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Abstract Based on a set of equations established by Duan et al. (1992, 1996) for a geofluid system H,0-CO,-CH4(-N»), a
formula is obtained to calculate the heat changes. Combining the geological 7-P conditions (geothermal gradients and
lithostatic and hydrostatic pressures), the enthalpy of some typical geofluids is figured out. Then the principles of heat transfer
of deep-derived supercritical fluids are discussed. The result shows that deep-derived geofluids can bring a large amount of
thermal heat and release most heat to the shallow surroundings as they move up, because the molar enthalpies vary very
greatly from the deep to shallow, increasing with the increases of T and P. Generally, more than tens of kilojoules heat per
molar can be released. Furthermore, the molar enthalpy is affected by the compositions of the geofluids, and the molar
enthalpy of CO,, CH,, or N is greater than that of H,O, being twice, more than twice, and about 140% of H,0, respectively.
Finally, a case study is conducted by investigating a source rock sequence affected hydrothermally by magmatic fluids in the
Huimin depression of Shengli Oilfield. The thermal heat calculated theoretically of the fluids related to a diabase intrusion is
quite large, which can increase the temperature near the diabase to about 300°C, and that can, to some extent, account for the

abnormal rise of the vitrinite reflectance, with the highest of about 3.8% (R,).
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1 Introduction

As magmas or geofluids move upward from the deep to
shallow of the earth, the energy carried by them can be
transferred from the inner of the earth into the outer,
which, meanwhile, can trigger various geological
processes in the crust. More and more observations show
that except for the magma, geofluids in the deep play a
very important role in the process of heat transfer. It can
be confirmed that there is a great amount of geofluids
activating inside the earth (Xia et al., 1999; Zhang et al.,
1999). For example, about 800 million tons of CO, are
erupted throughout terrestrial volcanoes in one year alone
(Gerlach, 1991; Zhang and Zindler, 1993). And most of
hydrothermal fluids in the crust have intimate relationship
with “the deep process” (Du, 1996). On the other hand,
“the energy effect” related to fluid migration is quite
obvious and it leaves its geochemical fingerprints in many
geothermal systems, hydrothermal ores, and some
petroleum reservoirs (Xu et al., 1996; Mao et al., 1999; Hu
et al., 2001; Zhang et al., 2001; Jin et al., 2002). Even the
El Nino phenomena are possibly related to heat discharged
from deep fluids below the sea floor (Du, 1996).
Therefore, the energy from deep fluids has an important
effect on various geological processes that have taken

place or are still going on in the outer spheres.

It is necessary to determine the quantity of heat before
“the energy effect” is discussed. For example, how much
heat will be released when supercritical fluids are
discharged from the deep to the shallow? Is there any
difference in the amount of heat for compositionally
different geofluids? These problems have not been solved
yet due to the difficulty of experiments and the lack of
thermodynamic data. Fortunately, a series of equations of
state (EOS) for fluids have been established recently,
which makes it possible to calculate heat transfer
quantitatively. Duan (1996) found his EOS for the H,O-
CO,-N,-CH, system for the most representative of the
deep geofluid compositions. The results calculated by the
EOS agree well with experimental data (Duan, 1996) and
they can predict various thermodynamic properties under
supercritical conditions, including the change of enthalpy.
In this paper, we will deduce the equation to calculate heat
changes based on this EOS firstly. Then the general
principles of heat transfer of deep-derived supercritical
fluids can be summarized according to the results
calculated by the equation. It is believed that this work
will provide valuable information for discussing
profoundly the mechanism of geological processes related.
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2 Basis and Method

2.1 The system selection and the 7-P condition
determination

Geofluids are generally composed of three parts: water
(H,0), salts (NaCl, CaCl, etc. ), and gases (CO,, CHyetc.).
Deep fluids are under supercritical conditions and contain
little salts. Fluid inclusions derived from the deep indicate
that CO,, CH, and N, are the predominant components of
deep geofluids, so we take the quaternary H,O-CO,-N,-
CH, system as representative of deep geofluids.

