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INTRODUCTION

There are numerous documented cases of extraction of fluids from the
ground causing surface subsidence. The cases include groundwater, oil and
gas, as well as geothermal fluid withdrawal. A recent comprehensive review
of all types of man-induced land subsidence was published by the Geological
Survey of America (Holzer, ed. 1984). At the early stages of a2 geothermal
power development project it is standard practice in most countries for . an
environmental impact report to be reguired. The possibility of geothermal
subsidence has to be addressed, and usually it falls on the geophysicists
and/or geologists to make some predictions. The advice given is vital for
planning the power plant location and the borefield pipe and drain layout.-
It is not so much the vertical settlement that occurs with subsidence but

the accompanying horizontal ground strains that can do the most damage to

any man-made structure.

Nature of Subsidence

The common terminology is that subsurface compaction (i.e. loss of
volume) causes deformation at the surface or subsidence. The
characteristic relationship between a compacting zone and a subsidence
'bowl' is shown in Fig. 1. Note the convex curvature of the surface around
the edges of the bowl which results in tensional effects, and the concave
curvature in the central part of the bowl which causes compression.
Subsidence over geothermal reservoirs typically has horizontal dimensions
of kilometres, and vertical dimensions of usually centimetres or at most
metres. Precise levelling technigues, using & network of permanent

benchmarks are therefore necessary to delineate the surface deformation.

Care is needed when considering subsidence anomzlies to identify

whether the surface deformation could have a non geothermal origin. For
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example most geothérmal‘fieldsfére in tectonically active zones, and there
could be regional, tectonic movement within the field. Across both
Broadlands and Wairakei fields in New Zealand there is the order of 5 mm/y

of subsidence related to rifting in the Taupb Volcanic Zone. At The

Geysers, California, reservoir compaction effects must be separated from .

the regional shear (Denlinger et al., 1981) associated with the San Andreas
fault zone. Land slips and soil creep may disturb benchmarks, and the
vibration or intermittent loadingbof“hgavy vehicles on roads can also cause
local settlement. At Cerro Prieto field, Mexicé, a 25 cm settlement is
inferred to have occurred southeast of the Power Plant during a magnitude
6.1 earthquake in 1980 (Grannell et al., 1984). The borefield and the
power station at Krafla field Iceland, tilt in accordance with inflatiop :

and deflation of the nearby volcanically active rift zone.

A combination of factq::s’méy thérefore coﬁéribuie to ground movement
within the borefield. 1f poséiﬁle';heée shonldrbe removed to resolve the
geothermal withdrawal componentQ Subsidgncé anpmalies which éxtehd far
beyond inferred field boundaries, and whiéh bear no relationship toréither
the shallow or deep extent of,ho; water should_be ihﬁerp;eted.cautiously -

the anomalies may not be due to geothermal exploitation.
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Fig. 1: Characteristic surface deformation in response to subsurface
compaction (from Viets et al., 1979). ' T

Cause of Subsidence

The theoretical beasis for consolidation in porous rock is Terzaghi's

concept of effective stress which states that the total stress (aT) is



(; ‘supported by the intergranular (effective stress (oe) plus the pore fluid

pressure (P).
i.e. o = o, - P M

In many hydrologic situations (especially confined aquifers) the total
stress change remains relatively constant when P changes, so O varies

inversely with P.

Empirical studies on rock compression have shown approximately linear -

relation between the effective compressive stress and the resulting volume

change. If AV/V is the fractional volume change, Aoe the effective stress’

change, then
bo, = -KAV/V = =(c.) av/v ' - (2)

¢, is the bulk compressibility of the rock, which is the inverse of the

b:lk modulus (X). It varies by over four orders of magnitude, and is
strongly dependent on porosity (Table 1). The theoretical minimumrbulk
compressibility is 1 x 10 6 bar I, which is the value for the mineral
grains themselves (e.g. qﬁar:z, calcite). In both sedimentary and
volcanc-sedimentary sequences the porosity usually decreases with depth,
which means the bulk compressiblity also decreases with deﬁth. Very often
in geothermal fields any formations with high porosity .and high
compressibility will be near surface. These formations would not have been

subjected to a burial load over geclogic time which naturally decreases

porosity and compressibility.

The bulk compressibility, or modulus can be measured in a laboratory =
it is a standard measurement in soil mechanics or civil engineering studies

(Fig. 2). Most commonly, uniaxial compressibility is measured by confining

the sides of a disk shaped sample, and increasing the load on the top face.

The thickness of the sample is measured against the applied load, with
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TABLE 1: Range of compressibiliﬁ?land porosity of someirock types and
minerals. Multiply compressibilities by 10 5 to convert them to

pa l.
Compressibility (bar !) . Porosity
Clay/Pumice 10 1-1073 30-80
Sand/ 10 2-107% '20~50
Gravel 10" 3-10"S ‘ © 10-30
Jointed rock 10 3-10"5 3-10
Sound rock 107%-1076 . <S
Quartz 1.6 x 106 -
Water . 4.4.x 105 -
L
4 Porous L
stone l 5Cover plate . R I
Ring \;5.‘&'. T 29, 0.0 Ring

Sompie of
cross~-sectiong!
oreo -8

Somple’

- b .
l""‘ ’—1 T e 9.4 6 oat r]araose

Fig. 2: 7Two types of consolidometer in use for compression tests of porous
rocks and soils. b is the original thickness of the sample; L is

the load. .
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fluid pressure being monitored independent1y. ~Sihce the area of the sample

_remains constant, and the rock particles/minerals are relatively

incompressible, changes in thickness are equivalent to changes in pore
volume.~ Ifsv ‘is the particle volume of the,sample,,vf is the pore volume,
then the ratio Vf/vP will be proportional to the thickness of the sample
(n.b. porosity = Vf/(vf,+ Vé). Examples. of épmprgssible behaviou; of rock
samples are shown in Fig. 3. Often the compressiblity increases after an
initial effective stress increment. - This represents a transition from a
preconsolidation phase into a virgin compressibility phase. If the load is
decreased, the rock behaviocur is elastic if the o;igihal thickneés’is
mostly recovered, or cataclastic if there is littie'fecovefy. Allis ané
Barker (1982) showed that‘éumice‘and_pumice,brecc;arsgmplgs from Wairakei

field underwent cataclastic compression.  This means that if field



(i bressures ever recovered, there would be little rebound of the ground
- surface. In fact the three year production test at Broadlands field ‘;
{similar rock types) caused significant subsidence but no rebound occurred

once fluid pressures recovered.
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Fig. 3: Typical consolidation behaviour of rocks. The compressibility is
calculated from the slope of the curve. -

The uniaxial compressibility (cm) can be calculated from the expression

cp = de/(1 + e )/bo, v. -3

{ e, = initial value of void ratio)

rqw s

If B is the ratio of éﬁain boﬁpressibility to bulk compressibility, then .

{(Geertsma, 1873)
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where v = Poisson's ratio.

Since v is usually in the range 0.15-0.35 and B8 is usuélly very small,

—

Cn ™ 0.5 Cp* Often the variability or uncertainty of y is.so large that

Cn and cb can be interchangable for order~-of-magnitude compaction

calculations: 1In such cases the 1-dimensional expression for

compressiblity is used:

—

€n ~ Ah/HAoe (5)

where E = initial thickness of formation with compressibility Cnt Ah is the

syl

amount of compaction for an effective stress increase Aoe.

e

QUESTION la: The production zone of 2 reservoir is fractured ahdesiﬁe with

|

2 compressibliity of 10 5 bar 1. After 10 years of production a pressure
drop of 20 bars has occurred. Assuming the production zone to be 1 km

(‘ thick, calculate the compaction (i.e. subsidence - assume stress relief
from mass withdrawal is insignificant).

(Answer = 20 cm)

£

QUESTION 1b: During the 10 years of,production the average temperature has
declined by 10°C. Assuming 1-& thermal contraction with a coefficient of
1 x 10 5 ¢! for the andesite, calculate the thermally induced subsidence.

o

(Answer = 10 cm) -

-

QUESTION ic (optiongl): Whaﬁ #ﬁs the average rate of hegt~ektréction from

the 10 xm? area of reservoir (in MW). Assume specific heat of rock is 1 x

103 XJ/kge°C, density is 2400 kg/m3.
(Answer 800 MW) AL e w o e ; R

As mertioned earlier, when éstimzting‘thé effective stress change in

the reservoir it is often assumed that the total stress remains constant.

“

.



o~

This can be shown to be approximately so at Wairakei field, where the
draw-off of water has caused a 25 bar decrease. Gravity change studies
have shown the average liquid saturation in the newly formed steam zone is
around 0.7. That is, 30% of the pore volume has been drained. Since the
porosity is around 30%, approximately 10% (0.3 x 0.3) of the rock volume
has been drained of water. Therefore the stress relief caused by the mass
loss is forming the steam zone is one tenth the stress increase caused by
the pressure decline. The relationship between pressure change and

effective stress change is shown in Fig. 4.
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Fig. 4: Changes in pressure and stress profiles at Wairakei field as a
result of 25 bars of drawdown during exploitation.

Identifving Potential Subsidence Areas

The preceding discussion has highlighted the two key parameters
controlling subsidence: very compressible formations, which if present
tend to be restricted to shallow depth (especially the uppermost few
hundred metres), and the effective stress change, which tends to increase

with depth to ke a maximum in the main zone of production {(usually >500 m
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depth). Thus in a geothermal field, the greatest risk of a subsidence

problem occurs when the deep reservoir liquid is drained from shallow parts

of the field. That is, the pxék;fre drop due tofdeepef,?foduction, is able

to propagate to shallow depth.  In general this means it is the outflow \
zones of liquid dominated reservoirs which present the greatest subsidence
risk (Allis{ 1982), as these zones represent pgtmeable paths from the
reservoir towards. the surface. -In addition, the alte;a;ion of the country
rock in the outflow zones (espe:ia;ly to clays) will ﬁavé enhgnced the 4
compressibility of the rock. Broadlands and Wairakei fields in Newriealand
demonstrate this relationship well -~ the main subsidence areas are‘very'
close to the relatively small area of the field where groundwater responds

to drawdown at depth.

Vapour-dominated fields , and parts of liquid-dominated fields which
are capped by steam-heated thermal activity generally represent lower-risk .
subsidence areas. The presence of a steam zone tends to insulate deeper
drawdown from propagating to shallow depth. In fact, deperding on tﬁe
vertical permeability in the upper few hundred metres, fluid (§team)

Pressures may actually increase with time during deeper drawdown of a

. two-phase liquid zone. Fumarole vent pressures and temperatures at Craters

of the Moon thermal area in Wairakei field increased during the_mid—1960's
when the rate of -drawdown of the deep liquid reservoir was at maximum. A
summary of the subsidence characteristics of four geothermal fields is

given in Table 2. More detailed discussions of geothermal subsidence case

studies can be found in the references.

Effects of Subsidence

Along'wiih vertical séﬁileﬁent of thé‘groﬁﬂdlburface in a subsidence
bowl, there are associated horizontal movements towards the centre of the
bowl, horizental tension and compression zones because the horizontal
movements are”nbn-uniform; and tilt of the ground surface. In a geothermal
borefield these effects can bg more serious than the vgrtical settlement.

A summary of the surface deformation around & subsidence bowl 'is shown in

Fig. 5. Note that the horizontal movement is proportional to the first




derivative (horizontal) of the subsurface §rofi1e:

strain is proportional %*o the second derivative.

and that the horizontal

The tilt, of course is

the gradient of the ground‘surface which 'is the first derivative of the

subsidence profile.

It can be shown from simple beam theory that the

proportionality constant relating the second derivative of the subsidence

profile (i.e. surface curvature) and the horizontal strain is equal to the

depth to the zero strain plane. Experience at Wairakei field suggests the

depth to the compacting horizon lies between one two times that depth (D =

100 m at Wairakei, Allis and Barker, 1982).

TABLE 2:

Area affected

Area of intense
subsidence

Meximum
subsidence

Maximam
subsidence rate

Horizontal
movement

Reservoir
rock type

Typicai
production
depth

Producing
fluid

Typical
production
rate

Pressure
drawdown

Wairakedi
>25 xm?

1 km2

>10 m (1985)

0.4 m/y

max. 125 mm/y

(1968-1979)

volcanic -
sedimentary

500-1000 m

240°C water

1500 kg/s

max. 3 b/y (liquid)

(1960-65)
0.5 b/y (steam)
{1970-1980)

Broadlands
10 km?

1 km?

0.3 m (1977)

0.1 m/y
(1969-71)

10 mm/y
(1969-1975)

volcanic -
sedimentary

500-1200 m

260°C water

600 kg/s
(1969-71)

max. 5 b/y
(1970-1971)

Comparison of four geothermal subsidence areas

Kawerau
15 km2

1 km?2

0.25 m (1982)

0.02 m/y

volcanic -
sedimentary,
greywacke

500-1000 m

240°C water

200 kg/s

0.2 b/y?

The Geysers
100 ¥m?

5 km?
0.2 m (1977)

15 mm/y
(1872-1877)

greywacke

500-3000 m

240°C steam

1200 kg/s
(1977)
maximum steam

pressure drop
exceeds 20 bars
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PLAN VIEW-
OF TYPICAL

© SUBSICENCE
BOWL
< Ground Surface
1)
Possible
Fissu'ing«
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Fig. 5: Relationship between vertical ‘and hor;zontal movement in a typical
subsidence bowl (‘rom Vzets et al., ‘1979).
A very brief review of the surface el ects of subsidence are given here

- for 2 complete review, refer to V‘ets et al., (1979).

Vertical settlement - Because of the relatively large diameter of the
subsidence in geothermal fields (~ km) the vertical movement often has &
relatively small effect on surface structures. The main concern is where
the water table is initlally close to or at the eurfaee. ’Vertieal
settlement causes the water level to rise relative to the ground surface,
and flooding can occur.r Th;s has happened in the Wairakei Stream at
Wairakei fielgd, but £oftunately the rising water level hasrnot caused any

damage.
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Tilt and Differential Settlement - Tilt is towards the centre of the
subsidence bowl.l It is generally only important in relatively small, high
amplitude subsidence bowls, such as at Wairakei. Two types of damage can
result - rigid body tilt is important with tall structures and can effect
the levelling of sensitive machinery, misalignment of eievators, and also
micro wave beams on tall towers. Tilt will also change the grades on long
drains, canals, of pipelines. The maximum tilt at Wairakei has been about
one degree. Differential settlement due to tilt results in angular

distortion and possible rupture of the structure.

Horizontal Movément and Strain - The maximum movement occurs at the
point of inflection on the subsidence profile. Movement is everywhere
towards the centre of subsidence. The result is compression inside the’
point of inflection, and tension on the outside. Generally the horizontal
strain in rigid structures is less than that in the underlying ground due
to some detachment and slipping. Iong, rigid structures are the most
sensitive to horizontal strains. This is very important in a geothermal
borefield where there are pipelines and drains. At Wairakei, the concrete
drains have cracked in the tension zone, whereas in the compression zone, a
sliding joint is necessary to relieve the strain (average movement of 10
cm/y). Every five years or so, sections have to be cut out, or added, to
the pipelines at Wairakei where they traverse the tension and compression
zones of the subsidence bowl. Roads, curbing, and concrete floors in large
buildings may also crack if under tension. The ground surface itself may
crack in the high tension areas. If transmission lines pass over the
subsidence bowl (as at Wairakei) then adjustments may have to be made every

few years to keep the line tension even on either side of the pylons.

Subsurface Deformation - The horizontal and vertical movements
occurring at the surface also occur between the compacting zone and
surface, giving rise to vertical and horizontal shear stresses. If the
casing in a well is poorly connected to the country rock, protrusion of the
wellhead above the ground may occur (assuming the well extends below the
compacting zone). However in most geothermal situations the casing at.
shallow depths is cemented.in, so the shear stresses cause buckling,

bending, or as is common at Wairakei, compressed joints (Bixley and
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Hattersley, 1983). At Wairakei, the compressed joints occur over the -
interval of the compactlon zone, and the bend;ng that has been confirmed in
one well is half ‘way between the surface and the compactlon zone. Many ‘of
the wells at Wa;rakel have sufferred casing damage, but none of the damage

has been sufficient to cause wells to be shut-in.

Counter Measures '

There is not a lot that can be done to alleviate subsxdence problems
once they develop in a geo.hermal fzeld.r Once the cause has been
established (usually pressure drawdown) and the depth and thxckness of the
compaction zone is known, the only course of action is to minimise the
drawdown in that formation. This could be done by shutting in produciné
wells in the vicinity, if they are known to be drawing fluid from the
compaction zZone. Alternatlvely, injecting waste water into the compactlng
zone may be feasible. If the compac*ing zone is in the steam zone this
injection of water may initially conden;e steam and drop pressures even
further. However, depending on the permeabilityﬁit may be poSsible to keep
the compacting zone liquid filled, .and therefore,maintainhfluid pressure.

By far the best practice is to identify hich-risk shbsidence areas
before major field development occurs and plan development around these
areas if possible. Areas of intense thermal activity should be avoided
because of the effects of hydrothermal alteration; in particulaf outflow
areas where reservoir water rises to shallow depths are especially prone to
subsidence, as mentioned earlier. Highly porous or clay-rich zones at less
than 500 m depth which initially contain reservoir liguid may have .
relatively high compressibilities, 2né these zones ma2y ‘experience a large
fluid pressure decline once production starts. Such fo*mations should be
identified from early wells, and thexr xsopachs should be napped as
drilling proceeds.  An early shallow well to monitor pressure and

temperature in a potential compaction zone may be advisable.
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Purther Information

Reviews of subsidence case studies and the theoretical interpretation -
of subsidence data can be found in Holzer ((ed.) 1984, espec;ally papers by
Helm, and Narashimham and Goyal). Refer also to Helm (1982), and Miller et
al., 1680). Wairakei Field has become a classic example of
geothermal-induced subsidence, because of the extreme amplitude of
subsidence (>10 m in 1985) and because the associated surface effects are.

so apparent. The review of Allis and Barker (1982) is therefore given as

an appendix to this paper. Note that discussion in this paper on the cause

of the subsidence at Wairakei differs from earlier ideas reviewed in

Narasimham and Goyal (1984).
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INDUCED SEISMICITY DUE TO GEOTHERMAL EXPLOITATION

R.G. Allis
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The revelation that injection of water into the ground could trigger
seismicity occurred during the pumping of waste waters into a 3.8 km deep
well in the Rocky Mountain Arsenal (near Denver) during ‘the 1960s. In
analysing the data, Healy et al., (1968) attribuﬁed the anomalous séismic
activity to pore pressure increases occurring at depth. Subsequently there
have been many similar reports of induced seismicity, and the use of high
pump pressure tests to induce hydrofractﬁring and to determine the

magnitude of stress in the crust have become commonplace.

High pore pressure is not the only way of triggering earthquakes. Both
the loading of the earth's surface with large water reservoirs {(dammsd
lakes) and the unloading that occurs in large mines or guarries may also
induce seismicity. In fact, any activity that changes the stress regime in
the earth is likely to induce earthguakes. A recent review of this subject
is given by Simpson (1986). Before discussing the incidence of induced
seismicity in geothermal projects, a brief review of possible mechanisms is
given first. Theoretical details can be found in any text book on rock

mechanics (e.g. Jaeger and Cook, 1976).

Mechanisms of Induced Seismicity

Laboratorf experiments on sliding or failure in rocks have established
a linear relationship between the shear stress (1) acting on a plane of
weakness, and the normal_stress (on). This is commonly referred to as the
Mohr-Coulomb failure criteria, and is expressed as:

+
T = T, tuo (1)

where y = coefficient of friction (sometimes expressed as Tan ¢ - see below).

and To = the cohesive strength.

If the rock is filled with fluid of pressure P, the total stress on the

rock is borne by the effective stress (due to grain to grain contact) and
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‘i‘iirj by the fluid pressure. The effective- stress is therefore the total stress

H
i
i
|

minus the fluid pressure, P {(in fact all principal stresses are reduced by

o
Li ’ P) . The equation above therefore becomes:

T o= 1, +ule, - P) (2)

-

Thus as fluid pressure increases, the shear stress necessary to cause

failure decreases. If the rock is already close to failure, a small
increase in fluid pressure may trigger a rupture. This is the essence of

induced seismicity caused by pore pressure chances.

