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simulate likely heat and mass transfer for such a fractun 
zone system. Another aim of this study was to investigate 
the conditions under 

ABSTRACX 
A conceptual model is presented which explains the likely 
heat and mass uansfer of the Fuzhou system in the natural 
and exuloited state. The model was extended to 7 km 

such a system can *e@ 
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TABLE 1: Diagram summarizing all parameters used for simulation of the natural 
state model described in the text. 
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TABLE 2 Diagram summarizing ammeters used for simulation of the production 

recharge blocks (covering the extendcd fracrure zone); all other values arc common 
to recharge and pFoduction quarter block model. 

state model described in the text, 9 alues and comments in italics refer to the end-on 
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EIATuBbl, STME M O D E L N S I  fracMt which transferred about 4.5 kgh of fluids per km 
with T = 67'C at the surface in the steady state model, 
values similar to those observed at Fuzhou. If one plots the temperature in the Q-aquifer versus 

distance from the fault trace, One finds that tmpWmS F~~ simulation, a modified SHAFT 79 propam 
dencase almost exponentially (Fig* 2). The plot shows no (Osullivan et al., 1983; Preuss a d  Sckocdkr, 1979) 
syst-tic diffmnce data from the and the was u s e  recharge was controlled by the verticd sector. Chloride data cited in Huang and Gofl(1986) ability of the top layers and by maintaining constant 
indicate an almost constant concentration of this r a d  at the free surface. To for granites 

sector. This, in implies that the shallow aquifer is low permability (0.5 was assigned to the surface 
overlain by rather impemable sediments- As will be lay= and outcropping granites and metamorphics, which shown later, the T-data plotted in Fig. 2 (based on homogenous infiltration for the whole - measurements in 1977) have already been affected by the 
production of fluids prior to 1977. Since only a small 
amount (a few kgls) of hot water was discharged by 
springs before 1970, it  an be i n f e d  that most Of the heat 

and through the walls of the fracture zone. Using data 
shown in Figs. 2 and 3, these losses were estimated to be 
at least 5 m, pointing to an Upflow rate Of 2 15 kgls Of 
fluids at 100 'C (at 500m depth). 
temperature is abu t  22'C. 

A plot of the temperatures in deep wells a 
versus distance from the fracture zone is shown in Fig. 3; 
again, an exponential decrease is indicated. The effect of 
the dip (abut  75' to the E) of the fracture zone has been 
eliminated by using reduced horizontal distances. For 
simulation, the effect of the dip was also neglected and a 
vertical fracture zone of equivalent width was used 

fracture zone (half width model). The presence of the 
vedcal permeability barrier perpendicular to the hcture 
zone (set Fig. I), which prevents mixing of fluids across 
the bank,  as indicated by different mean chloride values 
in each sector (Huang, 1983). allowed us to reduce the 
model further to a quarter block model. 

constituent in the fracture zone and the Q-aqUifer in each outcropping in some innet blocks (set fig. I), the same 

n e  approximate S a C t u R  of the steady state model is 

=fine the 
F~ the that the fracture zone 
had h e n  m a d  at time t 0, and that the t m p c r a m  

undisturbed terrestrial heat flow (initially 80 mW/m*), 
neglecting the heat-generating capacity of the granites 

urcc base and surface. The models were run 
state conditions were reached; observed 
in wells and natural heat loss were used as 

Was lost by conduction through the Shallow overburden shown in ~ i ~ .  4. A trial and mr method was used 
pemeabdity sm"e of the initial 

it was 
The and pressure field was that given by an inferred 

, 
matching paramctcrs, 

paramtters of one of the best fit mode,s which 

steady state tem ratures of this model are shown in Figs. 

a c h e d  after about t = 2 X 106 p The Significant cooling 
effeca at the r ~ ~ ~ u r c e  base (IaYe 11 in "able 1) have 
d ~ d b c d  mendY d m ~ h e r e  

inst&. The model was therefore reduced to one with a ~ x ~ t e l Y  the observed data an listed in Table 1; 

2 and 3. For & model, steady State conditions w m  sveq* with respect to the Plane Of 

al., 1988). 