Deep fluids are of high temperature and high pressure,
which vary with different geological settings. We apply
Pollack and Chapman’s (1977) geothermal model to give
temperature variation ranges (shown in Fig. 1), and
hydrostatic pressures (Phyao) and lithostatic pressures
(Prmo) as pressure variation ranges (shown in Fig. 2).

2.2 The EOS used and the equation deduced to
calculate enthalpy changes

Enthalpy changes (AH) is used to estimate the heat
absorbed or released for a fluid system. To get the AH, it
is necessary to adopt a suitable EOS to deduce the
expression of enthalpy changes. For a supercritical fluid
system, many EOS have been published, but few can
predict the various thermodynamic properties (especially
the enthalpy) accurately in a wide range of temperature
and pressure. Duan (1996) established a new EOS for the
H,0-CO,-N,-CH, system, which can predict the PVT
properties of supercritical fluids in a wide 7-P range. Later
on, the EOS was improved by us and Duan (Sun et al.,
2000). All experimental data of various thermodynamic
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Fig. 1. Terrestrial geothermal
corresponding to depth.

1-7 denote heat flow values, which are 30, 40, 50, 60, 90, 120 and 150
mW/m? respectively, representing different geothermal gradients.

temperature curves

properties (including the PVT data, fugacity, enthalpy and
phase equilibrium) in the range from T, (H,O critical
temperature) up to 1700°C and from O to 10 GPa can be
well duplicated (Sun et al., 2000). It provides a valid
approach for a systematical study of the thermodynamic
properties of deep geofluids. The expression of this EOS
is:
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where P, denotes pressure (10°Pa); T, is temperature (K);
and Vr means volume (dm3); R is the gas constant
(=0.08314467); the subscript r denotes the reference fluids
system (where CHy, is the reference system). Parameters a;
to a4 and € and o as L-J parameters for pure fluids are
shown in Duan’s paper (1996). Parameters € and o for
mixed fluids system, will be given as follows:

€= ii xixjkl.ij\/;s;j o= ii xixij,ij(o-i +0,)/2

i=1 j=1 i=1 j=1

where x; and y.; denote the molar fractions of component i;
k is the interaction parameter between particle i and j. The
value of k; ; and k;,, ; are listed in Duan’s paper (1996).
Based on the above EOS and the definition of enthalpy,
and with reference to the previous work by Duan et al.
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Fig. 2. Pressure variation with depth.
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(1992a, b, c; 1995), the equation to calculate H can be
deduced:

H(T,P)=-2_RT(Z-1)+-2_RT*
154 154
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The symbol AH ‘AH=H(T, P)-H“(T, 0 Pa)) represents
the enthalpy change of the real fluid at T and P of interest
from that of an ideal gas at 0 Pa. The ideal gas enthalpy,
H" (T, 0 Pa), can be derived from the canonical partition
function (Mcquarrie, 1976). The ideal gas N, H,O, CO,,
CH, enthalpy can be calculated from the following
formula:

H“(T,0Pa)=RT[35+0.5hv + —" N
e 2

]
sl _ 1
where h is Planck’s constant, kg is Boltzmann’s constant,
and u denotes the vibrational frequency calculated from
the microwave spectra (see Fig. 6-1 in Mcquarrie’s paper,

1976).
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where 6, is the vibrational characteristic temperature (see
Fig. 8-1 in Mcquarrie’s paper (1976)).

A ws@. 0O,/T
H*(T,0Pa)=RI[4+ ) ( 2T’ +%1*T)
=1 e -1

] H,0andCH,

2.3 Comparison with Experimental Data

The enthalpies of H,O and N, calculated from Eq. (2)
are listed in Table 1 and Table 2 respectively. The former
are compared with the experimental data of Harr et al.
(1984), and the later compared with the data of Angus et
al. (1979) (here, AH is the value relative to 10° Pa and 298
K). It is shown that the enthalpy values calculated from
Eq. (2) agree well with the experimental data; therefore, it
is believed that the equation can calculate enthalpy
changes for various fluid systems.