—

The general relationship between stress changes and rock failure can be

shown diagramatically (from Simpson, 1986). Oy Py, c3 are the maximum,

|

intermediate, and minimum principal (orthogonal ) stresses acting on a

rock. The shear stress and the normal stress acting on a plane can be

——

related to the principal stresses by the following egquations, if o is the

angle between the plane and 0q:

g

1 = ¥lo, -0y Sin 2 o ©(3)

o = 1&(01 +o3) ¢+ }Q(Ot -'qz?'CQs;Zg‘ | . (4)

[ i
p——

These equations mean that T and o, lie on the arc of a circle (the 'Mohr'

circle) as shown in Fige 1. Where this circle touches, or overlaps the

-

failure line given by equation 1, the rock will fail for the appropriate

value of angle c. Since the effect of a fluid pressure P is to reduce all

sl

principal stresses by P, «7 remains unchanged {(radius constant) but oy is
reduced by P. Thus the Mohr circle movesvcloser,to the failure line by the

value P. Note that the o, in the -failure line is the total normal‘stréss

r.

on the rock in this case (not on -.P).

The various ways of causing the Mohr circle-to shift towards the

LS

failure line are illustrated in Fig. 2 (a2fter Simpson, 1986). In ﬁddition ;

local stress perturbations may result from tbermal contraction (boiiing or

r—

cold water invasion in a geothermai'reservoi:) or from compaction induced

by pressure decline. The latter is revieved bererkes'ahd Castle>(1976)

r

and has occurred during the eitrattion of hydrocarbons from reservoirs with

highly compressible rocks.
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CASE STUDIES

New Zealand

The only reported occurrence of ‘induced seismicity in New Zealand.

occurred during a cold water injection experiment in 1984 (Sherburn, 1984;

Allis, et al., 1985).
had shown no anomalous
(Evison, et al., 1976;

seismic monitoring 120

occurred during the nine days of injection testing (Figs 3 and 4).

Hunt and Latter, 1982).

local earthguakes were recorded;

Previous microearthquake sﬁrveys during the 1970's

seismicity near borefield or geothermal areas

Over a six week period of
90 of these -
The

static water level in the well was 240 .m below ground surface. During the

pumping, wellhead pressures rose to a maximum of 35 bars g., causing a

maximum overpressure of almost 60 bars.

H

resiativity pouncary

i
AW ! c e
S e °

aikate R,

reinjection .

wes under /
investigation

Y il
remjection

/=

Figvr¢3 Location of WK30!, and cthe reinjection 3rez  undes.

investigation. The resistivity boundsry of the field is from Risk and others
(1984). Triangles denote microcarthquake stations: closed circles are - °

epicentres of earthquakes locsted during the first injection test; opencircies
are epicentres Jocated during the second injection rest: crossed circles are
epicentres of & 17-minute swarm of earthquakes during the second
injection test (refer to text). e - -

impermeable, but the

HUMDER OF EARTHOUAKES

The well was-initially relatively

T e . \mcvmmoas/ oI5

nits

W ger monvaL (0

<o
o 0= 12
] 1330

T

w0 .2 3 s W0yt
. Figure . Histogram of the numnber of earthquakes tecorded at the WK35
site during the monitor period An S-P interval of 0.9 s sepresents
“spproximately 3 km. - : ;

2 2s

injectivity increased in sudden juhps during the

pumping, which were presumed to be hydrofracturing evehﬁs. Th§ jumps aia

not correspond to recorded seismic events. Although the 1ar§est events had .

a2 magnitude of only +1.5, ‘they were sharply felt, because of their shallow.

depth. The epicen;res of ‘the induced ‘events had a roughly elliptical .
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distribution about the injection well, with the more distant events
occurring outside the resistivity boundary of the field. The b-value of
0.8, and the composite focal mechanism solution indicating dextral strike
slip movement on a NE trending plane, were both similar to those reported
in the earlier microearthgquake surveys. Therefore the induced events were
interpreted to be relieving the regional stress in the vicinity of the

well.

Italy

Reinjection of fluids into several of Italy's geothermal fields'havg
caused induced seismicity. Two reinjection tests into well RA1 in Torre
Alfina field (approximately 100 km southeast of Larderello) in 1977 caused
a clear increase in local seismicity (Batini et al., 1980). . Focal depths
were relatively shallow (<3 km) and concentrated around the reinjection.
well (generally less than 2 km distance). The maximum magnitudes exceeded
3.0. Most of the induced events occurred when the wellhead pressure

exceeded about 5 bars g.

Pump tests in a well in Latera Field (near Torre Alfina) caused similar
results. The magnitudes ranged between 1.5 and 2.0, with the located
events clustered in two areas: one cluster about 500 m south of the well
with focal depths of around 1 km depth; and the second cluster about 1 km
northeast, with focal depths up to 2 km depth (Batini, et al., 1980).

Injection tests at Cesano field (40 km north of Rome), during 1978
triggered seismicity which appeared to occur above a certain pressure
threshold. Later in one test, relatively little induced activity occurred
despite rising fluid pressure (Batini, et al., 1980). A second injection
test with slowly increasing wellhead pressure caused induced events aftex
about 24 hours of injection, when the wellhead pressure exceed 80 bars g.

The maximum magnitudes was 2.0.

The Larderello-Travale field has a high level of seismic activity, but

the magnitude of the events rarely exceeds 3.0 (Batini, et a2l., 1985). The
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Figs 6-8: Characteristics of induced seismicity at The Geysers, California.
(From Eberhart-Philips, 1984, and Oppenheimer, 1986.)




power plants starting up (Figs 7 and 8). The activity seems to be
‘continuous rather than in swarms, with a maximum magnitude of 3 (one event

per year, Ludwin and'Bufe, 1980).

No. correlation between injection wells and seismicity has been
reported; The‘mechanism of the induced seismicity remains in doubt.
Denlinger and éufe.(1981), and Denlinger et al., (1982) suggest that
cooling ;nd.cohtrACtion on fracturé surfaces are tfiggering the events.
Allis (1981, 1982) suggests thaﬁ aseismic deformation due ;6 regional
stress may be converted to stick-slip (seismic) deformation due ﬁo either
an ihcrease in the coefficieﬂt of friction on fracture surfaces, or to a
large increase in effective rock pressure. The latter could only occur if
ﬁhe'reservoit was liquid dominated, and therefore may only be applicable at
>3 km depth. The former mechanism could be due to dehydration and
hardening of clay and fault gauge, and by the precipitation of silica on
fracture surfaces. Oppenheimer (1986) has reviewed all the data, and
considers the evidence equivocal. He also points out that the earthquakes
are induced at depths of up to 3 km beneath the bottom of wells, but
generally only at distances of a few hundred metres laterally. This is
attributed to the vertical gradient in the maximum principal stress being
greater than that of the minimum principal stress (similar to the injection
experiments at Cornwall, England, Batchelor and Pine, 1984); A change in
the focal mechanism solutions is also apparent at about 1 km depth. At
shallow depth some reverse (thrust) solutions are present in addition to
predominant strike slip solutions. Below 1 km depth, fault plane. solutions
exhibit strike-slip to normal solutions, and the reservoir éppears'to be

undergoing uniaxial extension (Oppenheimer, 1986).

‘At the Los Alamos Hot Dry Rock site, hydrofracturing experiméhts
between two and 4 km deep wells have caused detectable microseismicity
(Brown, 1982; Dash and Murphy, 1983; Cash, et al., 1983; Franke, et al.,
1984). The events mostly occurred within 600 m of the injectioﬂ interval.
Injection into each well generated north-striking fracture zones (Fig. 9)
Fracture opening pressures were found to increase with depth, typically -
being 200 bars less than the lithostatic pressure gradient (i.e. fracture

bressures of 600-800 bars at 3.5 km depth).
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Fig. -9: Induced seismciity associated with injection into EE-2 (2), and
then injection into EE-3 (b) at the Hot Dry Rock Experiment, Los Alamos.

Note the clustering of events on north-trending planes in both injection

experiments, suggesting a poor connection between the two wells. The .
injection depth are around 3.5 km depth. (Franke et al., 1984).

CONCLUSIONS

As a general rule, reinjection of geothermal fluid into the ground is
liable to cause induced séismicitys The principal mechanism is the
increase in pore pressure that occurs at.injection. depths, whlch reduces
the effective normal stress (i.e. frictional resistance).acting on fault
planes. In most areas the state of stress in the ground is close to
failure; so the perturbxng ‘stress necessary to cause failure may be smal;

t(e.g. bars). BT E

If the-permeability -in the injection well. is high, large flows of waterA
may be injected without a concomitant increase in. downhole pressure.
Conversely, “the- higher the pump pressure at the surface, the greater the‘
chance of<trzggering<selsm+c1ty. - Zero wellhead pressure on the injection

well is no guarantee for avoiding earthgquakes either - at Southern Negros




the static water levels are around 800 m (at Wairakei it is 250 m) below
the surface so filling the well but maintaining zero wellhead pressure
causes an 80Abar over pressuré at depth at Southern Negros (25 bars at
Wairakei). In some cases a critical overpressure may have to be exceeded
to induce seismicity. In the case of Denver earthquakes this was 120 bars

(Healy et al., 1968). A similar -behaviour appeared to occur at Cesano

field, Italy. Where this is the case, it is prudent to operate reinjection

wells below the critical overpressure.

Many of the studies discussed above indicate induced events at
disﬁances of several km from the injection well. in such casesrit may. not
be the excess pore pressure that is triggering the distant events.

Possibly the release of stress on one part of a critically streséed,
fracture will be sufficient to trigger events on more distant parts of the:
fracture. The vertical propagation of seismicity at both The Geysers and

the Cornwall injection sites are examples of this phenomenon.

In steam-dominated reservoirs the situation is more compligated,
because the injected water may disperse downwards through the reservoir
without increasing pore pressure (in fact initial condensation of steam may
decrease pore pressure). However if the permeability is low arbund the
injection depth, liquid pressure may increase locally. Alternativély if
the injected water drains to a deeper, liquid-dominated zone, the pore
pressure may increase there and trigger seismicity. This may be the cause:
of the induced seismicity at Larderello. At The Geysers, the ihduced

seismicity is not obviously caused by the reinjection of condensate. -

In general it appears that production of geothermal fluids (as opposed

to reinjection) does not cause induced seismicity. The reason for this is
that the pore pressure declines with fluid extraction, and therefore the :
reservoir rock should actually increase in strength with production. = The
Geysers reservoir is an obvious exception - possibly its location on a '
transform plate boundary, and a higher level of stress (and strain) make it
more sensitive to physical changes in the reservoir. Since the induced

seismicity at Southern Negros may also be related to production (as well as

injection), this cause of induced seismicity cannot be excluded.
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In almost all cases of geothermal induced seismiclty the ma x4 mum
magnitude of the events does not exceed 3 (4 at The Geysers) and there have
been no reports of damage. It is unclear in all the reports of induced
seismicity whether the. excess pore. pressure mechanxsm is such that .__J[ low
magnitude events will be triggered. In the Denver earthquake sequence a |
large maénitude event (5.6) did occur about a year after injection ceased.
Whether the larger events would occur regardless of injection is unknown.
However the risk (albiet small) of a’potentially'demaging event is always
present, particularly when large scale injection is occurring. In such
cases the lnstallatlon of a seismic monitorzng network is unfortunately an
essential cost linked to the geothermal project. The network will enable
the location and characteristics of any induced seisuicity'to:bek
established, and from the magnitude frequency relationship, it will enable

the estimation of recurrence times of large magnitude events.

As pointed out by Bufe and Shearer (1980), induced seismicity is not
all bad news. The seismicity may delineate the direction or extent of
injected fluid flowxng 1nto the reservoxr. In the case of The Geysers it
delineates the extent of production. The sezsmlclty may also del;neate the

key fractures in a reservoizuSuch fractures would be targets for additional

reinjection wells, . should they. be needed.
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CASE HISTORIES

WAIRAKEI AND KAWERAU EXPLOITATION HISTORIES COMPARED

‘Outline of prc’sentatidn to GRC Workshop
June 16, 1989 ‘
| " RG. Allis
- Geothermal ResearchCent'i'e, DSIR, Wairakei, New Zealand
PRODUCTION HISTORIES

DEEP RESERVOIR CHANGES
GROUNDWATER IMPACTS
MANAGEMENT STRATEGIES
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Figure 8.1: Sketch map of the Kawerau system showing the Incations of 28 production wells
and areas of surface hydrothermal activity. The physiography of the arca is dominated by the
822 m high Mt Edgecumbe, located south of the resistiviey anomaly. The dacitic extrusives
located within the anomaly are dated at less than 200,000 yrs B.P. (Nairn, pers. comm.).

CHLORIDE ENTHALPY DIAGRAM
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Figure 8.2: Enthalpy-chloride diagram for fluids in the Kawerau system. Enclosed circles
represent deep, initial discharge Auids; samples with m or s labels are spring dlscharg'cs;
samples 16 and 17 arc Tarawera River waters and all others are shallow well discharges. The
least mixed deep fluid (from well KA8), extrapolates back 1o its pre-boiling composition on
the deep system mixing line at about 310°C and 870 mgfkg CL
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the static water levels are around 800 m (at Wairakei it is 250 m) below
the surface so filling thejﬁéfi but maintaining zéro wellhead pressure
causes an B0 bar over préssute at depth at Southern Negros {25 bars at
Wairakei). In some cases a critical overpressure may have to be exceeded
to inducé seismicity. In the case of Denver earthquakes this was 120 bars
(Healy et al., 1968). A similar behaviour appeared to occur at Cesano
field, Italy. Where this is the case, it is prudent to operate reinjection

wells below the critical overpressure.,

Many of the studies discussed above indicate induced events at
distances of several km from the injection well. 1In such cases it may not
be the excess pore pressure that is triggering the distant events.
Possibly the release of stress on one pér: of a critically stressed
fracture will be sufficient to trigger events on more distant parts of the
fracture. The vertical propagation of seismicity at both The Geysérs and

the Cornwall injection sites are examples of this phenomenon.

In steam-dominated reservoirs the situation is more complicated,
because the injected water may disperse downwards through the reservoir
without increasing pore pressure (in fact initial condensation of steam may

decrease pore pressure). However if the permeability is low around the

injection depth, liquid presshre may increase locally. Alternatively if

the injected water drains to a deeper, liguid-dominated zone, the pore
pressure may increase there and trigger seismicity. This ma2y be the cause
cf the induced seismicity at Larderello. At The Geysers, the induced

seismicity is not obviously caused by the reinjection of condensate.

In general it appears that production of geothermal fluids (as opposed
to reinjection) does not cause induced seismicity. The reason for this is
that the pore pressure declines with fluid extraction, and therefore the
reservoir rock should actually increase in.strength with production. The
Geysers reservoir is an obvious exception « possibly its location on 2
transform plate boundary, and a higher level of stress (and strain) mzke it
more sensitive to physical changes in the reservoir. Since the induced
seismicity at Southern Negros may also be related to production (as well as

injection), this cause of induced seismicity cannot be excluded.
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1.0 Introduction \7-
-

2.0 Physical Processes _
2.1 Mass flow (single and two-phase) ¥

2.2 Conductive heat transfer -

2.3 Convective heat transfer -

2.4 Boiling/condensation ;

2.5 Stress changes (subsidence) 1

3.0 Rock Properties EL

3.1 Matrix porosity

3.2 Fracture porosity
3.3 Rock density

T
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3.4 Heat capacity

3.5 Matrix permeability EL

3.6 Fracture permeability .

3.7 Relative permeability L

3.8 Thermal conductivity E
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4.0 Fluid Properties (steam and water)

. Yan

4.1 Density
4.2 Viscosity
4.3 Compressibility

4.4 Expansivity
4.5 Enthalpy
4.6 Two-phase mixtures

5.0 Energy Content -
5.1 Flud
5.2 Rock
5.3 Well outputs:

5.4 Plant requirements

6.0 Well data

6.1 Lithologic data

}U | 6.2 Lost circulation zones

L o | 6.3 Completion test data

g 6.4 Static temperature and pressure profiles

L | 6.5 Flow test data (flowrates and enthalpies)
' Lv 6.6 Pressure transient test data




7.0 Natural Thermodynamic Conditions

7.1 Natural convection

7.2 Heat pipes

8.0 Conceptual Models
8.1 Upflow zones

8.2 Surface manifestations
8.3 Mass and heat flows
8.4 Gradients in thermodynamic conditions

8.5 Natural state models

9.0 Changes During Exploitation

9.1 Pressure decline
9.2 Flowrate decline
9.3 Enthalpy changes
9.4 Stress changes

- 10.0 Evaluation of Reservoir Changesv

10.1 Analytical models

10.2 Numerical models
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Main Processes

Occurring in the Reservoir

= e Mass Flow (Liquid, Steam, Dissolved Solids,

Non-Condensible Gases)

o He;at Flow (Coﬁdﬁction/ Convection) ’7 :
| e Phase Changes (B'oiling/ Condensation)
. ovv_Stress Changes

"' Mixing of Fluids

e Fluid /Fluid and Rock/Fluid Interactions
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PHASE CHANGES

<k

Ifz;

e BOILING AND CONOENSATION VERY IMPORTANT BECAUSE OF LARGE '
DIFFERENCE IN ENTHALPIES OF LIQUID AND VAPOR - r
C : . o .

. ’ . . ‘: -

-

o hy ~ 1=y MY/kg Lo~ L6 M3/keq
he~ 2.8 MS/t‘ | |

‘@ ENERGY EXCHANGE WITH ROCK .
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HEAT PIPES

)CounterﬂQW vof liquid and steam

Primary heat transfer mechanism in two-phase

- systems

For 4 given heat flux, Q, have two solutions

dP
a. -(-I_Z- ==pig ky = l’rkrv =0

- liquid-dominated -

dP .
b- E?-Pzg:krz=l,kw=0

vapor-dominated




e
-~

" ROCK-FLUID INTERACTIONS (EXAMPLES)

e DISSOLUTION/PRECIP IIATI&& GF MINERALS
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POROSITY

Matrix Porosity:

¢ controls reserves! |
e 10-30% in sedimentary rocks
(e.g., Cerro Prieto)
® 5-15% volcanic rocks-(Los Azufres, Nesjavellir)
e 1-2% granitic rocks (Palinpinon)

Fracture Porosity:

e 0.1-3% (Weber and Bakker, 1981)
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PERMEABILITY

‘Matrix Permeability:

o vcontrols flow rate declines (and enthalpies) )
e~ mdarcies for sedimentary rocks )
. - pdarcies for volcanic rocks !
e <pdarcies granitic rocks

.\ Fracture Permeabihty

o controls 1n1ual ﬁow rates S , ;
e 15 Dm for two-phase hquld dommated systems

" e. 10-50 Dm for "hot" smgle-phase system .

e >30Dmfor"w arm'" liquid system
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© RELATIVE PERMEABILITY

" e currently unknown for geothermal reservoirs

ojl prbbably vary from field to field

‘o,t, generally assume ky+ k,;, = 1 for all saturations
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THERMAL PARAMETERS

Heat capacity, f(T)
Thermal conducting, f(T)

Rock density
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EXAMPLE

NeSJavelllr, Iceland

Porosity: 8-15%, Gt = Oefs

o Gas permeability: l-lOO,pr
© Liquid permeability: 1-10 uD

: _ ‘f Pore size: 80% 0.01-0.05 pm

~ Fluid recovery: Centrifugal test showed 25% recovery
- 'for AP of 50 bars (750 psi) at T = 25°C. Correcting for
| o temperature effects of surface tensron ylelds ~75%
SR recovery. -
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FLUID PROPERTIES

Water Viscosity: p; =[2.414 X 1073] 10[

Water Enthalpy: h; . T(°C) * Cp
where G, =4185J/kg - °C

Compressibility: p=-— l..(_lP_.