the theoretical study of a fracture zone by Karsoy and 
Zcbib (1978). . .  In their model they had used a IOOm wide 
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Production of hot water from the Q-aquifer in the N sector 
started in the mid 1960s using shallow wells (av. yield 0.5 
to 2 kgls); deep wells were drilled to intersect the framae 
zone from 1970 onwards (lo of these wells have yields 
between 5-15 kgls). No detailed production history L 
known, and flow meters were only installed in 1984; no 
systematic monitoring of well pressures has been 
undertaken except for sporadic measurement of watcr 
levels in presumably low productivity wells. From 
interviews and sparse data in the 1985 report of the Fujian 
Team we constructed idealized abstraction scenarios for 
equivalent quarter blocks in the N and S sector which arc 
shown in Fig. 5; plotted also arc average pressure drops in 
the Qaquifer for the period 1977-1983. Only abstraction 
rates after 1984 arc well documented. 

It is obvious that, with the sparse data shown in Fig. 5, the 
pressure response of any realistic model cannot be fully 
tested, but the data provide some restraints which allowed 
revision of the natural state model. For this, it was 
assumed that the observed average pressure drop in the Q 
aquifer is the mean of most of the wells shown in Fig. 2 
which lie between 150 to 600m away from the fracture 
zone. Simulation of the pressure response was limited 
initially to the S sector where production comes almost 
entirely from the fracture zone. 

Using the inferred abstraction scenario for the S sector it 
was found that the natural state model responded with too 
large pressure drops, amounting, for example, to -1.5 to -5 
bars in the Qaquifer after only 8 years production (Le. 
1970 to 1978) whereas the reported average drop in 
pressure was no more than about 2 bars after 13 yrs 
production in the S sector (about half as high as that in the 
N sector). Obviously, the natural state model did not 
allow for sufficient recharge. 

A sensitivity analysis of various model parameters showed 
that each of the following Educed somewhat the pressure 
drop (in comparison with that of the natural state model): 

(a) increase in permeability of Q-aquifer to about 300 
mD and moderate increase in thickness of Q- 
aquifer. 

increase in permeability of granites in the blocks 
adjacent to the fracture zone by up to one order of 
magnitude; 

(c) addition of two end-on recharge blocks 
(dimension 3 x 10 x 7 km each) allowing for some 
crossflow and for higher iezo-metric levels in the 

Inclusion of (c) produced the interesting result that, by 
increasing the vertical permeability in the fracture zone of 
the outer block above a critical value, the fluid flow in the 
fractu~ zone in the "production" block (see Fig. 6) could 
be reversed (critical value in our case was 30 mD). The 
high pameability of fracture tones associated with naRKal 
convection must therefore be confined in axial direction. 

None of the three changes listed above was sufficient to 
produce a pressure response similar to that shown in Fig. 
5. All three modifications were then incorporated in the 
revised model shown in Fig. 6, with the additional 
modifications: 

(b) 

outermost blocks to sim UE te gross terrain effects. 

(d) reduction of heatilow at the bottom from 90 to 70 
mW/mz to reduce the rather high mqzawcs  in 
the fractm zone caused by (c); 

reduction of permeability with depth for the 
granites by up to half an order of magnitudq forthe 
same reason as described in (d). 

slight increase in thermal conductivity of the 
sedimentary c o v a  to reduce too high tempcratuzs 
in the Qaquifer caused by (c). 

(e) 

(0 

0 zoo 400 600 

Horizontal distance from feult tmce 4 n ) 

Fig. 2 Tempcram in Qaquifcr (5Om depth) plotted 
versus distance from median fault tract. Distances and 
temperatures were taken from Huang (2983). All 
temperatures were measured in 1977. Also shown arc 
theoretical temperatures of the natural state model (Table 1) 
and temperatures of the production model (Table 2) after 10 
years production (1980) in the S sector. 
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Fig. 3: Tempcram at 4501x3 depth plotted m u s  rcduccd 
horizontal distance (is. horizontal distance between well 
and median fault plane for a 75' E-dipping plane at 4Hhn 
depth). Shown also arc the temperatures predicted by the 
natura3 state and the production model which axe almost the 