3 Results

The enthalpy changes for a system are usually
expressed in terms of the molar enthalpy changes. Based

Table 1 The H,0O enthalpy changes derived from theoretical
calculation compared with the values from experimental
measurement (J/mol)

1x10°Pa 1x10 Pa 1x10* Pa 1x10°Pa 3x10° Pa

K
Eq.(2) Haar Eq.(2) Haar Eq.(2) Haar Eq.(2) Haar Eq.(2) Haar

800 749 749 742 741 683 66.7 692 658 933 89.6
1000 835 836 830 831 789 786 799 782 1052 1014
1500 1069 107.3 106.7 107.1 1049 1054 107.5 1079 1329 130.1

2000 132.1 1329 132.0 132.8 1314 132.5 1359 1374 160.9 158.6

Note: Experimental data quoted from Haar et al., 1984.

Table 2 The N, enthalpy changes derived from theoretical
calculation compared with the values from experimental
measurement (J/mol)

T (K) P (10° Pa) AH (Eq.2) (Angus 3};, 1979
300 1 73 716
500 1 6626 6626
800 1 15768 15786
300 50 456 468
500 50 6599 6588
800 50 15837 15841
300 500 -409 —345
500 500 6763 6762
800 500 16660 16648
300 5000 10684 10584
500 5000 17670 17450
800 5000 27872 -

on the above EOS and the conditions of temperature and
pressure which vary with depth, the molar enthalpies of
H,0, CO,, CH; and N, in the supercritical region are
calculated and shown in Figs. 3, 4, 5 and 6. The (a), (b),
(¢), (d) of each figure describe the AH profile on depth
response respectively to the different geothermal values of
120, 90, 60 and 30 mw/m>%. Two curves are plotted in each
picture, indicating that the molar enthalpies are under the
hydrostatic pressure (Hrpwao) Or the lithostatic pressure
(Hy.pine). The molar enthalpy DH is located in the X-
coordinate (kJ/mol), and the Y-coordinate represents the
depth (km). From these figures, we can draw the following
conclusions:

(1) In any case, ranging from the earth’s surface down
to several kilometers, the molar enthalpy for any fluid
system is quite low, only O.n to 1.n kJ. However, it can
amount to tens or hundreds of kilojules (kJ) in the deep,
increasing by two or three orders. This indicates that when
fluids move upward from the deep and reaches the
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Fig. 3. The H,O enthalpy changes vs.depth for different geothermal gradients.
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Fig. 4. The CO, enthalpy changes vs. depth for different geothermal gradients.
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AH (kJ/mol) AH (kJ/mol)
0 10 20 30 40 50 60 70 0 0 10 20 30 40 50 60 70 80 90 100
0 T T - T e 2 T ’ T ’ T T T T T T
10 - s
10 1 q¢=120 mW/m? . 4¢=90 mW/m
20 -
20 1 30 ] P
E Plitho E 1 e
< 30 40 5
& = 50 | Pryar
40
0 60
b
50 o 70 ®)
AH (kJ/mol) AH (kJ/mol)
0 0 10 20 30 40 50 60 70 80 90 100110 120 0 0 20 40 60 80 100 120 140 160
20 1 =60 mW/m? 50 | ¢=30 mW/m?
40
_ _ 100 Piitno
é 60 Piino é
Q Q 150
80 1
Phydm
- Piyare 200
d
120]@ 150 1@

Fig. 6. The N, enthalpy changes vs. depth for different geothermal gradients.
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shallower, most of heat taken from the deep will be
released.

(2) The molar enthalpy of H,O, CO,, CH, and N, will
increase with the increase of depth. For example, under
qo=60 mw/m? and lithostatic pressure, the molar enthalpy
of water is 84.7 kJ/mol at 120 km, while it is 13.7 kJ/mol
at 40 km (see Fig. 3c). This means that if HyO goes up
from 120 km to 40 km, 71 kJ of heat per molar will be
released. If this fluid reaches a sedimentary basin only
several kilometers deep, the enthalpy left will be less than
1 kJ, while more than 80 kJ of heat per molar can be
released.