1dp
p dT

Expansivity: €=~
: ' P

Clauéitls . Ciépeyron Equation

S w1
dT  pw=-pv (T+273.15)

Vapor Compressibility: By = _Il;

‘Two-phase Compressibility -
B = %‘i [1.92 X 10°5 p-l-“]

P in bars, B, in bar™!, [pc] in J/m® - °C

T+133.15

|



2-PHASE MIXTURES

Saturation: S;+ Sy, =1

r

Pm =piS; + pvSy in—place

Density: : ,
0 Py +Pvav flowing
LT gy
PiSihy +puSvhy
hy, = in—place
Pm
Enthalpy:

h; + q/h
he = IR il flowing
q +qy
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ENERGY CONTENT

| T=300C  $=10%

- Liquid-dominated

Fluid: 10%
Rock: 90%

~ Vapor only

Fluid: 1%
Rock: 99%



Emmais. pyrociastics and lavas

Lava: andesitic '
Pyrociastics/tufls
Agglomerats (young)
¥3:1 Lava and breccias
Tuft and tava blocks
Breccias and agglomerate
- [2=4 Lava and Scoria
$351) Tutt (dense)
ha'd Breccias
73 Aggiomerate (dense. highly altered)
Tuft (fuse)

Lava and agglomerate (amygaaloidal)
e£*1 Lava and agglomerate (dense)
b3 Lava and pyrociastics
33 Lava (vacular, andesitic)

[ wo sample

@ Circulation 1038
=g Feed zone

l_’aonomefusmg

Ehuvials
Young Agglomerate

. Ahuschapan Andesite
- Oider Agglomerate

{masl) 1000

Figurs 4.108  Ahuachapan wefl nihology
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NJ-11 at Nesjavellir, Iceland (B. Steingrimsson, writien communications,

1988).
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Depth (m)

Temperalure (C)

Olkaria, well OW-201
VWellbore calculastions during discharge
Measurements from 22-o0ct-1084

Wellhead pressure ( bar abs, ) : .00
¥Wellhead temperature ( C ) : 133,54
Welthead dryness : 0.332
Wellhoad enthalpy ( kJ/kg ) H 1280.00

Wellhead total flow ( kg/s ) 35.50

Feedzone no: Depth (m) Flew (kg/s)  Enthalpy (kJ/kg)
1 850.0 33.0000 . - 1330.0
2 1650.0 2.8000 901.6
3 2000.0 =0.3000 827.7
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Figure 4.13 Map showing the location of the faults




Issues

e Inconsistencies betWeen results for
various well testing methods (injection,
falloff, drawdown, recovery)

e Inconsistencies between individual =~
well tests and interference tests
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- Complications
Fracture-Fault Control
Two-Phase Effects
Thermal Effects
Mﬁltiple—Feed Zones

Compositional Effects
(non-condensible gases)
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1.

Geophysical Monitoring

Why?
To compiy with state and local regulatory requirements. To monitor
prossible effects of production on the environment (Imperial Valley).

(a) Land Deformation: Leveling

(b) Induced Seismicity: EQ Monitoring

And

To obtain indirect information on reservoir (fluid) behavior; e.g.,

(a) Natural Recharge (Sources, Amounts)
(b) Boiling and 2¢ Conditions

(c) Injectate Movement
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- Geophysical Responses to
Geothermal Production

Electrokinetic or Streaming Potentials (SP Effect)

Fluid withdrawal and reinjection plus natural "{recharge can produee a
complex natural voltage pattern over the surface of hundreds of mV
due to secondary electric fields induced by fluid flows.

Net Mass Changes (Precision Gravity)

Withdrawal of reservoir fluids without compensating lateral recharge
leads to a "drying out" of the reservoir and a drop in groundwater
level. The result can be is a steady decrease in gravity that can
amount to > 100 pGal.

Resistivity Increase Due to Natural Recharge (dc ResistiVity)v |

Withdrawal of reservoir fluids with lateral and/or vertical recharge of
non-thermal waters can lead to a drop in groundwater levels and a
general increase in resistivity above reservoir and at reservoir depths.

- The result can be apparent resxstmty increases of ~20% after a few

years of production.

Increase Seismicity and Changes in Elastic Wave Parameters
(Seismic Monitoring) | ,

Pressure drop and boiling sharply decreases bulk modulus, may
increase shear modulus. The result is a 10-20% decrease in V/Vs -
and a larger decrease in the Poxsson s ratio, ‘

Pressure drop and thezmal contraction may increase seismicity.
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Sources of Natural Potentials over
Geothermal Fields

r— r—-

Approx Size

Man-made , ~_of Anomaly : E
° Redox-oxidiz'irig drill casing _ 100’s mV :

e Leakage from irrigation canals 20 mV L

¢ Grounded electric pump motors | 20 mV L
Natural o L
o Liquid junction diffusion - < 15mV !
Mixing of waters of different salinities ' L

e Thermoelectric <10 mV .
Secondary electric potentials driven by L

heat flow from a thermal source

e Telluric noise ‘ + 5 mV/km,
highly variable -
depends on wire length

Natural and Man-Made

e Electrokinetic (Streaming Potentials)
Secondary electric potentials 10 to 200 mV
driven by fiuid flows. Includes 7
groundwater flow.

Current Flow J =-L,; V& -L;, VP
Fluid Flow Q = -L,; V& - L,,VP
Lp=1Ly
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Streaming Potentials

If there are no extemnal sources of current the total current J is diver-
genceless (V-J=0) and ,

= Streaming potential Q%)

C21 is the voltage coupling coefficient (==—15 to -25 mV/bar)

i1l
_ & stralght capillary
C21 - no | tube
or ,
Led tortuous capillary

Car = n@o; + S0,  flow in porous rock
(Ishido and Mizutani, 1981)

£ = dielectric constant of fluid

zeta potential

n = fluid viscosity

o¢ = fluid conductivity (sieman/frl)_

Cs = surface conduction (S = sieman)
S, = Speciﬁc internal pore surface (m‘?)

[0} = porosity
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Sources of Conduction Current

.- Primary. sources - pressure gradients cause tangential flow in

pores and fractures.

Secondary Sources - where primary fluid flow is perpendicular to

boundary where coupling coefficient and/or permeability change.

——+t— _ Primary Flow
C G C =G
k; k, k, =k,




~ Streaming Potentials

ReSpqnsible for most of the SP effects observed over geothermal
fields'and volcanic systems in their natural states.

Changes in the SP anomaly over a producing geothermal field
will most likely be related to

e Changes in the size and distribution of pressure sources (AP

terms)

e Physical property changes associated with reservoir rocks and
fluids (CZI terms )
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Factors Affecting Streaming Potential

Pressure Gradients
Pressure gradients associated with fluid 'WithdraWal, injection and
~ recharge in single-phase (liquid only) systems.

Pressure gradients associated at boundaries between 2¢ and liquid
. zomes. T R | S

Pore Fluid Chemistry and { Potential

- { increases negatively with increasing pH. A
- Increasing salinity reduces both { directly and C,; through the
-1
G~ term. , -

Rock Mineralogy

¢ potential depends on the surface potential of mineral grains.

Quartz and certain clays will produce large { potentials. Calcite coat-
ing may inhibit.

Temperature

At low T (< 100°C) AP, Fe3t hydrolyze close to mineral surfaces,
-0

I€] increases with T due to desorption of H* which increases surface
potential ¢,, and L.
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Boiling and Two-Phase Flow (Marsden and Wheatall, 1986)

At high liquid saturations S > 0.5 the presence of steam may not
disturb the ionic distribution of double layer, nor change € and ¢ of
fluid phase.

At low liquid saturations, S < 0.5, { and A®/AP decrease.

Not clear on ' how { or A®/AP behave at S < 0.1. Data sparse and

test run with N, as gas phase.
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Gravity Changes

High-preéision, repetitive gravity measurements, combined with pre-
cise leveling, have been used to determine mass redistribution in the sub-
surface. If fluid production/reinjection and groundwater level data are
available for all years, then can estimate the amount and rate of natural
recharge.

Gauss’ Theorem

M = 2nG)! [ 8gpadA x 1075
A

AM = Subsurface mass change (tonnes = 103 kg)
A = Area of survey (mz)
OgrA = Difference in the free-air gravity at times 1 and 2

(nGal = 1078 m/s?)

G = Universal gravity constant (6.67 x 1071 Nmzlkgz)
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Free-Air Gravity

gra =  Observed gravitvfyr _(fgbmv gravity meter)

+ tidal correction (formula)

-+ free-air gradient correction (approx. 308.6 uGal/m

“or 3.086 x 107/s2)

;t meter drift error.

Instrument Precisiqri (I.aéoste & Romberg D meter) + 1 pGal

Sources and Magnitudes of Error in High Precision Gravity Measurements

(Peter et al., 1989; Dragert et al., 1981)

"Read" error o
Solid Earth Tide (~2%)
Free Air (.02 m)

Atmospheric attraction and loadmg [—0 42 -E—]

Meter Drift

Ocean Loading

Uncertainty in the . v
seasonal groundwater level
=+10 h (uGal)
where
-h/+h is the fall/rise in water level (m)

~ Total Possible Error .
Significant Agp,

| i 2uGal |

+ 4pGal
+ 6pGal

<* 5 pGal

+ 20 pGal, but usually less

<1 pGal interior sites
‘& 2 uGal coastal sites

110 pGal

+12 to + 22 puGal
+24 to + 44 pGal




Measured Fields Magnitudes of
dg at Producing Geothermal Fields

Field Reference - 8gmax (HGal)
The Geysers  Denlinger et al., 1981 -120 + }
1974-1977 £
=
Wairakei Allis and Hunt, 1986 -490 £ 50 :
1961-1967 L
Bulalo Atkinson and Pedersen, 1988  -150 £ 20 L
(dates unknown)
8
Measured Magnitudes of &g Due to Natural Effects "
1
-
Tectonic Deformation - Change in Elevation
with Mass Redistribution + 30 to £ 200 pGal L
Seasonal Variations due to rainfall + 10 pGal L
Magmatic + fumarolic at active volcanoes up to -800 p.Galr L



Numerical Example (Atkinson and-Pedersovn, 1988)

ldeahzed reservoir wnth and wnthout ‘
natural recharge ‘ '

Productlon 200 MW
4400 kib/hr steam

(el ol sl <l <l N o ( -

-1500' (Sea level) 7 fF—— iL
U ( = Injection
et 100% Brine
’.l 20% Steam as

L( » Condensate

[ BE _

u 9000 >

L ¢ = 12%

.
. « Initially all liquid at the boulmg temperature for that depth
U * Recharge only laterally, as shown, i

« Constant rates of productnon/ njectlon

XBL 895-7614
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-

-200p- NET MASS DEPLETION NO lNFLux

-300 [] ] [ ] ] 1 1 1 M ]

§000 L NET SURFACE WITHDRAWALS (BOTH CASES)

seoor PP P 1 L T

o .
1000 JNFLUX - 0 INFLUX
LA XXREREA .“.'.'.......’..".I..".....I.O....‘.l...'..‘.."lI.l......Q.’....‘....".l‘l..

-100: it | 1 1 1 1 1 1 ]

0.60 —L

0.50 NO INFLLX

] AVERAGE FIELD FLASH
< 0407 (AT 125 PSIA)

----- ——_-—-—MIH—.NELLK-—-----
Y- 0.30 = :
0.20 1 -t 1 -t i ] A 1 1
3 o
«100
gq“' - - = MTHINFLX
-300 ) ---—--"’— - e we
=400~ MAXIMUM GRAVITY o : 13
§'5°°— RESPONSE AT GROUND LEVEL ’
-800 1 1 ] 1 1 1 1 1 1
é 0 1 2 3 4 g ¢ 7 8 J 10
TIME, YEARS

Time History of Idealized Reservoir Behavior and Change in
Maximum g over the Production Area.

Effects of lateral recharge show up after 3 yrs.

Effects of injection only (no influx) show up after 5 or 6 yrs.
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Some Causes of Gravity Change

Surface Deformation -

¢ Subsidence, compaction of reservoir rocks
e Uplift, increased pore pressure due to injection. -

o Subsidence/uplift due to major nearby earthquake -
or volcanic activity.

e Long-period motion of Earth’s rotation pole changes centrifugal"
force.

Reservoir Conditions

e Short-Term Effects - |
- Formation of a stream zone and drawdown of the top of the
. liquid-dominated zone. - ‘ ' ‘

- Decrease in liquid saturation as steam zone dries out.

° Longer-Term Effects
" - " Drop in groundwater level due to mﬂux from shallower
aqulfer 4 g , L
| ,, - Increase in water densrty due to coolmg by non-therrnal water
recharge. o R

- Precipitation of calcite -at reservoir boundaries due to heatmg'
of mvadrng waters (minor effect) :

- Precipitation of silica due to boiling (minor effect).



Precision Gravity Caveats

10.

11.

Area of survey must extend well beyond known or inferred reservoir
boundary

Estabhsh 2X pumber of stations than needed; many will be lost to
development activities.

Always try to carry out one precise gravity/leveling survey pnor to-

exploitation.

Monitor groundwater levels during exploitation and over a large

area.
May take 2 months to resurvey a field.

Gravity changes are often most pronounced during early yéars of
field exploitation.

Easier to calculate AM than to relate it to reservoir processes.

Standard free-air gradient may not be correct.. Can aétua]ly vary
from 2.9 to > 4 pGal/cm.

Gravity/leveling must be tied to same stable base stations.

Leveling measures an "orthometric elevation change" which is dis-
torted by local undulations in the geoid due to variations in mass
distribution. Must convert to "geometric" elevation (true) change.
At Cerro Prieto, the difference was 2 to 3 cm at a number of sta-

tions (Wyman, 1983).

Meter drift errors are assigned (usually) as if meter drift is linear
with time. In fact, meter drift may be highly non-linear during first
hour and so meter needs time to equilibrate after mechanical shock
due to travel. Take multiple data sets and solve for station readings

as a least-squares problem.
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mo%'mgog

A} Geomemick
(ACTUAL)
ORTHOMEIRIC
Lt
(LEVELLING) EQUIPOTENTIAL
~ . ~~SURFACE
GROUND
R : x T SURFACE
= LOW DENSITY
............ MATERIAL .=
5 GEOMERICH ORTHOMEIRIC
(ACTUAL) (LEVELLING)
: EQUIPOTENTIAL
- T 1 = T T T suRrACE
Y ' GROUND
e i SURFACE
Ah, o/a + Ag Geometric Elevation (Whitcomb,1976)
a/a-f ~ Change

g

Orthometric elevation change from leveling
981 cm/s2  (3V/dZ)

3.086 x 1075 /s (free air gradient)
Gravity Change |

‘Radius of disk-shaped region where density change is occurring
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Field Example

)

The Geysers, California, 1974-1977
(Denlinger, Isherwood and Kovach, 1981)

1. AM calculated is close to the total mass of fluid withdrawn; thus
negligible natural recharge.

2. Gravity and geodetic data, combined with reservoir engineering .
results, indicate that average negative dilational strain of 4 x
1073/y.

e thermal contraction due to cooling

e mechanical response to increased effective stress as pore
pressure decline

[
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Field Example

Cerro Prieto, Baja California, 150 MW "
(Wyman, 1983)

1. Ag increased (1980-1983) -

e Recharge water is cooler, more dense.

e Up to 10 pGal increase could be due to thermal contraction

and subsidence.

e part of the gravity increase may be due to earthquake induced
compaction/subsidence (Victoria earthquake, M= 6+, 6/80).
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* Gravity Change 1980-1981

. (Wyman, 1983)
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DC Resistivity

Repetitive dc resistivity surveys, made at regular time intervals, can be
used to monitor changes in groundwater levels and shallow recharge by
less saline, non-thermal water into reservoir region.

Archie’s Law

p=ap; ™S
where
p = bulk rock resistivity
Ps = pore fluid resistivity
() = porosity
S = liquid saturation (S = 0.5)
a = number near unity for most rocks
m = number near 2 for most rocks
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DC Resistivity (cont.)

DC resistivity measurements provide an apparent resistivity p, value. The
fractional change in p, between two years is

Ap, _ Pa (year i) - p, (base year)
Pa P, (base year)

L]

or in terms of fluid and rock parameters

This says that the fr‘ac‘ti'onal; change in resistivity within any discrete
volume element can be expressed as the sum of effects due to

(1) change in the pore liquid resistivity
- salinity and temperamre
(2) change in connected porosity

- compaction, chemical precipitation

(3) boiling in the reservoir

- pore pressure changes



DC Resistivity (cont.)

Ap . . .. cr s
In general, —-‘-39- in the reservoir region increases with time.

Apg 4
Pr increases in a positive fashion due to influx of cooler, less
saline groundwater
=2A0
o increases in a positive fashion as porosity decreases due to
pore pressure decrease, calcite, silica precipitation
—2AS
S increases in a positive fashion as saturation decreases due to

local boiling near wells.

Of these three terms, the first is often the largest, even though the other
terms contain a factor of 2.
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A
Size of —g—a-l- Expected

o  0.05 to 0.20 increase over th_éshéllbw 0. Teservoir at Cerro Prieto
between 1979 (base year) at 1983 (Wilt et al., 1984; Goldstein et
al., 1985) -

Size of Measurement Error Expected in —

e <005

Problems |

e Near-surface noise effects - lead to interpretation errors

e Low resolution of —%& at reservoir depths

o Electrode stations destroyed or inaccessible due to intensive
development activities o S TR LRI

e Need to run survey over a large area; well beyond field boun-
daries
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Fig. 1. Central part of the dipole-dipole resistivity line E-E' over the

Cerro Prieto geotherma) field. Wells are shown as dark circles,
and those producing brine during the 1979-1983 period are mainly
between electrode points 10 and 12.
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dark stipple show increases >5X; areas of light stipple show
decreases >5X.
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MEQ Moniforing

Continuous monitoring of local microearthquake (MEQ) activ_it'y” indi-
cates a close correlation between the temporal/spatial distribution and mag-
nitudes and fluid production; e.g., The Geysers.

Causes of MEQ-

e Volumetric contraction due to fluid extraction and boiling (cool-
ing)

e Boiling and silica deposition increases coefficient of friction; ase-
ismic deformation changes to stick-slip

The first cause is supported by' subSidiéncie’: and horizontal deformation
measurements. I |

MEQ activity propagates ‘ddwnrw'ara} with time in vicinity of produc-
tion wells. R '
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High Resolution MEQ Monitoring System

Out Station (8 to 12) Central Station

1)) e

Surface electronics

(1) 16 bit 500 sam/sec 3-channel
digitizer

(2) anti-alias filter and amplifier

I S (3) Digital radio and antenna

T (4) Clock, satellite

(5) Solar panels and battery

(1) Radio Recelver
(2) Demultiplexing software and

PR I R IR

L]
]
]
,
: 150 - 600" hardware
: (3) "PC" computer for real-time
: processing and detection of
: events
' | ; (4) Tape/Disk storage unit
— _l—_____j: v (5) Phone lines for remote access
3 component 4.5 Hz ’
geophone

;(
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-~ Information from Seismic Array, Studies

~ Changes in Local Sexsrmclty

- Time history of MEQ actmty mdlcates where pressure drops are large |
enough to cause large scale boﬂmg

Changes in Elastlc Wave Parameters

Temporal changes in P- and S-wave velocny ratio (Vp/Vs) structure
with depth may help define reservon' boundanes '

v. [&_4@&] v

~
I

bulk modulus -
shear modulus

=
]

o = Poisson’s ratio



ZonE OF
LM A4 Ll O4)

£Q

ZoNE
OEER

| <
'l9 ] / o._.'l . L IS%
Pl S v— S e L

YAVAY \/U""C’/
t

Hot springs and fumaroles
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Vapor-dominated reservoir
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wales table
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Heat conducted from heat source /

Model of a vapor-dominated system (after White et al., 1971) and the
observed V,/V¢ and depths of earthquake foci at The Geysers (after

O’Connell, 1986).
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EXPLANATION
Rising vapor—Heat transfer by conavection

Descending liquid condensate and meteoric water

Convecting water

Heat ﬂow by rock conduction

Zones of water saturation
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Introduction

Geochemistry has wide application in each stage of geothermal reservoir assessment.
A. Exploration °
Temperature, fluid chem:stry, isotope composition and surface discharge rates
are used to identify origin of recharge and to estimate subsurface
temperatures, subsurf’ ace fluid composition, and direction of fluid flow.
B. Evaluation
Chemistry and temperature of well fluids from exploratory drill holes are
used to characterize conditions in the decp system.
1. Fluid-rock interaction
2. Reservoir fluid homogeneity
3. Natural reservoir processes
C. Exploitation
Monitoring fluid chemistry and isotope compositions of well discharges to
detect induced reservoir processes
1. Changes in rock-water heat transfer
2. Cold water inflow
3. Aquifer boiling
4. Mineral deposition
5. Fluid migration
Utilization of chemistry in field and power plant operations

Geochemical Monitoring

To forecast individual well and field-wide behavior in order to establish a good
field management and development program

To detect temporal and spatial changes in chemical characteristics of thermal and
non thermal fluids in the system

To indicate favorable zones for new drilling

A. Define baseline conditions
1. Chemical characteristics of non thermal ground waters.
a. Literature search to identify natural changes with time,
location, or depth of aquifer.
b. Determine chemical signatures for each water type recharging
the system.
2. Chemical characteristics of thermal ground waters
a. Sample springs and wells
b. Determine reservoir fluid composition
¢. Mixing with non thermal water?
d. Fluid-rock correlations
B. Define projected development
1. Heat extraction - chemical effects
2. Waste disposal - environmental effects
3. Injection - interaction between fluids