* 

same. 
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a-equiior . 

fracture ~ o n o  

/ 
Median fault Plane , 

/ a-equiror Fig. 4 Schematic diagram of n a n d  state, quartet block 
model (for details. set Table 1). Median f o u ~ t  plene Fracturo Zone 

Fig. 6 Schematic diagram of production stage, quarter 
block model (for details, see Table 2). 
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With these modifications we obtained a production modcl 
shown in Fig. 6 (parameters listed in Table 2) which, for 
distances between 200 and 6OOm away from the fracture 
zone, produces pressure drops (-2.5 to -3 ban) in the Q- 
aquifer which arc of the same order of magnitude as the 
observed mean value (about -2 bar). In addition, 
temperatures in the Q-aquifer were obtained for 1977 
which are somewhat closer to the observed data than those 
given by the steady state model (see Fig. 2). Using the 
abstraction scenario of the N sector, the model also 
reproduces higher pressure drops as observed in Qaquifer 
wells in the N sector but the computed values are 
significantly higher (up to 50%). Since the locality of 
wells for which piezomeaic level changes were observed 
arc not known, further refinement of the "production" 
model is not justified. An interesting finding is that the 
temperature at the bottom of the fracture zone (block F11 
in Fig. 6) is about 154'C. close to that indicated by the 
Na/K geothcrmomettr. 

SUMMARY 

Simulation of the Fuzhou geothermal system has shown 
that in the presence of a deep-reaching, highly permeable 
fracture zone, natural convection can be established, even 
within rocks with low overall permeability, such as 
granites. For a steady state system to develop, the size of 
the convection cell must be finite, and the axial extent of 
the highly permeable fracture zone must be l i i t ed  (about 
3 km in the case of the Fuzhou system). High 
temperatures in the fracture zone can be the result of the 
combination of any of the following parameters: high 
permeability and extended width of the fracture zone, 
higher heatflow at the resource base, significant horizontal 
pressure gradient between recharge blocks and fracture 
zone (Le. higher piezometric levels in the outer recharge 
blocks). By combining all t h m ,  we could simulate 
boiling point temperatures in the Q-aquifer using the 
"production" model shown in Table 2. This might explain 
why some wide fracture zone systems, like that of San 
Kamphaeng in Thailand (Hochstein et al., 1987). can 
discharge hot water at boiling point at the surface in the 
natural state. 

The study has also shown that, with respect to recharge 
characteristics under exploitation, the Fuzhou prospect is 
rather anomalous since dominant recharge is provided by 
a highly permeable, shallow aquifer. Analysis of the fluid 
flow of the "production" model indicates that about 98% 
of all produced fluids arc recharged after 10 years of 
production (about 55% from Q-aquifer and 43% Erom 
upflow in the fracture zone), which explains in part the 
rather small pressure drop resulting from the exploitation 
of such a small reservoir. Since most of this recharge 
enters the fracture zone at the top (ix. by downflow), a 
significant amount of heat can be extracted from the hot 
rocks inside the ! l a m  zone. In this case, the energy 
potential can be obtained from a simple stored heat 
calculation or by using the planar fracture assessment of 
Bodvarsson (1974). This assessment cannot be used foe 
fracture zone systems which arc not associated with a 
recharging shallow aquifer and which would exhibit 
significantly lower energy and mass flow potentials than 
the Fuzhou system. 

We would like to acknowledge the assistance of hfr Zhang 
Zhenguo (Milristry of Geology, Beijing) who provided 
selected data of the report compiled by the Fujian 
H~drogeological Tcam Ivprof. M.J. O'Sullivan assisted 
wth simulation of the initial models. A/Prof. S. Ehara 
received the Mitsubishi New Zealand Ltd. 1987 
Fellowship to undertake part of this study at the 
Geothermal Institute, University of Auckland. - 
At the proof stage we found that a map used originally for 
defming the width of the quarter block models contained a 
small scale cmx the actual width is about 2.5 km instead 
of 3 km used here. The scale of Fig. 1. however, is 
correct By proportional increase of permeability of all 
blocks, the same heat .and mass transfer pattern can be 
obtained as presented in this paper. 
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