(3) At a constant geothermal gradient and depth, the
enthalpy under Pjy, is higher than that under Pyyar,, and
the gap becomes wider and wider with the depth
increasing, presenting a reversal ‘V’ shape. In Fig. 3c, the
enthalpy is 33 kJ/mol under Pyyq4, at 80 km and it is 52 kI/
mol under Py, indicating that pressure has a positive
effect on the enthalpy. At depths less than 10 km, the
difference between Phygr, and Pym, becomes smaller with
decreasing depth .

(4) At a constant temperature and pressure, the molar
enthalpy of CO,, CH, or N, is greater than that of H,O,
being twice, more than twice, and about 140% of H,O,
respectively. For example, under the conditions of qu=60
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mw/m?* and Py, the molar enthalpies of H,0, CO,, CH,
and N, are 41.1 kJ/mol, 84.0 kJ/mol, 97.3 kJ/mol and 65.8
kJ/mol respectively, which indicate that these species are
good carriers of heat discharging from the inner of the
earth to the outer.

For a mixed system, such as a binary H,0-CO, system
or H,0-CH, system, or a ternary HO-CO,-CH, system,
the first step to calculate enthalpy is to determine the
mixing parameters according to a certain mixing law.
Then the enthalpy will be calculated by the equation with
these parameters. A typical binary H,0-CO, system
enthalpy and termary H,O-CO,-CH, system enthalpy are
given in Fig. 7 and Fig. 8 respectively. The above
principles are generally duplicated.

4 Application and Discussion

When deep fluids move upward to the shallower parts,
the heat energy carried by them will be transported to the
surroundings. As a result, it will increase the temperature of
a shallow geologic system to create a high geothermal field
and accelerates various geochemical reactions and
geological processes (such as hydrocarbon generation). It is
interesting to know how high temperature will rise on the
earth. According to the above results, a quantitative
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Fig. 7. The H,0-CO, enthalpy changes vs. depth for different geothermal gradients (0.9 H,0+0.1 CO,).
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lower than 1.0%. This fact indicates that the thermal effect
triggered by magmatic water fluids cannot be neglected. On
the other hand, it also implies that heat release relies
mainly on fluid convection, because the fluids above the
bedrock are in a relatively open condition. As a result, heat
is dispersed quickly and the temperature of the rocks above
the bedrock will rise greatly. On the contrary, the fluids
below the bedrock are under a relatively closed
environment, where their convection and dispersion are
restricted, and heat can accumulate in a limited space to
result in the remarkable thermal alteration of hydrocarbon
source rocks.

Fig. 9. The source rock sequence showing increase of vitrinite
reflectance near the diabase bedrock.

4.2 The composition of the thermal fluids and the T-P
conditions (TPX)

To quantitatively calculate the thermal effect, the first
step is to determine its composition and the temperature
and pressure. Compositionally, the whole Jiyang
depression is dominated by basic rocks (diabase and
basalt), and the fluids carried by them are characterized by
a mantle origin. Although the compositions vary in
different samples , CO, is generally the main component. In
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a summary of the compositions of fluid inclusions in the
mantle source rocks, Rosenbaum et al. (1996) pointed out
that CO, is dominant in fluid inclusions in most rock
samples, the next is CO, and there are also minor He, N,
Ar, H,S, SO, and H,O. Zhang et al. (1999) studied the
components of the fluids in xenoliths in several Cenozoic
alkali basalts of eastern China, and gave the average
contents of various volatile species as follows: CO,
54.98%, SO, 30.00%, H; 6.11%, CO 6.22%, CH,4 0.65%,
H,S 0.10% and N, 1.68%. Yang et al. (2001) carried out a
research on Cenozoic inclusions in the peridotite xenoliths
in basalts and in the ultra-high pressure eclogites in eastern
China, and reached at a similar conclusion that CO, is the
dominant component in most fluid inclusions, and its
average content may reach 70 mol% in the volatiles. He et
al. (1996) analyzed the inclusions in volcanic rocks of the
Shengli Oilfield with the Laser Raman Probe. The result
shows that CO,, the dominant component in the inclusions,
varies from 50% to 80%, and there are some other
components such as H,O, Ny, H,, CH4 and H,S. Putting the
typical data mentioned above into a triangle composition
diagram of H,0, CO, and CH, (Fig. 10), it is seen that the
compositions of the deep-derived geofluids tend to be near
the CO, end number. The determination of the
compositions of the inclusions in pyroxene phenocrysts of
the diabase from Well Xia-38 reveals that CO, ranges from
52% to 92% and CH, from 10% to 25%, with varying H,O
and N,. Based on the data above, a typical composition of
the deep-derived fluids is decided as follows: 80% CO,,
15% CH,and 5% H,0. Temperature and pressure are also
determined by a study of the inclusions in the phenocryst,
which gives the following results: 7=720-1160°C;
P=120-200 MPa. In such a way, the PTX conditions for