L

-
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C Dcf ine data rcquxrements ‘
L Scnsmvny and hmxts of detcctnon depcnd upon
B a. Chemical contrasts between different waters in the system
b. Natural variations in chemical characteristics
c¢. Environmental sensitivity and EPA constraints
d. Well distribution density and size of the development
¢. Available analytical tcchmqucs
2. .Determine sampling frequency and dlstnbutxon significant chemical
_and physical paramcters, and sampling and analysis methods to be
-utilized . L

. r-

Note: The primary goal of geothermal fluid sampling is to obtain
representative samples - that will. reflect the character and chemical
composition of the fluid phase(s) (water, steam, gas) present in the reservoir.
To ensure a common data base to compare, classify and interpret the
Vanalyncal results, a geochcmncal mvcsuganon should include both chemical
and isotopic measurements. A minimum set of parameters for all water
samplcs should include colle §1on temperature, pH, Na, K, Mg, Ca, SiO,, Cl,
., HCO CO3,$D and & O A baslg gas analysis should include CO,,
, He, il Ar, O,, N2, and CHy; C in C02 is optional, but highly
dcélrablc hc molar gas/steam ratno and the isotopic composition D and
: Jl O) of steam should be measured for samples from wells and superheated
steam vents. In addition, it is essential to have physical data linked with the
chemical data from two-phase well samples for calculations of aquifer
compositions. These physical parameters are separation temperature (or
pressure) and total discharge enthalpy (or steam and water flow rates).

| SR AN o

-

D. Sample collection and analysis
1. Natural steam vents and hot springs
2. Design of steam-water separation and transmission equipment for wells
a. Sampling points
b. Portable cyclone separators
3. Chemical stabilization and storage
a. Evaporation
b. - Loss of volatiles
¢. Oxidation reactions
d. Mineral precipitation
Quantity requirements
Note taking
Field determination (on site)
Laboratory measurements
; Sampling frequency
“ . : a. Well test, every 1 to 2 hours at first; then daily until stable
production is attained
: b. Subsequent frequency depends ‘upon ratc of observed changes,
P ' monthly to annually
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E. Data storage and retrieval systems (data processing)
1. Store data scts of analyses and sampling information
2. Retrieve data for tabulations and graphs
3. Process results to produce downhole concentrations, ratios of chemical
constituents, chemical geothermometer temperatures, and equilibrium
calculations. '

r—

F. "Tools" for interpretation and correlation of geochemical data
1. Variations with time
- a. Chemical geothermometer temperature
b. isotope compositions
¢. gas compositions and gas content of total discharge
d. Chemical compositions
2. Correlations between variables
a. Enthalpy - Cl diagrams
b. Cl vs §iO, geothermometer temperatures
c. Gas geothermometer diagrams
3. Variations within a field using contour diagrams

G. More on monitoring natural activity:
Physical and chemical changes can indicate lateral spread of effects from
production :
1. Decreased surface activity
2. High-Cl springs replaced by fumaroles or steam-heated groundwater
3. Hydrothermal blowouts

(¢
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REVISION OF CHEMICAL

INTERPRETATIONS OF CHEMICAL
RESERVOIR DATA. RECONNAISSANCE
REVISION OF EXPLORATION |
CONCEPTS | OEEP TEMPERATURE
\\ ESTIMATION
iy

PRODUCTION

MONITORING ‘\\\\~

e RESERVOIR
CHEMISTRY

GEOCHEMISTRY

MONITORING OF
EMISSTON CONTROL gomem—
SYSTEMS

EVALUATION

CORROSTON
CHEMISTRY ‘\\\\~.-.
REINJECTION / \\\

CHEMISTRY

‘\\\\\‘\~ WELL AND FORMATION

CHARACTERISTICS

JOENTIFICATION RESERVOIR CHANGES
ENVIRONMENTAL DURING EARLY
HAZARDS - DISCHARGE

The geochemical "whirlwind": illustrating the continuity

of chemical studies and interpretation from the exploration

to exploitation stages and the feedback into the exploration
of systems in other areas. (The numbers 1, 10, 20 indicate

the approximate number of deep wells available at different
stages) .
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GEOTHERNAL GAS ANALYSES FRON CERRO PRIETO 1:°

Recs el
5 n-5
& N-§
1 -1
8 n-u
] R-194
10 %20
1M K2
12 &%
13 B2
i n-21
15 K29
1% #3
17 &3
1% K-35
1 M4
S RS
A M~8&46
22 KN
23 M-
24 -9
25 K21
2% M2
21 w21
28 K-29
28 . M-
30 K-35
K} w-t2
32 M-45
33 W-46
k1 K-50
33 K5
3% M-83
37 m-ge
a8 M-90
3 n-81
40 K-103
£} ¥-105
42 K-1u
43 #-130
44 #-5
4 -1
45 M-
.41 K-
48  n-25
4 %2
50 w29
EIIEE o T/
§2 M3
- 83 K-35
58 M-42
55 W43
56 w48
51  #-50
58 K-5%

Date Psep(f) Psep(w) Ysep
TIAPR29 §5.8356 6.259 0.287
TIAPR2T 6.398  6.751 0.28¢
TIAPRIS 6.328 6.259 0.278
TTAPR20 6.328  ¢6.188 0.244
TIAPR2T 6.679 6.862 0.289
TJIAPR20 6.012 - 5.802 0.227
TTAPR22 6.91. 6.997 0.342
TIAPR27 6.328 6.333 0.284
TIAPR20 6.996 = 7.38¢ Q.23
TIAPR21 6.655 6.8%2 0.262
TIAPR21 6.588 6.069 0.217
TIAPR2Y 6.880 6.927 0.269
_TIAPR22 6.53% = 6.540 0.257
-T1APR26 -~ 7.7136  0.285
TTAPR2S - 7.136  0.257
-TSJAN30 6.679  6.610 0.284
T9JAN3G 7.312 7.173  0.306
79FEBO1 6.96 - 6.470 0.301
T9JAN31 €.53  7.032 0.212
9MAY1S  7.31 7.032 0.290
CT9MAY1S 6.50 - 6.681 0.272
79JAN3Y  T.488 - 0.251
TJAN30 6.996 6.328 0.307
T9MAYIS 6.71  6.681 0.1%
T9FEBOY 7.207 7.314  0.250
TSFEBOY £.996 7.806 0.328
T9MAY16 T.20 1.3 0.237
T9FEBO1  6.81 €.751  0.473
T8MAYIS 7.90  9.283 0.3
ToMAYHL 7.55  8.228 6.327
TOMAY14 £.08  9.142 0.405
T9MAY1E 6.89  6.962 0.398
T8MAYIL 7.20  8.087 0.503
ToMAYIE T7.62  7.384 (0.328
TSMAY1S 6.40  8.931 0.371
T9MAYIS 6.53 6.329 oC.4
TOMAY17 T7.87  6.001 0.40Y
T8FEBO2 T7.769 7.947 0.223
CT8JAN3T T7.488  T.947 0.305
CB2UANTE 7.170 6.862 0.3
B2JANHL 7.10 . 6.751 0.31
82JAN11 6.60 6.962 0.1
82JAN12 T.10 - 7.173  0.283
82JANT1T 6.60  7.103 - 0.333
B2JANIE T.10  T.947 0.27%
B2JAN11 6.3  6.650 0.188
B2JAN11 7.03  1.173  0.269
82JAN12 7.03  7.032 0.286
B2JANL  6.81 €.962 0.260
B2JAN1S 6.88  6.610 0.226
82JAN15 6.60 - - 0.204
B2JAN12 . 7.38  7.103 0.370.
82JAN13  6.01 7.454  0.303
B2JAN13 8.43  7.595 0.351
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0.00445
0.00824
0.0056¢
0.00781
0.00588
0.00§12
0.01010
0.00683
0.00485
0.00818
0.00525
0.00463
0.00656
0.00708
0.00548
0.00585
0.00604
0.00481
0.00781
0.00501
0.00646
0.00522
0.00785
0.00553
0.0060¢
0.00373
0.00576
0.00620
0.00420
0.00780
0.00555
0.0064¢
0.00543
0.00533
0.00390
0.00340
0.00470
0.00384
0.00461
0.00578
0.00452
0.0172

0.00565
0.0055¢
0.00602
0.00705
0.00472
0.00605
0.00373
0.00612 86.33
0.0040 85.48
.0.0029¢ 83.00
0.0052¢ 83.86
0.00605 84.41

co2

76.86
§2.02
171.30
81.75
82.15
91.65
£1.93
82.13
80.63
86.13
82.68
82.52
80.87
§1.10
81.50
80.18
83.13
86.53
85.72
82.3
62.8¢
85.50
82.48
81.07
£5.16
84. 1N
£3.50
82.31
82.03
81.08
13.80
84.48
78.65
82.39
61.67
§1.00
18.35
83.5¢
83.21
85.6¢
84.87
85.15
85.35
85.04
80.42
86.73
84.4
82.43
§2.33
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0.0186
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0.00063
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0.00047
0.00012
0.00022
0.000¢¢
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hn “P DOUBLE SEP CHEM DATA : "

eck Well Date Code Psep! Psep? Pcol Fstel Fsto2 Fwat Enth pH  Na K C MW € - S§02 HCO3

12728 2808 657 23635 1144 19

U 563 T1-350 68/05/11 BFSO1 11.¢5 - 0  58.5 -  123.7 3146.0 5.85 -
56¢ T-364 18/08/M4 BFI00 - - 0 - = = e 03 N6 2111 407 = 16872 1108
5§65 T-364 - 865/02/04 BF255 13.01-5.06 0  64.4 13.3 9.6 328.1 - 9517 419 428 - - 1520 - -
566 T-364 86/03/31 BF312 13.01 S5.41 0  61.& 12.6 162.5 315.7 6.61 9622 2384 421 0.16 17083 o0& 32
567 T-360 86/00/17 BF329 13.01 5.41 0  61.8 12.6 162.5 315.6 7.51 9482 2452 416 - 17669 1382 30
566 T-364 86/05/05 BPT2 13.01 §5.52 5.52 58.2 12.1 148.1 318.9 7.33 6210 1832 ‘371 (0.105 15730 781 15
. 569 T-360 B6/06/07 BF437 13.57 6.33 0  62.8 11.3 166.6 317.7 7.09 9635 431 425 - 18463 1333 26
U §70 T-364 B6/09/28 BF4S2° W.11 S.41 0 0.7 1.0 68.2 366.9 1.08 765 2256 431 - 16886 - 12716 44
' 5§71 T-36¢ 81/02/25 BFE23 13.92 5.91 0  56.3 9.9 119.0 335.0 6.33 9266 2428 433 - 76T U €5
§72 T-364° €7/03/17 BFE46 13.50 5.77 0  57.0 10.9 144.8 320.0 °7.20 €468 2365 426 - 16118 1103 32
1§73 T-364 87/04/08 BPT2 13.50 5.77 5.71 50.2 10.9 144.8 320.0 6.2¢ €480 1693 350 0.23 16000 €30 5.4
U 578 7-35¢ 87/06/01 BFEES 13.15 5.62 0  50.0 12.0 145.0 308.9 6.96 $147 2366 432 - 17166 1089 35
5§75 7-36¢ 67/08/14 BF100 13.15 5.62 0  $0.0 12.0 146.0 308.0 ' 7.30 315 2111 407 - 16872 1108 ¢
. 576 T-36¢ €8/02/2¢ BPT2 12.6 4.30 4.30 36.7 12.7 0.5 291.3 5.30 €330 1980 353 O0.16 15570 1752 10.1
L §77 T1-36¢ '88/03/11 BF703 13.06 4.43 0  48.6 14.3 155.7 219.6 ©6.80 578 2083 421 - 1734 847 32
576 T1-366  64/09/2¢ BF112 6.02 - 0 107 - 1075 - - 5.9 10738 2866 283 - 15702 1183 1§
§79 7-366 86/02/24 BF335 13.22 4,78 0  77.7 17.1 181.7 326.6 - - 11016 3058 446 - 03¢ - -
E - 580 T-366 86/03/31 BF372 12.9¢ S5.41 0  66.6 20.5 266.8 280.1 6.18 10583 2918 461 0.2 19335 W56 27
561 T-366 66/04/17 BF389 12.84 5.41 0  66.6 20.5 266.9 260.1 - 11008 3000 406 - - 20401 1332 A
562 T1-366 86/05/06 BPT2 13.57 5.69 5.69 68.9 20.5 221.8 300.1 6.11 9260 2271 353 0.226 18050 818 7
583 T1-365 66/05/09 BFe04 13.57 ‘5.6 0  69.§ 20.5 221.9 300.1 6.5 10898 2982 450 -  2089C 1481 30
U 58¢ 7-366_ B5/08/08 BF4S6 13.36 5.70 0  70.9 ‘16.4 202.8 310.6 6.71 11454 3Ug 467 - 21761 W25 20
585 7-366 €6/08/29 BFS549 13.01 5.3 0  67.4 13.8 157.4 326.5 6.19 10303 2969 461 - 19738 1357 28
., 986 T-366 67/03/09 BFESE 13.01 4.92 0  47.5 12.6 100.0 335.0 7.3 10388 2610 470 - 18790 1275 20
U {87 T-366 87/06/04- BF766 13.01 4.78 ©  S7.4 16.3 175.5 304.5 7.57 10250 2906 468 - 18261 €75 21
56t T-366 67/07/10 BF729 12.56 4.57 0  51.6 14.9 158.9 302.0 7.36 10570 2826 461 - 20273 1320 21
5p: 7-366 6B/02/25 BKT 12,3 - 0 4.5 - 145.6 354.3 6.82 10300 2760 432 .0.3¢ 18450 783 12.8
- 59: T-35¢ 88/03/11 BF181 12.09 - 0 4.0 - 105.6 386.4 - - 10312 2380 447 - 19132 1325 -
U ¢ 1-38¢ B4/08/29 BFI01 5.6 - 0 66 -  113.2 - 6.7 6385 2465 3¢9 - . 17407 830 33.0
S¢z' T-3g¢ 85/02/13 BF304 11.81 4.3 0  31.2 7.6 85.3° 319.2 - ° 9105 ‘2508 363 - U2 - -
5§93 T1-386 66/03/31 BF353 11.85 4.22 ¢ . 16.7 6.7 98.3 253.6 7.37 9183 2475 364 0.17 16470 1283 S5
L 592 7-386 66/05/05 BPT2 12,09 4.29 4.2 16.6 6.6 72.8 272.7 7.96 8W0 1980 322 0.102 15120 783 26
' 595 T-386 85/05/07 BF388 12.09 4.28 0  16.6 6.6 72.6 272.7 6.0 §104 2477 378 - 17060 1340 45
596 7-386 86/08/07 BF461 12.31 4.78 0 - 26.0 6.2 9.3 285.5 7.53 9258 2407 395 - 16818 1287 49
- 597 7-386 86/08/28 BFS16 13.08 5.06 0 26.9 5.4 67.9 3203 7.4 902 2521 31 - 17063 1216 5¢
598 7T-386 B88/05/11 BF631 13.71 4.57 0 . 39.1 4.2 52.8  3B2.5 6.49 8311 2188 383 - - 16190 1217 2
590 T1-38¢ 84/12/0¢ BF2S8 - - - Q0 = = = e o= 10585 2810 384 - - 23231 1528 1.0
L 600 7-388 84/12/05 BF66 - - 0 - - - - - 10597 2993 383 - 19513 1529 -
Li 601 7-38¢ - 85/11/2¢ BF120 123 - 0 736 - - 163 - - 1810 293 4u - 20232 - -
602 T-388 86/02/11 BFTE5 11.25 4.71 0 -72.5 10.6 133.8 348.8 - - 10812 2769 440 - 20211 1350 -
_ 603 "7-38¢ 86/04/23 BFE1E 11.95 §.17 0 680 .1 123.1 353 - 6.16 10302 2767 437 0.76 18171 1333 28
[ 604 7-388 86/05/06 BPT2  11.60 4.64 4.64 4.1 12.8 9.6 339.3 6.37 §830 2389 408 O0.167 17880 1027 1
U 605 7-388 '86/05/08 BFE35 11.60 4.64 0 4.1 12.8 WS.6 339.3 6.67- 10763 2882 €35 - - . 20533 WUS3 29
606 T-388 86/08/19 BF93S 14.21 5.56 0  62.2 11.4 126.1 343.9 6.72 10826 2645 441 - 19837 W39 19
j 607 ~7-385 86/10/10 BFS70 14.06 5.30 0 - 48.7 9.3 94.0 350.1-6.33 10158 2780 444 - 19643 1281 N
: L 60E ~T-388  87/02/27 @F1086 13.71 4.71° 0  §8.6 12.6 112.2 348.0 6.06 10638 2687 449 - 19668 1270 20
603 7-388 $7/03/19 BF1111 10.69 4.22° 0  66.8 10.4 1201 301.0-6.01 10828 2853 - 443 - 2011 1212 2
; 610 7-388 "87/04/03 BPT2  11.60 4.71 &.71 §8.1 3.6 152.1 312.0 6.16 9410 2142 373 0.33 1840 885 5.0
L §11 T-388 - 87/06/01 BF1168 11.25 £.36 O §1.0 10.0 100.3 350.0 '6.13 10526 2860 445 - 19674 1206 2
‘ 12 T-388 £7/09/01 BF1188 12.16 4.22 0 50,7 10.6 106.0 336.0 5.56 10633 2553 457 - 19440 1326 43
613 T-388 8e/02/23 BPT2 123 3.4 3.2 21.3 6.4  61.0 330.8 &.90 9510 2420 393 0.26 18210 889 6.6
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CP DOUBLE SEP CHEM DATA

Rect Well

563
564
565
566
567
568
§69
570

571

§12

§13

U

515 .

§76
m
518

5719

580
581
582
563
584
585
586
587
588
588
590
591
592
593
594
- 885
596
597
598
598
600
601
602
603
604
605
606
607
608
609
610
61
612
613

1-350
T-364
T-36¢
T-364
7-364

T-364

7-364
T-364
T-364

J-364

T-364
T-364
T-364
T-364
7-364
7-366
1-366
T-366
T-366
T-366
T-366
7-366
7-366
1-386
T-366
T-366
T-366
T-366
T-386
T-386
T-386
T-386
T-386
1-386
7-386
1-386
T-388
T-388
T-388
T-388

T-388

T-388
T-388
1-388
1-388

T-388 .

