is the fol
lowing:

= Q+kV
(4)

The ioss coefficient can be calculated as a function
of input data:

k
= — Qc

cV
(5)

If the fractions are assumed not to react with each
other, i.e. S12 (c1) 0 and S21 (c2) 0, the stea
dy-state loss coefficients for the fractions can be

(1) calculated in a corresponding way:
= Ii

— Q c1

c1V

and

12
= 12

— Q c2
c2V

(6)

(7)

From Eqs (1) and (2) and the steady-state assump
tion together with Eqs (6) and (7) the following
relationship can be obtained (see Fig. 1):

k1 = k1 + ‘2 — 2k2
cl CI

(8)

The intersection points (see Fig. 1) are the
following:

k1’ = k1 + .

and

k2’ = 2 k1 + ‘2

(9)

(10)

The net transfer between the two fractions can be
calculated as follows:

S21 (c2)
— I2 ( = (k1

—

fq) c1

or

(111

S21 (c2) — S12 (c1) = (2 — k2) c2 (12)
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Fig 1. The graphical presentation of Eq. (8). The rela
tionship between k1 and k, is linear and the slope of the
line is the negative value of the ratio of the steady-state
concentrations c2 and c1.

where
= the net transfer rate of fraction 2 to frac

tion 1 (M L3 T’)

Thus, when k1 > and k2 < the net transfer
takes place from fraction 2 to fraction 1, i.e.
S21 (c2) > S12 (c1). Correspondingly, if k1 < k1 and
k2 > k2, S12 (c1) > S21 (c2). Point (k2, k1) is here
called the critical point.

In Eqs (1) and (2) the form of the transfer
functions S12 (c1) and S21 (c2) does not affect the
loss coefficients k1 and k2. A simple assumption is
that these transfer functions follow first order
kinetics:

S12 (c1) = r1 c1

and

S21 (c2) r2 c2

r1 = the transfer coefficient from fraction 1 to
fraction 2

r2 = the transfer coefficient from fraction 2 to
fraction 1

C2
r1 — —r2 + — k1

r2 = + k2 —

+ r1

and

= + r2

I4

k1

This approach has been used in the dynamic model
presented by Frisk (1985). Eqs (13) and (14)
together with Eqs (11) and (12) result in the
following relationships (Fig. 2):

(15)

(16)

If coefficients k1, k2, r1, and r2 can be fixed, the
concentrations of the fractions can be calculated
using Eqs (1), (2), (15), and (16). Dynamic so
lutions to this kind of two-fraction system can be
obtained using Laplace transforms (e.g. Chapra and
Reckhow 1983). The steady-state solution is
obtained by setting the derivatives equal to zero:

= sI — r212
(17)

V (s1s2 — r1r2)

and

= r1 I — s112
(18)

V (s1s2 — r1r2)

k2 where

(19)

(20)

ri

IC

0

—

Fig 2. The relationship between the transfer coefficients.
1) k1 > k1 net transfer takes place from fraction 2 to
fraction 1, 2) k1 < k1, net transfer from fraction 1 to
fraction 2.

where

(13)

(14)
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3. MATERIAL AND METHODS

The model was applied to data from three lakes:
Hakojärvi, Seinäjärvi and Kalajärvi. Lake Hakojärvi
is a forest lake in southern Finland (see e.g.
Lehmusluoto and Ryhänen 1972). Seinäjärvi is a
regulated lake situated in western Finland and
Kalajärvi is an artificial lake also situated in
western Finland (see Verta et al. 1986).

The data of lake Hakojärvi was collected in May
— December in 1975 (Pennanen 1980, 1982) and
that of lakes Seinäjärvi and Kalajärvi in 1983
(Pennanen et al. 1986).

The analytical procedures used in gel frac
tionation, optical analyses and TOC analyses have
been described elsewhere (Pennanen 1980, 1982,
Pennanen et al. 1986). The nomenclature and the
approximate meanings of the fractions are the
following:

fl colloidal fraction
fO intermediate fraction
f2 dissolved fraction
fx particulate fraction

The colloidal and particulate fractions are
comparable to the traditional humic acid fraction
and the dissolved fraction to the fulvic acid
fraction. The carbon contents of the fractions were
used as the model variabies. In lake Hakojärvi data
carbon concentrations were estimated by trans
forming optical measurements into organic carbon
(see Pennanen and Frisk 1984).