.
S4-1R. 828
sa.® S153 Yang-258 Sis1
@8(1) Yang-25\Yang-
L 6556 8D Yang RN o103
60 70 80 90

| ] | ] 1

Xmwo 10 20 30 40 50

Fig. 10. Triangle diagram of H,O-CO,-CH,, showing the basic
characters of the compositions of the deep-derived fluids.

the calculation of enthalpy of a typical deep fluid are
determined. Using the equation (2) in this paper, the
enthalpy range of the deep fluids is obtained as AH=45-65
(kJ/mol), with an average of 55 kJ/mol, which is the basic
parameter for prediction of the heat amount that was ever
brought by the hydrothermal fluids from the deep.

4.3 Estimation of the thermal effect

The total amount of the deep fluids should first be
determined in order to calculate the bulk thermal effect.
According to the data in literature, the basaltic magma
contains averagely 2.5 wt% of fluids (CO,, CH,4, H,O etc.),
it can be calculated that the fluid amount related to the
diabase bedrock in the Xia-38 district is about 1x10° t for
its 1.2 km® volume (about 4x10° t in weight at the given
density of 3.3 g/cm®). Suggesting that the deep fluids are of
the typical composition mentioned above, the amount of
the fluids is about 2.6x10' moles. Such fluids contain
averagely 55 kJ/mol of heat as calculated above, therefore,
the total enthalpy amounts to about 1.4x10™ kJ, i.e. 3.3x10
13 kcal. That means the hydrothermal fluid related to
diabase intrusion released some 3.3x10" kcal of heat into
the surroundings.

According to Fig. 9, the hydrothermally affected range
by the bedrock is mainly within 10 to 15 m. The 15-m rocks
above and below the intrusives are ascertained here, so the
total affected volume of the source rock is 20 (km?) x15 (m)
x2=0.6 km>. As the average porosity of the source rocks is
considered to be 15%, the water content will be 0.09 km®
(0.6 km*x15%), about 9x10’ t. The specific heat of water is
about 1 cal/°C.g in general conditions, meaning thatif 1 g
of water is increased by 1°C, 1 cal of heat will be needed.
Therefore, 3.3x10" kcal of heat from the deep-derived
fluids brought by the bedrock can raise the temperature of
9x10 t of water by 367°C. Obviously, the thermal effect of
fluids is quite remarkable. Considering that fluids are
flowing, the thermal fluids near the bedrock will
continually disperse by convection. Therefore, the
temperature is not likely to rise to the theoretically
calculated value. It is suitable to introduce the temperature
gradients, as recorded in the profile in Fig. 9. The
temperature of the rocks near the bedrock is higher than
that of those away from the bedrock. However, above the
bedrock, the better convection results in a lower increase in
temperature, while below the bedrock, the limited
convection leads to a much higher increase in temperature.
In the latter case, R, reaches 3.8%, which implies that the
temperature should be higher than 300°C.

A semi-quantitative calculation has thus been made, but
the geological system is much more complex. For example,
the velocity of the fluid movement cannot be ascertained,
the chemical reactions and/or the water-rock interactions
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during the processes of the heat fluids will have some
effects, and even the heat transfer of the solid bedrock
should be considered. To investigate the “thermal effect” of
a geological system, all these factors should be taken into
consideration.
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