T-388
T-388
T-388
T-388
T-388

Date

68/05/1
16/09/14

-86/02/0¢

86/03/31

86/04/17

86/05/05
86/08/07
86/09/29
87/02/25
81/03/17
87/04/08
87/06/01
87/08/14
88/02/2¢
88/03/11
84/08/2¢
86/02/2¢
86/03/31
86/04/11
86/05/06
86/05/09
86/08/08
86/09/29
81/03/09
87/06/0¢
87/01/10
88/02/25
88/03/11
84/09/29
86/02/13
86/03/31
86/05/08
86/05/07
86/08/07
86/09/29
88/05/1
84/12/04
84/12/05
85/11/24
86/02/11
86/04/23
86/05/06
86/05/08
86/08/19
86/10/10
§1/02/21
81/03/18
87/04/08
87/06/01
87/09/01
88/02/23

Code

BF30!
BF700
BF255
BF312
BF328
gP12

BF437
BF492
BF623
BF646
8PT2

BF68S
BF100
BPT2

BF103
BF112
BF335
BF3T2
BF389
BPT2

BFA04

"BF4S6

BFStS
BrFE98
BF16¢
BF128
BT
Br781
BF101
BF304
BF353
gP12
BF388
BF461
BFS16
BF631
BF288
Br266

BF120

BF765
BFE18
BPT2

8Fe3s
BF938
BF970

Cat

662.6
482.4
500.2
5§03.3
488.8
424.8
505.4
453.1
483.8
453.3
$31.1
482.8
482.4
433.2
€94

§§8.3
583.4

561.9

579.4
£83.¢4
§80.5
605.8
550

5§53.5
5¢6.¢8
560.9
§43.5
5§35

492

481.8
48¢.1
3.4
4811
461.3
471.8
5§09.7
557.8
§56.9
118.1
5§66.8
544.2
§11.8
568.5
564

§38.2

BF1098 562.2
BF111t §69.5

BP12

485.5

BF1168 557.2
BF1168 554.1%

BPT2

498.5

An

§67.2
476
1.2
€82.5
9.9
4.1
521.2
o
485.6
€55.2
051.5
“e
4%
€39.5
91.2
556
513.5
545.8
515.8
509.5
589.1
(1]
§57.2
556.3
543.6
572.2
548
539.7
491.5
183.5
465.5
21
181.9
475.2
481.6
§13.5
655.5
§50.4
§70.7
§70.1
501.2
507.8
§79.6
562.1
554.6
550.6
568.5
520.3
555.3
549.1
513.9

g8a)

-0.301
0.668
0.608
21
0.00721
-2.22
-1.5¢
-1.48
0.428
-0.202
-2.25
-0.205
0.662
-0.716
0.285
0.201
0.851
1.45
0.307
-2.63.
-0.78¢
-0.684
-0.653
-0.25
0.289
-0.95¢
-0.503
-0.433
0.047
-0.16¢
1.9
-0.426
-0.0268
1.2
-0.386
-0.377
-8.06
0.591
-52.3
-0.268
0.215
0.391
-0.973
0.122
-1.5
0.688
0.0811
-3.48
0.168
0.451
-1.52

Na/Cl

0.539
0.552
0.543
0.563
0.§37
0.522
0.522
0.519
0.54
0.525
0.53
0.533
0.552
0.535
0.551
0.545
0.542
0.548
0.5¢
0.513

. 0.526

0.526
0.522
0.528
0.532
0.5
0.83

0.538

0,539

0.5
0.558
0.538
0.5u
0.551
0.529
0.545
0.456
0.543
0.0895
0.535
0.537
0.546
0.826

- 0.543

0.517
0.501
0.538
0.51

0.535
6.547
0.522

Ca/C)

0.0262
0.0201
0.0244
0.0246
0.0235
0.0236
0.023

0.0255
0.0252
0.026¢
0.0218
0.0252
0.0241
0.0221

0.0242

0.0148
0.0219
0.0238
0.0188
0.0218
0.0215
0.0215
0.023¢
0.0238
0.0201
0.0227
0.0223
0.023¢4
0.02
6.0212
0.0221
0.0213
0.0222
0.0235
0.0212
0.0216
e.017
0.0201
0.021
0.0218

0.0228

0.0227
0.0212
0.0221
0.0226
0.0229
0.022

0.0202
0.0226
0.0235
0.0216

318

305
296
296
208
298
332
n
299
299
291
2
m
215

304

268

268
284
284
292
306
310
287
285
krlJ
i
293
S
261
261
22
299
k13

320
323
N
n
N6
KH)
320
3

. 293

k73|
m

307

TQA

N0

296

Mn

20

216
s
10
302
296
rLH
285
286
Mm
Mm
2

3

35
292
3N
n
39
310

2u

Iu
266
KA
280

m
276
316
m
305
305
3
k73

m
315
30
32
3
310
309
304
287
305
315
285

THK-F
296
3

309
KD H

- a8

m
i
3
A
84
315
299
304
295
k3
3
23
k73]
308
n
322
328
325
326
323
319
30
m
33
320
307
32
s
A
286
32

. 326

683
33
39
307
319
308
322
321
n
289
322
306
3

299 -

300

13

292

292

302
300

304
289

302

304
307
281
302
292
285
289
s

33

m
n

298

mn
I
u

Jm

32
m

- 309

295
307
310
308
298
308
304
m
292
n
316
“3
306
309
299

- 310

302
0
ne
08

2%

m
298
303

c13

14430
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. Steam fraction y
Separator l hg=2778 kJ/kg

p=1000 kPa
T=180°C

Water fraction (1-y) L
1 . hy=763 kJd/kg ' -

} Tﬁ'b-bhase flow

7 o | h=yhg+(1-y) hy,
~ Liquid feedzone " hehy,
'h=1085 kd/kg yeq o =0.16

| s~hw

T=250°C

Separalion of steam and water, energy and mass balance.




MAss AND ENERGY BALANCES:
Hyop = X H_ + (-x) H,
Cior = X C + A-x) C,,
bror = X 8§+ (1-x) &,

WHERE X = LIQUID FRACTION

DATA NEEDED:

ANALYSES OF SEPARATED
WATER AND STEAM

SEPARATION PRESSURE
ENTHALPY

GEOTHERMOMETER TEMPS
(SOLUTE, GAS. ISOTOPE)

RESERVOIR BALANCE CALCULATIONS:
= R R
Hyor = Xg HE + (1-Xp) WY

= (R - R _ yR
Xe = O ~ Higr) / G - HD)

CHLORIDE REMAINS ENTIRELY
IN THE LIQUID

R = = S
Cll = CLygi/Xg CL(Xg/Xg)

BUT GASES AND ISOTOPES PARTITION
IN STEAM AND WATER

R = _
NoL = Moror/(Xg *+ B = XB)
WHERE B=0(, / C,

éDp = 6Dyoy + (1-Xp) 103 LN oy
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Equations expfessing the temperature dependence of selected geothermometers. Cis the
concentration of dissolved silica. All concentrations are in mg/kg. (Modified from Fournier,

1981).
Geothermometer Equation Restrictions -
| R o _ 1309 ' _ 0.250°
Quartz-no steam loss t°C = 3354 g C " 273.15 . t = 0-250°C e
. o 'y — 1522 . . — °
Quartz-maximum - t°C = 575-109C 273.15 t = 0-250°C
steam 0SS B
K-Mg tC = 19 . 273.15° t > 100°C
- log (Mg/K®)-13.95
Na/K (Fournier) t°C = 1217 t > 150°C

Na-K-Ca

Tog (Na/K)¥i.483 - 273.15

(G = 1647
log (Na/K)+pg[log({Ca/Na)+2.06]+2.47
-273.15 | |




Temperature (°C)

340r o Na-K-Ca | _
+ Sllica @ M-31 -
4 Enthalpy
a a
! y
320 AA% a
g s A "
£ A g
o o £q8 & )
300[° ©¢ a  Zaas s &
b ?8 o o s 26 s
o o &0 4 £ . '
Yoo %, ° o <4 ", 'Y
280} o 0O Oag‘AA ds & o
§ % ° R +¢ + o‘ @é s e
e 0‘4» « o « PO ;: : tz a
260 et * Y
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+ *
240 _, L, " " N I _, _ 4 N 4 4
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Year

Time plot of temperatures indicated from Na-K-Ca and silica
geothermometers and measured enthalpy for fluid produced
from well M-31 at Cerro Prieto, Mexico. Dots show calculated
well bottom temperatures based on a wellbore flow mode!
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Trend lines relating changes in deep-water chloride concentrations to
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Enthalpy (J/g)

Enthalpy ——— -

Bolling Lines
Deep Hot Water
Amorph
8102
ppt
HSy HS,HSs HS,
Hot Springs
Cold Water
0

Chioride ————»

Hypothetical plot of enthalpy relative to chioride for various
waters that result from the mixing of hot and cold waters
Enthalpies of deep waters are estimated using the silica content
of hot-spring waters (modthed from Truesdell and Fournie’.
1876).
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1 v 1 R ] Ll
Stesm 'A 4 AV 1]
E
4 20
¢ 2«
{ v
Reservoic sq-m1 , 4
. ) 250°C A
0 $00 1000 1500 2000 2500 300C

Chloride (mg/kg)

Enthalpy-chionide diagram of produced fluids from the Baca
Geotherma! Field Open symbols are tota! fiuid enthalpy and
chioride; closed symbols are reservoir liguid chionde anc
enthalpy (calculated from geothermometer temperatures)
(modted from Truesdell and Janik, 1886)
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Gas Chemistry and Thermometry of the Cerro Prieto Field N. L. Nehring and F. D’ Amore

— e e s @ s e N 7 mm @

/
22, /
7

_~"Bcpm

MOLE FRACTION N, I
N RESEAVOIR FLUID X10?

MOLE FRACTION TOTAL GAS N .
RESERVOIR FLUID X10°

-— 1082 — 1882
-— 1977
— 1977
L : o !
2 T ? . H
. . Kiometers
Fig. 3. Mole (raction of toral gas ip reservoir fluid x 10°, Data from 1977 show boiling qround M-21A and along  Eig 4. Mole fraction of N, in reservair fluid x 10°. Data from 1997 refiect drawdown of cold water into the rescivoir
fault 1.. Data from 1982 show boiling along fault H, and imply that fault H provides major structural controf for fluid (steam fraction x gas/sieam x %N, = mole [raction N,).

Muid movement (steam fraction x gas/stream = mole fraction of toral gas).
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GAS EQUILIBRIA--E.G. METHANE BREAKDOWN
CHq + 2H20 = COZ + QHZ .
. Y y)
Ke = (Peo2® Ph) /7 (Peyy® Piiag)
FOR EACH GAS ;
- R v R
(C/Hy0) = YR(C/H0IE + (1-Yp)(C/RH0IR
YR = RESERVOIR STEAM FRACTION .
=C¢, /C
- o)k
P = Puogp (C/HZO)V
THEREFORE - .
P = Pyso (C/HZO)NH / (Yg + (1-Y,)/B)

?

PuTTING THESE-EXPRESSIORS INTO LOG FORM
' 106 KC = LOG Pcoz ‘:+' ll LOG PHZ -

 LOG Peyy + 2 LOG P20

 AND B

LG Py = LOG Pyyp * 106 (C/H;0)yy - LOG A
"WHERE A = (YR + (1-YR)/B)

© COMBINING

4 L06 (HZ/HZO) + L0G (COZ/CHQ) =

LOG K +2 LOG PHZO
Q LOG AHZ + LOG (ACOZ/ACH"‘)

- Keo B, AnD Py H20 ARE KNOWN FN OF T.‘

: SO GIVEN T, THE EQUATION CAN BE -
SOLVED FOR Y.
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4 log H2/H20 - log CH4/C02

r: rrC ol T rD KNG (” -

Cerro Prieto CP-I; 1977, 1979

3 log H25/H20 - log H2/H20




6.7 molal equiv. NaCl

~-12

-13

-4} o
B REACTIONS WITH WATER
=157 ] IRON DISSOLUTION
o Fe + 20" 2 Fe?* + W,
-6t/ o) ‘
N MAGNETITE DEPOSITION

3FE2* + UH,0 T FEs0, + Hy + 6H'

L

REACTIONS WITH H,S
PYRRHOTITE DEPOSITION
FEZ* + H,S 3 FES + Hy

i - | ) PYRITE DEPOSITION
st\uy{ o
. FES + 2H,S < FES, + 2H
-20 " 2 ‘ s a A ‘ 2 2 2

4 log H2/H20 - log CH4/CO02
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Changes with Time in Enthalpy and Gas Concentrations for Total Discharge for Well 11,

Broadlands" A o
Date
on7i68 101568 1127168 12169 . 312169
Enthalpy (call) . . 296 317 33 374 356
CO, (mmole/100 - 223 370 - 480 560 855
moles) ) : )
COJHS ratio© 43 @ e 50 59

“ At a wellhead pressure of 13.8 bars gage.

I

, ‘ — 2

60 o 3 . L : 7]
~Well 27 Wwairakei . 4 20 o

, No boiling of 260° water —— g

R es. 260° water boils . ee--e- g
g 56 _763\ Gas in discharge . 0=—0 7 16 T
. Q

o | 260 3 3
S - - ::‘ 's.‘ . o 12 13
—~— , :’90 ‘..~ (7]
[} ) ~ '..‘. 9
S0 f= o5t PN 5
g L an® g s.‘ T oo pw e k.
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30 - - o b\“_"'*ﬂ\/o €
/58159 [ 6061 [€2 [ 63 [ 62 165166167168 69 g

Dote

@ % Gas in steam os analyzed:
0-0 % Gas in steam gt WHP = =
5.5 bars gaoge _
¥  (Gos in total discharge -
&4 Discharge enthalpy (calfg) -
$ " Noof welts o

& N

3 -

% Gas content [by weight)
Gas content of total discharge
(mmoles/100 moles)
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Geotherma! Well Sump 120
and pond area J

Vail 4 Canal

. Water sample sites near the Sinclair & Geo‘.hérma'l Well in the Salton Sea KGRA
used in the Vail 4A Drain case study. - :

Recommended maximum concentrations of -
trace elements in water E

. Drinking - - Irrigation
) LAs . . 005 . L. 2.0
B 2.0-10.0
Ba ‘ 1.0 .
Cu 1.0 5.0
F 1.4-2.4 15.
Fe , 0.3 20.
Lé S : 2.5
M 0.05 10,
N ' BESHRRE R 2
Pb 005 e 0.
Se - 10,01 S 00020
in 8.0 T S 10,

Nat. Acad. Sci., Water Quality Criteria (1572).




Average concentrations in water samples fn Salton Sea KGRA, mg/1.

.&ﬂl yail4 Canal Sump 120 Stnclair 4 Sump 116 Vafl4A Drain Alamo Rfver Salton Sea
Na 168. 1080. §8442. 2470. 970. €07. 10600.
K 6.3 20. 14918, 247. 66. 15,185,
Ca 93. 373. 26992. 2050. 437. 201. 850,
Mg 35. 187. 736. 385. ., 160. 120. 1200.
¢l 158. 989, 154590. §540. 1870. 760. - 14700.
504 357. 1990, 19, 1590. 1480. - 960. 8100.
€0, 15. <2.8 <2.5 <2.5 - <2.5 €3.
HCO3 152. 338. 0. 380. 330. 205. 143.
T0S 928. 5030. 266560. 17700. _ 5970. 3000. 38600.
pH 8.2 7.0 5.3 6.8 7.6 7.7 8.8
As 0.005 <0.005 10. 0.005 0.005 0.007 <0.01
B 0.25 1.1 332. 8.7 2. 0.76 6.8
Ba 0.09 0.087 1100. 0.54 0.093 0.i2 0.07
Cu <0.005 -0.005 3. 0.075 0.007 0.014 0.08
F 0.5 0.57 14, 0.48 0.05 0.66 1.1
Fe 0.03 . 0.08  1240. 0.26 0.08 0.045 0.24
Li 0.08 0.31 344, 14.3 1.24 - 0.23 - 3.2
M 0.01 0.30 1475, 47. 1.9 0.035 ~ 0.08
N1 0.01 <0.01 <4, 0.3 <0.01 <0.01 - <0.2
Pb <0.01 0.0 60, 0.29 0.02 0.0 <0.1
Se <0.005 <0.005 <0.01 <0.005 <0.005 0.02
Sr 1.3 5.0 448, 38. 6.0 3.2 13.5
In 0.02 0.03 600. 7.8 0.12 0.02 0.03
K/Na = 10 0.38 0.19 2.55 1.0 0.68 0.25 0.18
C1/504 0.44 0.50  8140. 5.36 1.26 0.79 1.82
Major
fons
Trace
{ons
¢y Maior constituents | g _Trace elements
T 3 3 rp vt
500,000
100,000 L
Mg |- =150, _ 50,000
f———— 10,000 Mn |-
Na [T Jow s b
— 500
Kmo 0 00 50 1oo~o3 1% z"0.01 1.0 . %0110,000
Percent reactance value TDS mg/1 mg/t

Stiff diagram of major constituents and
logarithmic diagram of trace elements
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TABLE 17.1: Cost estimate for analytical peochemistry laboratory (data supplied by J.B.Finlayson)

Instrumentation
Analysis
pH, HCO;, CO,, B pH meter, bench model $2000
Combination pH electrodes ’ 500
Nas, K, Ca, Mg, Si, etc. Atomic Absorption/Emission Spectrophotometer* 35000
Hollow cathode lamps
(Li, Mg, Fe, Mn, S1) 1800
Gas cylinders and two stage regulators for
acetylene, Hy, Afr, N;0, Ar 1000
Si, SO. UV-Visible spectroscopy? 12800
1 set quartz cells 200 -
. $53300

(* prices quoted for instruments suitable for permsnent laboratory)

Miscellaneous Equipment

Anslytical bslance (160-200 g max, 0.0001 g min) $ 2500
Top loading balance 1800
Water still 700
Water bath (12 holes) 360
Vacuum pump 900
$6260 '

Laboratory supplies

General glassware = §2000
Reagents = 3000
= $5000

Other equihment
Gas chromatography (incl. vac. pump, gas regulators, recorder) $10000
Webre separator 4000
Downhole sampling bottle 6500
' ' $85500

% Costs are specified in SNZ which at the time of writing (tune 1'M82) has an equivalent value of $US 0,76,
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Classification of Geothermal (Hyagethermal) Reservoirs

from O Sullivan, M. J. and McKibbin, R
' Geothermal Reservoir Engineering (draft February 1989),
University of Auckland, New Zealand

e Warm water reservoirs- Usually includes systems with temperatures
in the range 90-180°C and where boiling will not occur in the reservoir
even during exploitation. Usually they are useful only for non-
electrical purposes. Examples of warm water reservoirs are Tianjin
(P.R. China) and Waiwera (New Zealand).

e Hot water reservoirs- These systems are all hot water in their pre-
production state but may boil after extensive production. Temperatures
are usually in the range 200-250°C (the presence of gas may cause
some reservoirs in this temperature range to boil). Wairakei with max-
imum initial temperatures of 260-270°C and a small initial boiling
region is often called a hot water system but perhaps fits better into the
next category. Ahuachapén, Salton Sea and the upper reservoir at
Krafia are hot water types.

. 'I‘wo-phase liquid-dominated reservoirs- In these reservoir a two-
phase region containing a mixture of steam and liquid water overlying
a deeper hot liquid layer is present in the natural state (Wairakei and
Cerro Pricto are examples) Temperatures vary (220-300°C) with the
presence of gas causing boiling at lower temperatures (for example
Ohaaki-Broadlands, Ngawha).

° o-phase vapor-dormnated reservoirs- Vapor-dommated systems

-+ also contain an upper two-phase layer. In this case, however, the liquid

phase is sparse, widely dispersed and immobile and so wells produce
only steam (Geysers and Lardarello). Again temperatures vary (say
230-330°C) dependmg on depth and gas content. '

‘. | When dnllmg ﬁrst occurs in a geothermal reservou' it may be classxﬁed into
one of the above categories quite easily. If it is vapor-dommated then a low

downhole pressure and the production of dry steam will serve to identify it.
The remaining categories can be distinguished by temperature distribution
with depth.




High—Temperature Geothermal (Hydrothermal) Systems

TYPICAL CHARACTERISTICS OF PRODUCING FIELDS

Rock Type:
: Volcanic (sedlmentary plutomc, metamorphlc)

- Permeability:
Related to fractures (pnmary pores)

Reservoir Depth:
Generally between 500 and 2500 meters

Reservoir Thickness:
Hundreds to thousands of meters

Reservoir Transmissivity:
1 to 100 darcy-meters

Reservoir Temperature:
150 to 350°C '

Reservoir Fluids:
Total dissolved solids (0.2 to 25 % weight) -
Non-condensible gases (0 to 10% weight; O to S bars CO, par-

tial pressure)

For additional details see Bjornsson, G. and Bodvarsson, G.S.
(1989), " A survey of geothermal reservoir properties ", paper sub-
mitted to Geothermics (Lawrence Berkeley Laboratory report

.. LBL-26892).
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Hydrothermal convective syste'msv are dynamic in nature

Complex geologic structures may control the convective
heat transport in these systems.

- Complex processes occur in these systems under natural
conditions and in response to exploitation.

In order to understand the behavior of these systems

_ one has to analyze field data obtained through &

carefully designed exploration and monitoring program.

‘For most geothermal systems the geological and

' thermodynamic complexities are such that numerical

models are required for testing conceptual models and
for predicting reservoir response to exploitation.




Conceptual Model of a Geothermal System

Definition

The conceptual model refiects our current knowledge of a given
geothermal system and its dynamics. It is a descriptive or qualita-
tive model that incorporates the essential features, and physical
and chemical processes that affect the system. The model should
be capable of matching the characteristics and salient behavior of
the geothermal system.

Definition based on:

Bodvarsson, G.S., Pruess, K. and Llppmann, M.J., 1986. Modeling
of Geothermal Systems, Jour. Petr. Tech., Vol. 38, No. 10, pp.
1007-1021.