The model presented in Section 2 includes only
two fractions. The following summations were
used in this study:

Summation 1:
fraction 1 = f1 + f0
fraction 2 f2

Sumniation II:
fraction 1 = f1
fraction 2 f0 + f2

Fraction f was neglected because its carbon
content cannot be estimated accurately by the
experimental method used. The total humus (ex
pressed as mg organic C 1—1) considered in this
study is thus the sum of f1 + f0 + f. It should be
kept in mmd, however, that the analytical proce
dur applied in this work does not allow the non
humic substances to be excluded (c.f. Schnitzer
and Khan 1972).

The coefficients carcterizing the loss reactions
of humic fractions (k1, k2, k

,
k’2) were calculated

using the data. The data needed in these calcula
tions consist of the volumes, discharges, and inputs
of the fractions into the lake and the mean concen
trations.

The average volumes of the water bodies and
average discharges during the study period were
used. The discharges were calculated using a water
balance equation. The inputs of the fractions were
calculated as the sum of river input and diffuse
load. The concentrations in the diffuse load were
assumed to be equal to those in the rivers.

4. RESULTS

The loss coefficients for total humus (Eq. 5)
together with the hydrological data of the lakes are
presented in Table 1.

When using the two-fraction model the inputs
and the steady-state ( average) concentrations of
the fractions depend on the summation (Table 2).
The corresponding data for total humus can be
obtained from Table 2 by summing up fractions 1
and 2.

Table 1. The volumes V (106 m3), discharges of the outlet
Q (m3 s’), theoretical detention times T (d), and the
loss coefficients k (d1) of total humus (f1 + f0 + f2) for
the different lakes. The theoretical detention time of lake
Hakojärvi is much shorter (about 2.1 years) under
average flow conditions.

Lke V Q T k

Hakojärvi 0.7441 0.005 1 722 0.00053
Kalajärvi 33.86 2.680 146 0.0024
Seinäjärvi 18.10 0.668 314 0.0032

Table 2. The steady state concentrations c1 and c2 (mg
11), their ratio c21c1, and the inputs I and ‘2 (g s1).
Upper numbers: summation 1 (fraction 1 f1 ± f0,
fraction 2 = f2).
Lower numbers: summation II (fraction 1 = f1, fraction
2f0+f2).

Lake c1 C2 C2/C1 I

Hakojärvi 5.417 6.978 1.288 0.049996 0.068929
2.424 9.972 4.113 0.022234 0.096657

Kalajärvi 4.92 11:93 2.425 22.312
2.99 13.86 4.635 12.416

Seinäjärvi 3.75 8.19 2.184 4.443
2.14 9.8 4.579 2.572

3 8.56
48.46

11.50
13.37
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Table 3. The characteristic coefficients of the two
fraction model

,
k>, k’1, and k’7 (d—1). (2, t1) is the

critical point of the direction of the net transfer between
the fractions and k’1 and k’7 the intersection points of
Eq. (8). See also Figs 3—8.
Upper numbers: summation 1 (fraction 1 = f1 + f0,
fraction 2 = f2).
Lower numbers: summation II (fraction 1 = f1, fraction
2=f0+f2).

Ike k1 k1

Hakojärvi 0.00049 0.00057 0.00122 0.00095
0.00048 0.00055 0.00273 0.00066

Kalajärvi 0.00473 0.00141 0.00815 0.00336
0.00375 0.00208 0.01 341 0.00289

Seinäjärvi 0.00247 0.00351 0.01014 0.00464
0.00255 0.00332 0.01 777 0.00388

The characteristic coefficients of the two

fraction model (Eqs 6, 7, 9, and 10) were slightly
different when different summations were used
(Table 3).

In the graphical presentations of Eq. (8) for the
different lakes (Figs 3—8) the siopes equal the
negative values of the ratios c2/c1 in Table 2.

5. DISCUSSION

The decay rate of humus cannot easily be
determined, because of the slowness of the reaction
rate (see however Miles 1983). The modelling
approach applied in this study made it possible to
obtain information concerning the magnitude of
the total loss rate coefficient, including both decay
and settling reactions. However, the use of the
steady-state assumption may cause errors in the
calculated coefficients because it is possible that
steady-state conditions do not prevail for humic
substances in the lakes studied. For example the
theoretical detention time of lake Hakojärvi in the
conditions of the study period is about 1 700 days
and even under average hydrological conditions
longer than two years. However, the average values
of the input data were integrated using the data of
less than one year. It seems that the determination
of input data is of great importance because the
procedure is particularly sensitive to the difference
between the input and output of humus.

The coefficients presented in Tabies 1 and 3 are
not necessarily applicable in the dynamic model
(e.g. Frisk 1985) applications. At least a tempera
ture correction must be taken into account. The

103d1

3

2

1

= 0.00122 — 1.288 k2

1 2 3 104d1 k
k2 k2

10d -1

3

2

1

k2 k

Fig 3. The interdependence of coefficients k1 and k2 for
lake Hakojärvi. Summation 1.

Fig 4. The interdependence of coefficients k1 and k2 for
lake Hakojärvi. Summation II.



Fig 5. The interdependence of coefficients k1 and k2 for
lake Kalajärvi. Summation 1.
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Fig 6. The interdependence of coefficients k1 and k2 for
lake Kalajärvi. Summation II.
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16 -

- 0.01777—4.S79

1 2 3 103d1 k2

k2 k

Fig 8. The interdependence of coefficients k1 and k2
for lake Seinäjärvi. Summation II.
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Fig 7. The interdependence of coefficients k1 and k2
for lake Seinäjärvi. Summation 1.
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Loss reaction kc
159 m3 c’

26 %

Fig 10. The humus budget of lake
expressed as carhon.

WAA

Loss reaction kc
14g m3a1

50 %

dependent according to Eq. (8). If the two
fractions of the model are considered separately,
the ioss coefficients representing the critical point
(k2, k1) can be calculated. At this point the net
transfer between the fractions equals zero. If one
of the coefficients is fixed the other can he de
termined using the linear relationships in Figs 3—
8. Because the molecular weight of fraction 1 is
greater than that of fraction 2 it seems probable
that the net transfer takes place from fraction 1 to
fraction 2 rather than vice versa. In this case the
loss coefficient of fraction 2 (k2) would range in
lake Hakojärvi between 0.0005 and 0.0009 d1 and

Lake Hakojörvi
Input 4 Output --c

coefficients in the tahles represent the average loss
reactinn rates and in a way correspond to the
average temperature in the lakes. If a temperature
cnrrection function, e.g. that nf Streeter and
Phelps (1925) or the modified version of Frisk and
Nyhoim (1980) is applied, the coefficients expressed
at standard temperature (20 °C) will be about
douhle when compared to those in Tahles 1 and 3.

On the basis nf the model application, humus
budgets for the different lakes were computed
(Figs 9—11). In lakes Hakojärvi and Seinäjärvi the
share of the loss reaction was about 50 % while in
lake Kalajärvi it was only 26 ‘15. It should be kept
in mmd that lake Kalajärvi is an artificial lake and
therefore its hydraulics and humus loading condi
tions are different from those in a natural lake.

The humus budgets of the lakes might be very
different if data from other study periods were
used, but the loss caused by decay and sedi
mentation must in any case be considered
surprisingly great, because humus is often thought
to be very conservative in lakes. The possible
errors, however, in determining the humus input
may have a considerable effect on the humus
budgets.

Very few values have been presented in the
litterature for the decay coefficient of humus.
Miles (1983) found that the photochemical degra
dation of humus follows first order kinetics with a
half life of 500 hours, which corresponds to the
value of 0.033 d1 for the decay coefficient. In dark
conditions the decay coefficient could not be
determined by Miles (1983).

The loss coefficient of total humus is much
smaller in lake Hakojärvi, with a long detention
time, than in lakes Kalajärvi and Seinäjärvi. The
dependence of the loss coefficient on the detention
time might be due to the fact that humus consists
of compounds with different decay rates. There
were no considerable industrial or domestic waste
water loadings in the study areas, but the organic
matter discharged to the lakes includes both humic
and non-humic substances (c.f. Schnitzer and Khan
1972). In lake Hakojärvi organic matter is oider
than in lakes Kalajärvi and Seinäjärvi, partly due to
the fact that water reaches lake Hakojärvi through
two smaller lakes (see Pennanen 1980, 1982). The
use of a model with more than one humic fraction
seems to he reasonable. However, the fractions
obtained by means of gel fractionation do not
necessarily correspond to fractions with different
decay rates, but rather correlate with the molecular
weight.