Grant, M.A., Donaldson, LG., and Bixley, P.F., 1982. Geothermal
Reservoir Engineering, Academic Press, 369 p.
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-~ Main Processes

Occurring in the Reservoir

e Mass Flow (Liquid, Ste’ain, Dissolved Sblids,
~ Non-Condensible Gases) |

o Heat Flow (Conduction/ Convection)

Phase Changes (Boiliné / Condénsation)

[ )

e Stress Changes

| o Mixing of Fluids
L e Fluid/Fluid and Rock/Fluid Interactions

LI




Hydrothermal Systems are Described/Characterized by
Conceptual Models that Range —

FROM:

SIMPLE MODELS
“That correspond to systems presenting

Uncomplicated geometry/geologic structure
Porous medium porosity/permeability

Low temperature (< 200°C)

Single phase fluid

Single low salinity fluid

Low amounts of non-condensible gases

TO:

COMPLEX MODELS
That correspond to geothermal systems presenting

Complicated geometry/geologic structure
Fractured medium porosity/permeability
High temperatures (> 200°C)
Two-phase fluid(s) '

High salinity fluid(s)

High amounts of non-condensible gases

£

|

e ot rior r N 1

i

r—r:

il
i

[ .

)

)

T



I S G

‘..,,,,
i

To Develop the Conceptual Model of a Geothermal System

one has to consider/analyze: .

. a)
b)
| ‘ o

. id)

Geologlcal data
(hthology, hydrothermal alterauon, faults)

Drilling/well completion data . |
(depth of lost cuculatlon zones, casmg data)

Locatlon and characteristics of surface ‘manifestations
(fluid composition, temperature, flow rate)

Geophysical data
(surface and downhole data)

Downhole temperature, pressure and flow rate data
(vertical and horizontal dlstnbutlon)

Wellhead data |
(pressure, enthalpy, fluid composmon)

and the changes of c¢) to f) w1th ume (1 €. 1n response to the
explonatlon of the system). - SR
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" Model of a high-temperature hot-water geothermal system. Curvelis
the reference curve for the boiling point of pure water. Curve 2 shows the
temperature profile along a typical circulation route from recharge at point A
to discharge at point E.
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SUSANVILLE
Temperature contours
(°C)at 1150m elevation

\ ——-~ Observed
\"“ Caiculated

Susanville, California. ‘Comparison between observed and calcu-
lated temperature countour data (Bodvarsson, G.S., et al., 1981).

SUZY2 SUZY4 SUZY8 SUZY9  NAEF
|300‘||1°r§|¢l|l=1er°l~l
o @ ’ [ ]
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1981).
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Conceptual models applicable to the Lassen Hydrothermal Sys-
tem. Both models involve lateral flow that links acid-sulfate
features at higher elevations with high-chloride discharge, at
lower elevations. Solids arrows: liquid flow; Broken arrows:
steam flow (from Ingebritsen, S.E. and Sorey, M.L., 1987).
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Development of the Conceptual Model of Cerro Prieto

(evolution of the model with time)
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Location of surface manifestations in the Cerro Prieto area
(Maiion et al., 1977).
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CERRO PRIETO GEOTHERMAL FIELD
WELL LOCATIONS

a
ANAL soLFaTas
4

Cerro Prieto. Location of wells, principal faults and cross sec-

tion A-A’ (Halfman et al., 1984).
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ing geothermal fluid flow and cold groundwater (GW) recharge
(a) prior to and (b) during exploitation (Lippmann et al., 1989).
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ConceptualﬁéModels of Geothgrmal Systems

SUMMARY ¥

~— The conceptual model is a plau51b1e and coherent "mental pic-

ture" one develops for the system.

The model is useful in ta:geting and designing exploration,
confirmation, production and injection wells.

The development of a conceptual model is the first and funda-
mental step in the process of evaluating a given geothermal
system and designing reservoir management plans.

- The model Echangés (evoives) as additional information

~_becomes available during the exploration, confirmation and
development stages of a pro_;ect :

, Thus, :

: The conceptual model of a geothermal system is mamly a

function of:

a) the data available (1 e., type, amount and quahty of the
‘data) |

" and

- b) the experience of the "modeler" (i.e., the per,sonE has to

have a good understanding of the processes that occur in
the system and use the appropnate data mterpretatlon |
methods). T c L .
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General approach to reservoir evaluation (G.S. Bodvarsson, \
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Introduction

The main parameter: of interest to a reservoir engineer that should be

monitored on a routine basis during exploitation are:

u mass flow rate (steam, water, total)
n enthalpy
m pressure (wellhead, downhole)

n temperature (wellhead, downhole)
By monitoring the above parameters, it is possible to follow changes in
well behavior and relate these changes to reservoir processes. The
purpose of this presentation is to summarize the basic techniques used

encountered in obtaining the measurements.

to measure these parameters and the practical problems that can be L
Geothermal Systems L

There are presently 3 general categories of geothermal system that are

presently being successfully exploited for both electricity generation
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and heating purposes. They can be characterized as follows:

. dry steam systems: these are systems,where the discharged
i f1u1d is either saturated or superheated steam that can be
used d1rect1y to produce electricity using a steam turbine

'or b1nary plant (The Geysers, Larderello, Kamojang, Cove

Fort),

. hot water systems: these are systems that contain hot
water of greater,than 180f§‘(356'F) and the fluid is
produced by natural well flow and flashed to steam ‘in a
surface separator ve;se].;uThe separated steam is then
usedvjn a steam,purbine}to_produce electricity (Wairakei,
Tohgqnan, Hatchpbaru, Cerro Rrietp, Salton Sea, Coso,

Olkaria, Dixie Valley, Heber),

a moderate temperature systems: theée are systems in which
~ the temperature is gengra]lyi]eSS than 180°C (356°F) and
the fluid is produced for heating or to either a binary or
f]aship]antrusing downhoIe production pumps (Ormesa
pjants, Geo East Mesa I, Steamboat, Amedee, Mammoth-

- Pacific).
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The equipﬁent used in these different systems for monitoring surface and
“subsurface changes in flow rate, ehtha]py, pressure and temperature are
similar. However, each geothermal system is different and it is

necessary to recognize these differences when designing the surface

g
I 9

plant layout and monitOrfng equipmeht.

Dry Steam Systems

o

A typical well in a dry steam system produces steam that is either

r—

saturated or superheated and can be used directly in a steam turbine to
produce electricity. In some wells, separators may be required but this

is not typical. In The Geysers, automated monitoring systems are now

common and are used to monitor all wellhead measurements on a routine

basis. These systems typically monitor pressure, temperature, flow rate

r

and valve position.

Well flow rates are generally measured by using either an orifice plate
(figure 1) or "annubar" (figure 2) in the individual well flow lines and

in the steam lines to the power plant. Other types of flow meters are

oo

available but are not used to the same extent. Annubars are preferred |

|

over orifice plates as they cause a smaller permanent pressure loss in

ST
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the flow line. Both methods have been proven over the yearé but
- |
t; ~ reliability is affected by the tendency of the steam to cause scaling
Li etc. ' :
L; The discharge enthalpy of a dry steam we]]’is'relatively easy to

measure, particularly if the steam is superheated. Under these

conditions, wellhead temperature and pressure measurements taken in the

—

flow 1ine are sufficient to define the thermodynamic state of the steam

—

at the wellhead. By using these parameters that are routinely measured,
it is possible to define trends in wellhead superheat with time. This
is illustrated in figure 3 which shows how the production data from a

well varies with time.

If the steam is not superheated, a:"calorimeter" (figure 4) can be used

to estimate the enthalpy of the steam. The data collected with the

~calorimeter test are used with a "Mollier" diagram or steam tables to

- obtain the steam enthalpy and steam "wetness".

~ the subsurface fluid conditions. In the past few years it has been

ij The measured steam enthalpy at the surface can be very different from
LJ possible to obtain more information on downhole fluid éhth&]py by

- running pressure-temperature-spinner (PTS) logs. These logs are now run
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on a routine basis by a number of operators in The Geysers field and
providg a method of monitoring changes in_dowphole enthalpy with time in
superheated steam wells. Figure 5 shows the results from a PTS log to
illustrate the enthalpy changes that occur within the wellbore. PTS
logs also provide information on f]owrvelocity within the wellbore and
this data is useful for identifying where inflows are occurring to the

well. By running repeat logs it is possible to see how these inflows

change with time. BN

Pressure measurements in dry sfeam systems are generally taken at the
wellhead in production wells, injection wells and observation wells
using standard pressure gauges or using an automated monitoring system
with wellhead transducers. It is possible to obtain information on
reservoir pressure decline in the production area by analyzing
production well pressure and -flow rate data. Figure 6 presents
calculated pressure declines compared with data measured during shut-in
periods from the same well and shoﬁs that the calculation technique can

provide valid information on pressure decline.

Wellhead pressure data from inactive wells can also provide information

on reservoir pressure decline. However, these wells are not generally

Tocated within the production areas. Downhole pressure changes can also

oo
i
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' be monitored in observation wells using downhole capillary tubing
connected to a surface pressure gauge or transducer. This is discussed

in more detail in the next section.

Hot Water Systems

-y

With hot water systems, we generally have a two-phase mixture of steam
and water at the surface. The steam must therefore be separated before
being used in a steam turbine. Typical surface ]ayouts for this type of

field are shown in figures 7 and 8; figure 7 shows the layout in

Matsukawa where individual separators are provided at each well while
figure 8 shows the layout in Tongonan where central separator stations
are used. At the wellhead, only wellhead pressure and possibly

temperature are monitored on a routine basis.

In hot water systems, the flow rate and enthalpy are usually calculated
simul\ta’neously,eipher by mass and energy balances over individual

separators (figure 9) or by using the James method. The steam and water

although _pr'ob'l:en}sv do arise, particularly with the measurement :of water

L flow rates are generally measured using orifice plates or annubars
L? flow rates.
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The basic layout used for the James method is shown in figure 10. The
James method is generally used during initial testing of geothermal
wells but may also be used during exploitation if it is possible'to '
divert production wells to an atmospheric silencer as required. The
James method may be the only technique available for monitbring;changes
in individual well performance when multiple wells are connected to a

single separator.

Surface enthalpy can also be monitored by using chemical techniques
where samples of either the water or gas are collected at different
pressures. By knowing the enthalpy of the steam and water at the
different pressures and the change in chemical constituent _
concentrations, it is possible to calculate the total fluid enthalpy.

This technique is presently being used at the Coso field.

In wells where flashing is occurring in the wellbore, such as at Dixie
Valley, changes in subsurface enthalpy can be monitored by rﬁnning
repeat temperature and pressure surveys to find where f]ashfng is
occurring in the wells and also the temperatdre and pressure conditions
at the flash point. An example of this type of survey is shown in

figure 11.
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As with dry steam wells, PTS logs are also used in hot water systems to
establish where inflows are occurring to the well. However, it is not
possible to use these logs to accurately estimate enthalpy unless the

. fluid is flashing within the wellbore. Example PTS logs from a hot

water geothermal well are shown in figure 12.

Pressure changes in hot water systems are generally monitored by using
observation wells, with measurement of downhole pressure. At present,
temperature limitations restrict the use of downhole transducers for
this purpose to wells with water level temperatures of less than 80°C
(176°F). In hotter wells, downhole pressures can be monitored by using
capi]]aryttubing within_ the well connected to é,surface pressure gauge
or pressure transducer. This type of equipment is now used extensively

in geothermal fields to monitor for pressure interference.
Moderate Temperature Systems .

By using pumped production wells, the hot geothermal water is maintained
under single phase conditions and it is therefore possible to use
relatively standard techniques fof monitoring changes in well

- conditions. A typical pump installation usually includes a "bubbler"

tube for measuring downhole pressure, surface monitoring of discharge
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, -
pressure, annulus pressure and flow temperature and flow rate

monitoring.

r— r—-

The flow rates are géneraﬂy" measured in the individual flow lines with
1

either orifice plates or annubars.

|

Changes in discharge enthalpy can be monitored by measuring wellhead

temperature. I

I

Downhole pressure measurements can be taken from the production wells by i

using a "bubbler" tube installed in the annulus of the well and with the ~

end of the tube located just above the pump intake. The pressure is ??

monitored on the surface using a pressure gauge or transducer.

Downhole pressure measurements can also be taken in observation wells

using the same equipment as for the hot water systems. : ls
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Sharp edged orifice
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Vena contracta

(pressure differential
8z across orifice plate)

FIGURE 1: ORIFICE PLATE INSTALLATION
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Simplicity of design

Annubar is comprised of four basic
parts, alt -constructed of rugged 316
8S.

1. The HIGH PRESSURE SENSOR

with four impact ports faces up-
stream. Based on Chebychef calcu-

‘lus* for averaging observations, the

computer-located ports sense the
impact pressure caused by the flow

cross-sectional areas of the fiow
stream.

velocity in each of the four euual_l

4 sensing
‘ports

2. The INTERPOLATING TUBE in-

serted withinthe high pressure sen-
sor transmits the continuous aver-
age of the impact {stagnation) pres-
sure detected by the four sensing
ports to the high pressure side of
the differential pressure measuring
device. The impact pressure is the
sum of the pressure due to the ve-
focity of the fluid and the line static
pressure.

4.The INSTRUMENT HEAD trans-

mits the differential pressure 10 an
Eagle Eye differentiai pressure flow
meter, or other secondary devices,
such as a DP transmitter, recorder
or controtier.

3.The REAR PORT, pointing down-

stream, senses the low pressure.
The difference between the high
pressure from the interpolating
tube and the low pressure from the
rear port is proportional to the flow-
rate according to Bernoulli's Theo-
rem.* in some Annubar models, the
rear port is focated within the high
pressure sensor. in other models, it
is located downstream outside the
high pressure sensor.

Velocity

M- o average

\

Four FaVaVe
equal

annular

areas

Annubar

Model ANR 75

FIGURE 2: ANNUBAR INSTALLATION
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FIGURE 3 : FLOWRATE."PRESSURE. TEMPERATURE and SUPERHE’AT CHANGES vs TIME
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FIGURE 4: LAYOUT OF A CALORIMETER USED FOR STEAM QUALITY DETERMINATION
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STATIC PRESSURE (psia)

FIGURE 6 : CHANGES IN STATIC PRESSURE WITH TIME
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Operative Diagram of Matsukawa Geothermal Power Plant
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FIGURE 7: LAYOUT OF SURFACE EQUIPMENT, MATSUKAWA GEOTHERMAL FIELD
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RESPONSES OF A GEOTHERMAL FIELD DURING EXPLOITATION
CHEMICAL PROCESSES AND CHANGES
HOW DOES ssomséMAL’WATEn BOIL??

by
‘Donald E. Mlchels
- DON MICHELS ASSOCIATES

One may be said to «understand” a bonin'g system If mey know the temperature, pressure, -

‘phase compostltions, heat balance, denstties, and dynamic relationships for & complete process. The

process may be considered as beginning with a single-phase liquid, overpressured in the sense that

-no vapor is initially present.  The process continues with the extensive development of vapor, mostly

Hzo but with prominent gases, and includes heat losses and partitioning of components between
liquid and vapor. Partitioning may be continuous, as in a wellbore, or stepped, as through an orifice
plate or steam separator. possibly wlth mumple stages \

WHAT IS BO!UNG" ,

Bolling concerns the = balance be'tween
intemal ‘pressure, extemal pressure, volume
available for expansion, and losses (or inputs) of
heat, for & vapor-liquid system. Speciﬁca!fy. we

consider @& system dominated by the

thermophysical properties of H,0, but with
substanua! eﬁeas due to other materials ;

One may considerﬂ'oa pressure. required to
. confine a watery mixture of liquid and vapor, as - -
. the collective effect of *escaping tendencies* by
the molecules of
Furthermore, when no vapor phase Is physically .
‘present, k is realistic and useful to consider an
internal pressure of a single-phase iquid, due to

H,0 and other gases.

moseeswplngtendenciesdthecomponems

Alq@mdhasanhema!presuewetolsf

and composition. This pressure can

temperature
laemem.urecxclirecuytm}yi'\the«:astas\\rhtaretha~

iquidandltsvaporarebothpresam.

conrnlng pr&esures are eonsiderad to be -

mechanlcal and/or hydraulic. They can be

- measured with ordinary pressure gauges. They

may exceed or be equal to the intemna! pressures
of the liquid-gas mixture, but they can never be
less.

‘gﬁen in @ steam table.
 components, Henry's Lew pressures may be

Temperature ks the main factor which
controls the escaping tendencies of vapor and
pases. The presence of dissolved, non-volatile
materials in the liquid has some effects on the
escaping tendencies. Usually, they decrease the
escaping tendencies for H,0 while increasing the

-escaping tendencies for non-H,O gases. For the

H,0 component, one may visualxze the pressures
For non-H,0

visualized. Both kinds of visualization need to
hdudethougmsdanectsduatodissowedsans.

etc.

~ hsomeeasasmegasprassuresofco
excesd the H,0 vapor pressures, bringing lnto
question the meaning of boiling® inltiation. Also
e&xtreme -are geopressured  fluids, In which
methanepressmasamcongh.relatweto (o]

-vapor. pressures, that the energetics

systamaranolongerdominatadbytheﬂzo

in ordinary geothermal developments, gases

. are collectively important for the Henry's Law
pressures they contribute for Incipient boiling.
- They are also impontant during the early stages

of bolling, particularly when redistribution of
gases Inltiates chemical reactions in the residua!
iquid. During boiling, gases preferentially enter




the vapor phase and their pressure effects
diminish sharply once bolling begins.

Geothermmal Boiling

Several kinds of bolling concepts are usefut
when considering geothermal situations.
sBolling-pressure-with-depth, for “static*
systems;
«Bolling, with nearly adiabatic

pressureftemperature conditions, In a -

discharging wellbore;
sincipient boiling conditions in a reservoir,
due to pressure drop related to well
discharge;
eSelected bolling pressures in power plants,
where steam separations are made for
engineered purposes.
in all of these, the temperature or pressure
Is to be related to some geologic or engineering
factor. Usually, It is important to consider also
- the composition of the fiuid mbdture. For some
aspects, the distribution of mass between phases
Is required, and sometimes & Is necessary to
know the partitioning of components between the
phases. It generally is useful, and sometimes
necessary, to know the heat losses that
complicate calculations about distributions of

components between phases.
Bolling-Pressure-with-Depth

Heat flow from geologic depths may warm &
water-saturated zone of nearsurface rock
enough to cause boiling & the higher levels.
Eventually, a temperature profile may develop 60
that the pressure at any depth, due to the weight
of overlying water (a hydraulic head) Is equal to
the vapor pressure of the water at that point.
Then, the temperature profile can be estimated
from the densty and wvapor pressure for
saturated water (or brine).

Selected profiles are shown In Figure 1.
Usually, the profile s computed for saltfree, gas-
froe water, The effects due to small amounts of
sat are negligible. However, the curve is
markedly flattened ¥ the sak contert is high, as
in hypersaline brines.

The presence of CO, causes sgmall
aherations In the shape of the curve, due to
variations in soiubllity with temperature. This

2

invites consideration of altematives, such &s
*constant CO, concentration® through the profile,
versus ‘constant CO, pressure", The
gimulataneous presence d sah and CO, causes
both distortion

pressure profile.

Since gases are normally present, in real
geothermal  liquids, the parts of temperature
profiles, computed for shaliow places, are not
Sikely to be found in nature. These upper levels,
where bolling may be active, are dominated
Instead, by thermal features which involve strong
changes to the composttion of fiuids moving
upwardly from below. They are also vuinerable
to effects of fiuids moving laterally, in response
to the shallow hydrologic features of the area.

The deeper places in a boiling-pressure-
with-depth zone represent a physical system that
is close to static, yet unstable, veritably ready to
explode. Wellbores should not be completed in
this zone unless some specific, and clever
production strategies are involved. Such wells
cannot be discharged without inducing boiling in
the rocks beyond the wellbore. That boliling
invites deposttion of scale which tends to cause
short Efetimes for the well's productivity. Also,
the well's energy outputs are not stable when a
boiling front relentiessly moves away from the
bore.

Geothermal bolling I not ke gases
escaplngtrompetroleum.norwngeothermal
two-phase mbtures be practically imitated or
mode!edhymbawas.suchasgaseousnltrogen
and cool water.

EBESSURE-TEMPEHATURE-COMPOSITION
RELATIONSHIPS

in & system of pure bolling water,
information about pressure s redundant with
information about temperature. Specifying one
defines the other, ascanbeseenbymferenoe
to steam tables.

mdtummlsnotmaﬂywnpﬁwwby
small concentrations ©f <hssolved salts.
However, for total dissolved sat (TDS)
concentrations above about 15,000 ppm, brine
properties are enough different from pure water

and shifting of the boiling
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to be considered as *good".

: Evenforwatersdlgwsanebmem.m
pressures of gases are highly signfficant at the

~ Initiation of boiling and during the early stages of
. -steam formation.  As a consequence, k often is

impractical to use pressure as a thermodynamic

~ *independent’ variable.

* For two or more components, (measureable)

. temperature and composttion are simpler to use
as independent variables. Then, total pressure

may be readily computed as the sum of

. separately calculable pressures associated with
- cerntain components.- Approached in this way,
the total pressure has a uniquely determined
~value.. Then, the measured (field) pressure

—;servesasaeheckonthemodelandthe '

measurements.

The atemative, of using compostion and

(measureable) tota! pressure a&s independent
variables - requires successive approximations

.- (iterations) to determine the temperature. The
- mass distribution of H,0O between phases must
.-be computed, whether & temperature approach
- Of & pressure approach fs involved. But the total
- pressure is not accurately correlatable with fluid

enthalples when gases .are dynamically re-

. partitioning between phases. This Is because

the mutiple gases and salts have significant

- pressure effects, but negligible enthalpy effects.

- Consequently, the discussion below relates
to mathematica! modeling of bolling systems by
‘using temperature and composition as inputs.
-Outputs  include = proportions  of

specific enthalpy of phases, specific volumes,

pressure, etc.
appﬁcagions for . which reservoir and fluid

properties are used to compute engineering
properties of the fluids that are relevant to the
" The most important pressure component

| -usually ks water vapor pressure. For hypersaline

brines, corelations between temperature gand

enthalpy, or denslty, or pressure, etc., are greatly

'.cdistribmnnoloomponemsbetweenphasas.

This fits the engineering

3

different 1rom dilte waters. Not only is &
necessary to account for the salt effects, but the

" salt concentrations ‘change enough during the

boiling process (due to steam formation) that
continuous ' adjustment of the corfrelations is
required for any praaica! model ‘

Dissolved gases in geotherma! liquids are
not considered as parn of the TDS, altthough their

~concentrations are generally significant in a

relative way. That is, the ppm concentrations of

~gases may exceed the ppm concentrations of

dissolved solids. The pressure variations of
gases in bolling systems have physical and
chemical aspects that make geothermal boiling
distinct from all other boiling processes.

*The most imporant gas in terms of
pressure usually Is earbon dioxide

- (CO,).
sin some systems nitrogen (N,) may be
more significant, pamcn.:taﬂy at lncipxent

- boliling.
*Methane (CH,) Is the most lmportam
T« pressure eomponem for ‘geopressured”
- gystems, as near the Gulf Coast, but it
is only occasionally significant in
'cirwmstances usually considered as

geothermal.
sHydrogen sulﬁde H.5) seldom has a
pressure large enough to be worth
_considenngmaoomponemofmetotar
pressure. But, comosion, toxiclty, and
regulatory Issues require that & never
: til clearly shown as
- mgl’ngiblehantmeeaspects
Anmorﬁaseldom.lwer.hasapressure
that b significant, but &s chemical
- offects are sometimes important.
eHydrogen, hefium, argon, and higher
. hydrocarbon gases sre generally too
scarce to have significant pressure
effocts. However, their presence and
proportions, in relation to other gases,
have geochemical implications that may
be important.

s Eunchon.a! Relatm

PtessuredHIOhubolhgsystemfdlm

" log(P) = AIT, where A represents the energy

contrast between liquid and vapor (heat of
vaporization). ‘At vanes regularly with




temperature, hence a plot of log(P) versus 1/T is
highly linear. Dissolved materials (salts) affect
the value of log(P), but not A. . Thus, for salty
water with no gases, log(P) = AT + f(N). [N =
gsatt concentration and f(N) Indicates &
convenient functional relationship.

Figure 2 shows plots of log(F) versus W ops
- for water and two concentrations of NaCl. Plots
are "least squares" straight lines through tabular
data from Haas (1976). The system appears
- highly linear in an engineering sense and the
'eﬁectofsanonbg(P)isunlfonnoverthe
interesting range of temperature.

ft is significant that a bolling H,O system
does not follow the mathematics of PV = nRT.
[Pressure, Volume, absolute JTemperature,
number of moles of gas in the system, R s a
physica! constant].

The log(P) = AT relationship is one way to
explain why hot, two-phase water systems
cannot be accurately imitated by experiments
with mixtures of cool water and gas{es) which do
-foliow the mathematics of PV = nRT.

-~ .NonH,0 gases in the geothermal vapor
phase lollow PV = nRT, bt V is determined by
the amount of
. accordance with the energy balance between
- liquid and vapor. In the early stages of boiling,
the *n° moles of non-H,0 gas in the system are
partitioned between liquid and vapor. Often, kis
necessary to account for the partitioning, until
bolling has progressed so that negligible
amounts of a gas are left in the residual liquid.

_ The pressures of the several gas species
* gre independent, permitting the total vapor
-pressure of the system to be given by the
simple, algebraic sum of the individua! species
pressures, plus the H,O pressure

Henry's Lew

Each gas species in & bolling system has &
unique relationship among temperature, pressure
of the species, and other components in the
system. At a single temperature and overall
composttion, the pressure danylinglegas
species s directly to s
concentration in the liquid.
proportionality between vapor pressure

O vapor generated, in’

This fine ar\‘

concentration *dissolved" in the liquid is known
as Henry's Law. o

At *high® pressures, the
pressure/concentration  relationship  becomes
nondinear. In ordinary expioited geotherma!
systems, the gas pressures are not high enough

- for noninear effects to be significant. That is,

O gases may be treated as idea! without
Introducing erors that have engineering

- gignificance.

~ Gas solubilities obey Henry’s law at any
temperature. but the proportionality factors vary
with temperature. Each gas species has a
emperature of minimum solubility*. Most minima
occur below 150C. - Practical correlations
between gas vapor pressure and the
concentration in the liquid phase are given, for

“saltfree water, by equations of the form,

fpres/conc = C + D/T), where C and D are
unique constants for each gas species, and T is
the absolute temperature (Himmelblau, 1860).

Unfortunately, the solubllity minimum for
CO, occurs at about 175 C, so a practical
equauon for ks pres/conc relationship is more
complicated. Data from different laboratory
studies on the solubllity of CO, in pure water

kandhsahywatersarenothgoodagreemem

My preference is the data by Ellis and Golding
(1960), which included resutts for pure water and
for three concentrations of sodium chloride, the
highest being 2 molar. Those results have been
fitted to an equation of the form:

- psippm = & + b|T,-T [€ + d(e + TN

whereNkﬁ'aesalteoncemanon.T is the
temperature of interest, T lsthetemperatureof
minimum solubllity, andl .| represents absolute
values. Figure 8 shows the data and the fitted
fines.

Gas Distribution Factor

A partial alternative to the Henry's Law
approach for handling gas concentrations in &
bolling system iknvolves the factor *B* (see
Giggenbach, 1880). & does not concem
pressures directly, but describes the distribution
of a gas species between phases.
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calculation stopped before the lofigterm process
is completed. :

The third variant might be modeled to include a
separate accounting for the steam derived from
boiling. However, validation of the model
requires some means to identify the proportion of
total steam which comes from the vapor zone of
the reservoir.

Bolling pressure: The collective vapor pressures
of the fiuid components at any position along the
two-phase flowpath. sl e

In a wellbore, this *chemical® pressure is identica!

to the sum of pressures usually considered in
mechanical terms, as, for example, friction,

weight of overlying components, accelerations,

etc.

Bolling inftiation_pressure: The pressure &t the
time (posttion) where bubbles of vapor first begin

to form. It comesponds to the bolling initiation -

temperature in concept and posttion. it can be
computed from the temperature ~and fiuid

composition. :

#t may be identified in a pressure profile for a
wellbore as a place where the pressure gradient
in the deeper parts (due to a single phase liquid
denslty) becomes less, due to development of
vapor (bubbles). ' :

Boling Process: ~ The gvolution of events,
thermophysical and dynamic characteristics, and
chemical relationships between the point of
bofling initiation and cessation of steam

Gevelopment.

Brine: The Biquid phase produced from @
geothermal well or residing in @ geothermal

reservolr, whether or not R is substantially salty.
The liquid portion of a two-phase (liquid-vapor)
steam-water mbdure.

Fluid: Emerueamorbrine.oraMadm

~ two In any proportions.

Steam: The H,O vapor plus B host of other
substances, generally In minor amounts,
generally including carbon dioxide, hydrogen

sulfide, nitrogen, ammonia, methane, a variety of

other hydrocarbons, and noble gases.

7

Produced “steam often contains physically
ined droplets of brine and sometimes, exotic

substances, but for modeiing purposes,
por components are normally disregarded.

Non-condensable gas: The naturally present non-
H,0 gases in geothermal steam that do not
redissoive. In Bliquid when the steam &
condensed. Mainly, these are carbon dioxide,
methane, nitrogen, some higher hydrocarbons
and noble gases.

- Condensable gas: Any of the non-H,0 vaporous

components in gectherma! steam that tend to re-
enter the liquid phase upon condensation of the

- steam.” Malinly, this s ammonia. fts solubilization
is aided by carbon dioxide, which, with Hzo_
" forms an lonic compound.  Hydrogen sulfide may

be intentionally solubiized by additives.
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Figure 1: :
BOILING PRESSURE WITH DEPTH
~ Selected Conditions
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rigure 3t

CO, SOLUBILITY IN NaCl SOLUTIONS
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. riqure 4:

VAPOR PRESSURE CURVES
FOR PURE WATER AND 10 wt. % NaCl
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rigure 53

FLOW SHEET FOR

COMPUTATION OF STEAM YIELDS
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PLACASA: - © ““ cumnmonor mosmou AID PHYSICAL PIOPE!YIES
, by T m FLASHING CEOTMERMAL FLUIDS . ) . ;
DO MICHELS Assocutts“' B Lo Working Version ‘ ‘
; i S . . FLASH mnmm AT: SSOF  INITIAL NENRY’S LAY mssmes
- gxanple c.!cu‘hﬂom fw: ‘ L b snchm - 1.02 3 <. PRE-FLASH 10 $000 ppm w20 - 130.7
CRC Vorkshop : enry'- Lew CO2 41.5 !RllE-n BRI B . €02 1000 ppm €02 41.6
mvonmor A CEQTNERRAL FIELD DURING tmomtm ‘ C CR& T8 nllt-d 0.902 o cne 10 pom cne 7.9
: : N2 728 . L 14 . &0 ppm- N 4 29.8
Teble 12 lou-Su\t. lav-eu. low-tmnmo S B Sepoe . . ‘ v tom 209.9
N L umn FRACTION _ ‘ v
: VAPOR OF INITIAL GAS . ° ppm OF GASES : L 1O
bEG nmmnn msn °~’!C"IC me-- VOLUNE m Sctch PSMI‘IOOO pom  RERAINING 1% LIQUTID I YAPOR PHASE PARTIAL PRESSURES PRESSURE
F . LIOUID EVAP FRACTION STEAR LIOGUID - WET-  FRAC. m Coeff CO2 CHE N2 coz cRé "2 co2 cnk "2 co2 Cli N2 n20 PSIA KPA DEGC
330 319, 886.7 0.0000 3,353 0,018t 0.0181 0.000 5000 1.02 &1.6 788 T 1.000 1.000 1.000 42 7.88 20,77 130.7 - 210 1847 178.7
349 318.4 B57.5 0.0012 3,397 0.0181 0,0222 0.187 S008 1.02 41.6 789 747 0.533 0,140 0.089 276580 7001 28900 22 1,10 2.67 129.0 155-1068 176.1
348 317.4 B848.4 0.0026 3,440 0.0181 00264 0.318 5012 1.02 41.6 792 750 0,361 0.07% 0.046 207762 3785 15416 15 0.59 1.38 127.3 14 995  175.6
U7 316.3  B869.2 0.0037 3.483 0,0181 0,0307 0.4%% 5018 1,02 44.7 796 753 0.271 0.050 0.031 166435 2595 10506 11 0.40 0.93 125.6 138 953 175.0
%6 315.2 870.1 0.0049 3,527 0.0180 0.0351 0.480 5024 1,02 41.6 799 756 0.216 0.037 0.023 138354 1976 71973 9 0.30 0.69 124.0 134 926 176.4
S 314.2  870.9 0.0061 3,571 0.0180 0.0396 0,548 5031 1.02 41.6 802 759 0.179 0.029 0.018 119150 1596 6428 ? 028 055 122.4 131 900 173.9
30 308.9 875.1 0.0121 3.80¢ 0.0180 0,0637 0.72! 5081 1.02 41.5 818 775 0.09% 0.0%% 0,008 69886 816 3275 & 0.1 0,26 14,3 119 819 1719
335 303.7. B879.3 0.0180 4,054 0,0179 0,0906 0.806 5092 1.02 41.3 835 790 0.060 0,008 0.005 49604 SS9 2206 3 0.07 0.17 107.0 ' 110 757 168.3"
330 298.4 833.4 0.0239 &.325 0.0178 0.1208 0.856 5122 1,02 41.0 832 804 0.04% 0,006 0.004 38541 416 1668 2 005 0,12 100.0 102 703 165.6
325 293.2 887.5 0.0297 &.617 00178 0.1541 0,888 3153 1.02 40.8 869 822 0.033 0.00¢ 0.003 31576 336 1344 1 0,04 0,09 93.3 95 654 162.8
320 287.9 891.6 0.0%5¢ 4.933 0.0177 01916 0.911 5183 1.02 40.5 836 839 0.026 0.003 - 0.002 26788 282 1127 1 0.03 0.07 8r.0 83608 160.0
310 277.5 899.5 0.0468 $.646 0,078 0.2801 0.9%0 - 5245 1,02 39.9 921 8r2 0.018 0.002 0.001 20631 2164 856 1 0,02 0.05 75.5 76 526 154.4
300 267.2 907.4 0.0576 6.48% 0.0175 0.3903 0.958 5308 1.02 39.3 957 908 0.012 0.001 0.001 16842 1713 693 . .1 0.0% 0,03 65.2 66 453 148.9
290 256.9 915.2 0.0684 7.478 0.0173 0.5277 0.969 S367 1.02 38.6 904 941 0.009 0.00% 0.001 14276 146 586 0 0.01 0.02 56.1 S7- 390 143.3
280 246.6  922.8 0.0790 6,658 0,0172 0.699%% 0.977 5429 1.02 37.9 1032 977 0.007 0.00 000 12422 127 506 0 0.01 0,02 4£8.1 48 334 137.8
270 236.4 930.3 0.0893 10,070 0.0171 0.9144 0,983 5490 1,02 37.2 1072 1014 0.005 000 ,000 11020 112 448 o 0.0 0.00 &1.0 At 285 132.2
260 226.3 937.8 0.0904 11,767 0.0170 1.9843 0,987 5552 1.02 36.4 1112 1052 0.004 .000 . .000 9926 101 402 0 .00 0.01 3.9 35 262 126.7
250 216.2 945.1 0.1092 13.822 0,0169 1.5249 0.990 S613 1.02 35.6 1154 1092 0.003 ,000 .000 9042 92 366 ¢ .00 0,01 295 30 204 121.1
260 206.2 952.3 0.1189 16,326 00167 1.9562 0.992 5675 1.03 34.8 1197 1132 0.003 .000 .000 8318 B84 33 0 .00 0.0 2.8 25 172 115.6
230 196.3  959.3 0.1286 19.400 0.0166 2.5054 0.994 3737 1.03 34.0 1241 1174 0.002 .000 000 7”3 ] mn o .00 .00 208 21 1we 1100
220 186.4 966.3 0,1577 73,206 0.0165 3.2090 0,996 5798 1.03 33.1 1287 1218 0.002 .000 .000 7200 3 290 0

L0 00 17.3 17 120 104.4
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FLAGASAS L COMPUTATION OF COMPOSITION AND PNYSICAL PROPERTIES
by FOR FLASMING GEOTHERMAL FLUIDS
DON MICNELS ASSOCIATES Vorking Version
FLASH INTTIATION AT: 350¢ INITIAL WENRY’S LAY PRESSURES

Exomple Coelculstions fors Setchenow 1.07 « PRE-FLASH TDS 15000 ppm "0  129.7

v GRC Vorkshop Nenry’s Law CO2 43,3 BRINE-n 1 €02 2000 ppm Co2 8.6

RESPONSES OF A CEOTHERMAL FIELD DURING EXPLOITATION CHé 769 BRINE-d 0.91% cHé 20 ppm Cné 16.4

‘ n2 728 ne 80 ppm N2 62.1

Table 2: WNoderate-Salt, Moderste-Ces, Low-Tempersture y TOTAL  294.7

. ‘ VEIGNT FRACTION
) ) VAPOR OF INITIAL GAS pom OF GASES TOTAL
0EQ  ENTNALPIES FLASR <<SPECIPIC YOLUMES-» YOLUME TDS  Setch PSIA/1000 ppm REMAINING IN LIOUID . IN VAPOR PNASE PARTIAL PRESSURES PRESSURE

F LIOUID EVAP  FRACTION STEAN LIOUID NET ¢RAC ppm  Coeff CO2 CHé N2 o2 CcHé N2 C02 CHé n2 002 cné N2 N20 PSIA KPA DEGC
350 315.1 675.0 0.0000 3.359 0.0179 0.0179 0,000 15000 91.07 43.3 820 776 1.000 9.000 1,000 ‘ 87 16,3 62,07 129,7 293 203% 178.7
3.9 314.1 875.9 0.0012 3,401 0.0179 0.0220 0,185 15018 9.07 43.3 823 779 0.529 0.132 0.086  AL1419 14347 537892 46 2.18 5,26 128,0 181 1250 176.1
348 313.0 @876.7 0.0024 3,444 00,0179 0,026 0,315 15036 1.07 43,3 826 782 0,357 0.070 0.043 350806 7752 31139 31 1.16 2.72 126.3 181 1111 175.6
347 312.0 877.6 0.0038 3,487 0.0179 0.030% 0,417 15054 1.07 43.4 830 785 O0.267 0.047 0.029 291161 5315 21313 23 0,78 1.82 124.7 151 1038 175.0
326 310.9 878.4 0,008 3.531 0.0179 0.0346 0.485 15072 1.07 43.3 833 789 0.213 0.035 0.021 248902 4046 16210 19 0.59 1.36 923.0 144 989 1744
345 300.9 B879.3 0.0059 3.575 0.0179 0.0390 0,544 13090 9.07 43.3 8356 792 0.176 0.028 0.017 217413 3267 13085 15 0.47 1.08 121.4 138 953 173.9
340 304.7 £33.4 0.0118 3.808 0.0178 0,062 0.718 15179 1.07 43.2 853 608 0.091 0,013 0.008 133504 671 6685 8 0.22 0.51 113.6 122 843 1719
335 299.5 887.6 0,017 4,058 0.0177 0.0888 0,804 15269 9.07 43.0 871 824 0.059 0.008 0,005 96626 11127 4506 S 0.14 0.32 106.2 112 771 1683
330 294.3 ©91.8 0.0233 4,329 0.0177 0.1182 0,054 15338 1.07 42.7 838 B84% 0.043 0.006 0.003 75890 852 3409 4 0.10 0,23 99.2 103 M2 165.6
325 289.1 895.9 0.0290 4.621 0.0178 0.1510 0,887 15448 1.07 4£2.3 906 858 0.033 0.004 0.002 62602 687 27 3 0.08 0,17 92.6 96 .680 162.8
320 284.0 B899.9 0.0346 4.938 0.0176 0.1878 0.910 15537 1.07 42.2 924 875 0,026 0.003 0,002 53360 576 2305 2 0.06 0.1¢ 843 89 612 160.0
310 273.7 907.9 0.0456 5.651 0.0174 0.2742° 0,939 15716 1.07 41.6 961 909 0.017 0.002 0.001 41345 438 1750 2 0.06 0,00 T74.9 76 52T 154.4
300 263,35 915.8 0.0563 6.490 0.0173 0,3820 0.957 15896 1.07 41.0 999 945 0.012 0.001 0.001 33879 354 1417 1 0.03 0.06 64.7 66 454 1489
290 253.3 923.6 0,086 7.48% 0.0172 0.5164 0,969 16075 1.07 40.3 1038 983 0,009 0.001 0.001 28780 299 119% 9 0.02 0.05 55.6 56 389 1433
280 263.,2 931.2 0,0772 8.665 0.0171 0.6844 0.977 16254 1,07 39.6 1079 1021 0.007 0.001 000 25096 259 1035 1 0.02 0,03 «&7.7 48 333 137.8
270 233.2 938.8 0.0873 10.077 0.0170 0,8947 0,983 16434 1.07 38.9 1120 1060 0.005 ,000 .000 22295 229 216 0 0.0 0.03 4£0.7 41 284 132.2
260 223.2 @ ©46.2 0.0971 11.775 0.0168 1.1389 0.987 16614 1.07 38,1 1164 1101 0,004 .000 000 20097 208 823 O 0.01 0.02 34,6 35 241 128.7
250 213.3  953.3 0.1068 13,631 0.0167 1.4920 0.990 16793 9.07 37.3 1208 1144 0,003 .000 .000 18327 187 748 0 0.0 0.02 29.2 30 204 1209
200 203.4 960.7 0,1183 16,338 0.0168 1.9139 0.992 16973 1.07. 36.4 1255 1187 0,002 .000 .000 16870 172 658 0 0.0 0.0 2¢4.6 25 1M 1156
230 193.6 967.8 0.125%:19.412 0.0165 2.4512' 0,994 17153 1.08 35.6 1303 1233 0.002  .000 .000 15653 159 637 o .00 0.00 20.6 21 W3 1100
220 183.9 O74.8 0.13468 23.218 00164 3.1396 0,995 17333 1.08 34.7 1353 1280 0.002 .000 .000 14618 149 594 0 .00 0.00 17.2 17 119 104.4
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FLACASAT ©  CONPUTATIOW OF COMPOSITION AND PYSICAL PROPERTIES

by . B .. FOR FLASRING GEOTMERMAL FLUIDS . .
DON MICNELS vassomm T Vorking Version : . ' o :
‘ . S o . : T FLASH INITIATION AT: 500 ¢ lltﬂll NENRY’S LAW PIESSURES
Exanple c-teutmem Oon U e _ Setthenow .19 m FLASH 108 15000 ppm - N0 6733
GRC Workshop . Nenry's Lew €02 33.0 8RINE-n 1 €02 2000 ppm €02  66.2
RESMSE! OF A GEOYNEML FIELD th :mottmon o . 'cm& 374 BRINE-d 0.892 . CHe 2W0ppm CHE 8.2
S S . - ‘ w2 B0 pom W2 3.2
table 32 Moderste-Sate, m.-en. Mﬁ-tm ‘ ‘ . : . g TOTAL m.v
_ - e » , : o , VEICNT FRACTION S ' ' .
‘ g EU ‘ vAPOR . . . OF INITIAL GAS pom OF GASES TOTAL
OEC  ENTRALPIES - FLASH <-SPECIFIC YOLUMES<» VOLUME  TDS  Setch PSIII‘IOOU . mmm 1N LIOUID - IN VAPOR PHASE " PARTIAL PRESSUIES PRESSURE
F  LIOUID EVaP "Aﬂlﬂ STEA® LIQUID .~ WET FRAC . ppm Coeff COZ CHA N2 o2 - e "2 ‘ COZ cHe w2 co2 CNC NZ2. . R20 PSIA XPA DEGC
500 478.6 723.7 O. 0000 0.67! 0.0201 0.0201 - 0,000 15000 1.10 33.1 411 389 1.000 1.000 1.000 . 66 8.22 31,15 473.3 - 781 5382 260 0