The direction of the net transfer cannot he de
termined using the using the two fraction steady
state model. The loss coefficients are linearly

2.6g rn3o
5.0g m3a1 52%

Lose reaction kc
2.4 g m3a1

48 %

Fig 9. The humus budget of lake Hakojärvi. Humus is
expressed as carbon.

Input 4

57g m3a1

Lake Katojörvi

r,sa
Output

42g m3 o-
74 %

Input +

Kalajärvi. Humus is

Output

28g nr3a’

Lake Seinöjörvi

1 149 m3a
50 %

Fig 11. The humus budget of lake Seinäjärvi. Humus is
expressed as carbon.
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that of fraction 1 correspondingly between 0 and
0.0005 d—1. In lake Kalajärvi k2 would be between
0.001 and 0.003 d’ and k1 between 0 and 0.0004
d—1 and in lake Seinäjärvi k2 would be between
0.003 and 0.004 d1 and k1 between 0 and 0.003
d—1. Because fraction 1 corresponds to the colloidal
fraction, which is likely to sediment, the value 0 is
not probable for the coefficient k1. Studying the
mass balance of the sediment would be one
possible way of estimating the magnitude of the
settling rate coefficient.

The dynamic model presented by Frisk (1985)
would in principle be a suitable tool for deter
mining the different reaction rates. The steady
state model and primary data do not contain
sufficient information for estimation of the
transfer between the fractions or of the shares of
decay and settling in the total loss reaction. The
dynamic description of the behaviour of the
fractions might in principle contain the additional
information needed. In studying the settling
reaction of humus a hydraulic description including
vertical stratification, as in the FINNECO model
(Kinnunen et al. 1982), might be useful.

TIIVISTELMA

Humuspitoisuus on tärkeimpiä vedenlaatumuut
tujia Suomen vesistöissä. Tässä tutkimuksessa on
selvitetty mahdollisuuksia muodostaa humuksen
vesistökäyttäytymistä kuvaavia matemaattisia
malleja.

Malli, jota sovellettiin, on tasapainotilan mas
satasapainomalli kahdelle humusfraktiolle. Mal
lissa otetaan huomioon tulevat ja lähtevät aine
virtaarnat, humuksen häviäminen, joka sisältää
sekä hajoamisen että sedimentoitumisen, ja frak
tioiden muuntuminen toisikseen. Häviämis- ja
muuntumisreaktiot kuvataan mallissa ensimmäi
sen kertaluvun kinetiikan mukaisesti. Muuntu
misreaktioiden reaktionopeuskertoimien abso
luuttisia arvoja ei kuitenkaan voida määrittää so
vellettaessa tasapainotilan mallia. Fraktioiden
muuntumiskertoimet ovat toisistaan lineaarisesti
riippuvaisia ja tätä riippuvuutta luonnehtivat pa
rametrit voidaan laskea taseaineistoja käyttäen.

Mallin parametrit sekä humustaseet laskettiin
kolmelle järvelle: Hakojärvelle, Seinäjärvelle ja
Kalajärvelle, joista viimeksi mainittu on tekojärvi.

Humusfraktiot erotettiin preparatiivisesti käyt
täen geelikromatografiaa. Humuksen mittana
käytettiin orgaanisen kokonaishiilen pitoisuutta.
On huomattava, että käytetty menetelmä ei ole
spesifinen humuksen suhteen.

Kokonaishumuksen häviämiskerroin oli Hako
järvessä 0,00053 d-1, Seinäjärvessä 0,0032 d-1 ja
Kalajärvessä 0,0024 d-1. Tulokseen vaikuttaa
mm. se, että Hakojärven viipymä on pitempi kuin
Seinäjärven tai Kalajärven. Tasetarkastelussa to
dettiin, että Hakojärvessä ja Seinäjärvessä häviä
misreaktion osuus on noin puolet tulevasta aine
virtaamasta, kun taas Kalajärvessä se on vain noin
neljäsosa.
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