99 475.3 726.9 0.0015 0.679 0.0201 0.0211. 0,049 15023 1.10 33.2 413 392 0.872 0.578 0.452 143907 5321 28007 58 &.78 14,19 669.1 746 5142 259.4

98 4T4.4  T28.% 0.0030  0.686 00,0201 0.0221 0.096 15046 1.10 33.3 416 394 O.77% 0.403 0,280 130920 3918 18382 51 3.36 9.4 662.9 ...7 - 258.9
97 473.3 | 729.3 0.0043 0,692 0,0201 0,0231 0.136 15069 1,10 33.4 418 396 0.690 0,307 0.211 -120111 3038 13693 46 2.58 &.72 656.7 - 258.3
. 696 AT2,2 . 730.5 0.0081 0.699 0,0207 0.0242 0,175 - 15091 1,10 31.5 420 398 0.622 0.247 0.165 1100764 2463 10918 42 2.09 3.30 650.6 > 257.8
9% AT1.0. T3V.7 0.0075 0.706 0,0200 0.0252 0.219 15114 9,10 33,5 423 401 0.566 0.206 0.135 .103148 2100 9083 38 1.75 A.36 644.5 ¢ - 23T.2
490  463.%3 . T37.6 0.0130 0.740 0,0200 0.0307 0.350 15228  1.10 34.0 435 412 0.38% 0.108 0.068 75413 1191 4059 26 0.95 2.27 616.0 - 256.4

485 460.0  T43.5 0,0223 0,776 0.0199 0,0367 0,471 15341  1.10 34.5 447 423 0.279 0.070 0.043 60350 B35 3428 20 0.64 1.50 586.1 - 608 4190 251.7
480 454.3  T49.4 0,0204 0,813 0.0198 0.0432 ' 0.555 15455  1.09 34.9 459 435 0.215 0.050 0.031 - 50664 646 2630 15 0.47 .10 558.5 =576 3967 - 248.9

473 449.0.. 755.1 0.0363 0.853 0.0107 0,0502 0,621 15568 1.09 35.3 4A71 446 0.171 0.038 0.023 43477 528 2139 93 0.37 0.85. 5319 . 546 3762 246.%
&TO 443.6 .T760.7 0.043% 0.898 0.0196 0.0578 0.673 15680 1.09 35.8 483 458 0.140 0.029 0,018 38135 447 1807 10 0.30 0.69 506.3 " 518 3569 243.3
460 432,86 T71.7 0.0569 0,992 0,0195 0,0749 0.755 15906 1.09 36.6 509 482 0.098 0.019 0,012 30719 344 1387 8 0.29 0.48 458.1 : 466 3215 237.8
450 421.7 782, 0.0701 1.097 0.0193 0.0%9 0.811 16130 1.09 37.5 534 506 0.072 0.013 0.008 - 25818 . 282 1131 6 0.15 0,36 413.5 420 2894 232.2
440 4109  793.0 0.0828 1,216 0,0192 0.1183 0.851 16355 1.09 38.3 561 337 0.056 0.010 0.008 22336 239 059 4 0.12 0.27 372.4 377 260% 226.7
430 400.9 803.2 0.0952 1,350 0.0190 0.1458 0.882 16579 1.09 39.1 568 557 0,041 0.007 0.006 19734 208 836 4 0.09 0.22 334.7 339 2334 221.1 i
420 359.3 913.2 0.1073 1.501 0.0189 0.1780 0,903 16303 1.03 39.8 615 583 0.032 0,005 0.003 17715 . 185 743 3 0,08 0,17 '300.0 303 2089 215.6 1
“410 375.6 823.0 0,1191 1.673 0.0187 0.2137 .0.923 17028 1,08 £0.3 644 610 0.026 0,004 0.003 18103 . 167~ 670 2 0.08 0,14 268.2 - 271 1866 210.0 ‘
400 387.9. 832.6 0,130  1.868 0,0185 0.2601 0.938 17252 1,08 41,2 673 637 '0.020 0.003 0,002 4786 133 611 2 0.05 0,11 239.2 ;.247 1663 206.4
390 357.2 841.9 0.1417 2,091 0,0185 03122 0,949 17477 9.08 41.9 703 665 0.016 0.003 0.002 13689 149 563 2 '0.06 0.09 212.7 - ;216 1478 198.9
380 346.6 B51.9 0.1527 2.346 00183 0.3736 0.958 17703 1.08 42.3 734 694 0,013 0,002 0,001 92767 131 523 - 1 0,03 0,08 183.7 . 190 1311 .193.3
370 336.1 860.1 0.163% 2.637 0.0182 0.448%  0.966 . 17929 .1.08 43.0 765 724 0.011 0.002 0,007 11966 122 489 9 0,03 0.07 166.9 168 1158 187.8
360 325.6 868.9 0,1738 2,973 0.0181 0.5316 0,972 18153 1,08 43.3 798 755 0.009 0.00% 0.001 11277 WS 460 1 0.02 0.05 W7.1 148 1027 182.2
350 315.9 8775 0.1840 3,380 0.0179 0.6330 0,977 18383 1,08 43.9 631 787 0.007 0.001 0.001 10673 100 - 434 ¢ 0,02 °0.05 129.3 130 897 176.7
340 304.7 . 885.0 0,1940 3,809 00178 0,7534 0,981 18611 1,08 43.7 865 819 0.006 0.001 .000 10143 103 412 ¢ 0.02 0.06 113.3 114 788 171.1
330 294.3 89%.3 0,2038 4,330 0.0177 0.8967 0.98¢ 188(0 1,08 43.3 901 832 0.005 0.00% .000 9670 98 392 1 0.01 0.03 98.9 100 685 165.6
320 284.0 902,35 0.213% 4,939 0.0178 1.0678 0.987 19069 1.08 42.8 937 887 0.004 .000 .000 9247 94 373 O 0,01 0.03 86.9 87 597 160.0
310 273.7 910,35 0,2228 '9.652 0.0174 1.2729 0.980 19300 1.08 42,2 975 922 0.004 .000 .000 8866 90 359 0 0.0 0,02 .7 75 SI7 1504
300 263.5 918.4 0.2320 6.492 0.0173 1.5195 0,991 19531 1,08 41.6 1013 950 0.003 ..000 .000 8522 86 3435 O 0,01 0.02 64.3 65 44T 146.9
290 253.3 926.2 0.2610 7.486 0,0172 1,817 0.993 19763 1.03 £0.9 1053 997 0,002 .000 .000 8210 83 332 O 0.01 0,02 5535 S6 384 W33
20 243.2 933,90 0,299 B8.667 0.0171 2,978% 0.99% 19996 1.08 4£0.2 1095 1036 0.002 .000 .000 7925 80 320 -0 0.01 0.0t 4&7.6 48 320 137.8
210 233.2 941.4 0.258% 10,080 0,0170 2.618% 0.993 20230 1,09 39.4 1137 1077 0,002 .000 .000 7863 77 309 O .00 0,00 40.6 4t 281 132.2
260 223.2 948.8 0.2670 11,778 0.0168 3.1376 0.996 20465 1.09 38.7 1182 1118 0,000 .000 .000 7423 75 299 O .00 0.0 345 35 239 126.7
50 213.3  956.1 0.2734 13,634 0,0167 3.8217 0.997 20700 1.09 37.9 12281962 0.000 .000 .000 7202 73 290 O .00 0.01 290.2 29 202 121.1
200 203.4 963.4 0.2836 16,340 0.0166 4.6451 0.997 20937 1.09 37.0 1275 1207 ©0.00%- .000 .000 6997 71 282 O .00 0.01- 2.5 25 1720 115.6
230 193.6 970.5 0.2916 19.416 0,0165 S.6728 0.998 21174 1.09 36.2 1324 1253 0.007 000 .000 6807 69 274 O .00 .00 20.6 2V 142 110.0
220 183.9 977.5 0.2904 23,223 0.0164 6.965¢ 0.998 21412 1,10 35.3 1376 1302 0.001 .000 .000 6630 67 267 O .00 .00 7.1 17 119 1064
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FOR. FLASHING GEOTHERMAL FLUIDS

assronszs OF A CEOTNERMAL FIELD M!lﬂ EXPLOITATION
Toble &3 RYPERSALINE, Modeted s MaCl

DEG  ENTRALPIES

409.2
408.3
407.5
406.7

4051
401.0
396.9
392.8
388.8
3887
376.6

360.3

3445
336.5
320.5
,n.‘
na.ry

297.0
209.2
r Ry
273.6
265.9
38.2
250.%
262.9
253.3
2r.7
220.2
212.7
205.3
19?2.8
1”.‘
163.1
168.5
161.3
154.1

’I.O r' M

403.9

368.5 .
352.5

304.8 .

758.7
737.1
738.8
739.9
741.3
762.7
749.2
755.8
762.2
768.4

f”.

YAPOR

FLASR --SPECIFIC VOLUNES-- VOLUWME  T0S
¢ LIOUID EVAP  FRACTION STEAM LIOUID  NETY

0.0011

0.0022
0.0033
0,0044
0.005%
0,0109
0,0162
0,024
0,0263

4 0.0316
0.04%4 -

0.0510
0.0603
0.06%%
0,0783
0.0870
0.0953
0.1038
0,120
0.1209
0,.1280
0,1358
0.1433
0.1511
0.1383

'0,1639
°"m‘

0.1804
0.1873
0.143

0,2014 .

0.2083
0.2151
0.2218
0.2284
0.2349
0.2414

0.333 0.0165 0.0163
0.3%68 0.0165 0,0168

0.359 0.0163 0.0172
0,362 0,0163 0.0176 .

0.365 0.0164 0.0180
0.368 0.0164 0.0184

10,384 0,0164 0.0204

0.400 0.0164 0.0226
0.418 90,0163 0.0249
0.436 0.0163 0.0274
0.43% 0.0162 0.0301

0.496 0.0162 0.0361 .

0.542 0.0161 0,0629
0.592 0,0160 0,0508
0,648 0.0159 0.0398
0.710 0.0159 0.07T02
0.780 0.0138 0,0822
0.857 0.0137 0,096

0.964 0.0157 0,1120

1.040 0.0156 0,1304
1.149 0.0155 0.1516
1.27% 0.0154 0,1762
1.409 0.0154 0.2047

4,563 0,0133 0,2377

1.741 0,0152 0.2760
1.%1 0,0152 0,3206
2.170 0.0151-0,3726
2,430 0.0150 0.4333
2.728 0.0130 0.5044
3.071 0.0149 0,5879
3.467 0.0149 0.6882
3.924 0.0148 0.8022

" £.455 0,0147 0.9396

$.073 0.0147 1.1029
3.801 0.0146 3,2977
6.654 0.0145 1,5309
7.663 0.016S 1.8114
8.863 0.0144 2,1504

-, 0. 24T9 10,293 0,0164 2,562

0.2562 12,014 00143 3.0649
2.2603 14,073 0.0142 3.0826
. 16,630 -o'&g ‘.“Q, 0.998 340944
I R di R

FPRAC  pem
0.000 230000
0.023 250278
0.046 25055S
0.068 250832

0.090 251108 -

0.110 231384
0.205 252757
0.287 254119
0.359 255471
0.422 256814
0.477 258149
0.370 260804
0,644 263432

0.703 266044

0,732 268641
0.792 211229
0.823 273810
0.852 276387

0.910 284118
0.924 288701
0.933 289290
0.945 291885

0.953 294491

0.960 297106
0.966 299731
0.971 302369
0,975 305019
0,979 307483
0,943 310362
0,985 313056
0.988 313766
0.990 318492
0,991 321233
0.993 32399
0.994 326773
0.995 32957

0.996 332387
0.997 335220
0,997 338073

Setchenow ‘
Nenry’s Law C02 78.7 BRINE-n

209 BRINE-d 0.991
198 :

Coeff €02

3.61
3.59

3.58

3.”
3.53
3.54
3.47
L XY
3.3%
3.2
3.24

3.8

2.96 84,6
. 85.4 1015

VWorking Version
3.61"

e
N2

cHe N2
713
[4)4
(4]

. 126
730

78.8
8.9
79.0
7.1
".z
n.34
.8
8.3
0.8
0.3
1.8
5.8
8.7

7
mnr
805
822
857
892
926

849
867
904
941
orr

86.2 1052 997
87.0 1090 1033
87.8 1130 1070
88.% 1170 1108
89.2 1212 1148
89.8 12355 1188
90.4 1300 1231
91.0 1346 1275
91.5 1395 1321
92.0 1445 1369
92,5 1498 1419
92.9 1554 1472
93.3 1613 1527
93.5 1674 1583
93.8 1739 1647
8 1808 1712
1881 1780
1957 1853
2039 1930
2126 2012
2218 2099
2316 2192
2621 229
533 2397
2653 2511
2782 2633
2921 2764

ar32IB332328:
Ualodooaouas

e

06y

1

" COMPUTATION OFf CONPOSITION AND PHYSICAL PROPERTIES

: Wlﬂlﬁ FRACTION
- OFf INITIAL GAS
Setch PSIA/1000 ppm REMAINING IN LIOUID

cne
1.000

0.393

0.243
0.175
0.136

0.1

0.057
0.037
0.027
0.021
0.017
0.011
0.008
0.006

0.005 .

0.004
0
0.003

g

FLASH INITIATION AT:

580 F

INITIAL WENRY’S LAW PRESSURES

PRE-FLASH TDS 250000 ppm #20 1118.1
€02 3000 ppm c02 < 236.3
CHG 20 ppm cné 15.1
N2 40 ppm »2 28.6
TOTAL 1398.9%
ppm OF GASES
. 1N VAPOR PMASE PARTIAL PRESSURES
L 14 02 CH& N2 CD2 ch6 N2 K20
1.000 , 236 13.08 28.61 1118.1
0.281 228487 10817 25267 217 S5.96 8.08 1100.0
0.162 212161 6787 14903 190 3.7 4.49 1100.0
0.113 198059 4950 10580 173 2.49 3.30 1091.9
0.087 185754 3899 8209 159 2,11 2.55 1082.2
0.070 174924 - 3218 6711 146 1.73 2,07 1073.4
,0.035 13571 1727 3527 (104 - 0.97 1.06 1030.9
10,023 111196 1187 . 2606 79 0.6% 0,71 988.%
0.016 94396 908 . 183% 43 045 0,52 947.%
0.013. 82159 738 1487 52 0.36 0.4% 908.2
0.010 72843 623 1253 44 0,30 0,34 870.2
0.007 S956T 477 958 32 0.21 0.25 797.9
0.005 50576 389 780 25 0.16 0.19 730.4
0.006 44088 329 660 20 0.13 0.15 667.4
0.003 39132 287 S7%¢ 16 0.11 0.12 608.8
0.002 35256 254 510 13 0.09 0.10 554.2
0.002 321290 229 459 11 0,07 0.09 503.6
0,002 29551 209 418 9 0.06 0.07 456.7
0.001 27387 192 388 8 0.05 0.06 413.3
0.001 25544 178 3IS7 6 0,05 0.05 3.2
0.001 2395 16 333 9§ 0.04 0.04 334.3
0.001 22570 156 312 S 0.03 0.04 302.3
0.001 21357 %7 294 A 0.03 0.03 271.2
L000 20270 139, 279 3 0.02 0.03 242.6
000 19308 132 265 3 0.02 0,02 215
000 18437 126 252 2 0.02 0,02 192.8
000 17652 120 249 2 0,02 0,02 171.9
00 16940 115 23y - 2 0.0% 0.02 1515
L0000 16289 111 222 't 0,01 0.0 133.7
.000 15693 107 = 213 1 0,01 0.0 17,7
-.000 15144 103 2060 1 0.01 0.0% 103.2
000 14637 99 199 1 0.01 0.0t 903
<000 1188 9 192 1 0.00 0,00 78,7
000 13733 93 16 1 0,00 0,01 683
000 13327 90 180 1 .00 .00 S59.1%
000 12948 88 7s o0 .00 .00 S1.0
000 1259 85 170 0 .00 ,00 43.8
000 12261 83 1% ©0 .00 .00 37.5
000 11040 &t 161 o .00 .00 31.9
000 11855 ™ 157 o .00 ..00 27.0
L0000 1378 77 154 o0 .00 .00 22.8
000 e 7S 150 o0 .00 ,00 19.3
— rr ro'eor

TOTAL

PSIA

1398 9637
1334 9195
1299 8952
1270 8755
1245 8584
1223 8432
1136 7830
1069 - 7367
1012 973
969 6626
915 6306
83t 727
756 3209
687 4739
623 4308
367 3911
315 3547
466 3211
421 2902
380 2617
342 2336
307 2116
2713 1896
246 1696
219 1512
195 1343
173 119
153 1056

133
19
104

1.

829

188 12,7
-15¢ Y
133

w, .

- PRESSURE .

KPA OEG C
304.4
303.9

302.8
302.2
30?7
m"
296.1
293.3
290.6
287.8
282.2
276.7
7.1
263.6
260.0
256.4
268.9
- 243.3
237.8
23.2
226.7
221.0
215.6
' 210.0
2044
198.9
193.3
107.8
102.2
176.7
171.1
165.6
160.0
154.4
148.9
143.3
137.8
132.2

932
820
"9

548
A76
412
355
305
260
222

r.i

303.3

£
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PATHWAYS FOR THREE THERMAL PROCESSES
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_ Geothermal Resources Council
WORKSHOP -~ June 14-15, 1989
Analyzed Composition Adjusted
pem mmot/kg  mmol/kg RESPONSES OF A GEOTHMERMAL FIELD DURING EXPLOITATION
Sodium $S4 - 2409  24.01
Calecium 1.15 0.03 0.03 FLASH INITIATION AT: AT3 ¢ Exemple Coalcutations .
Potassium 80.1 2.05  2.04 PRE-FLASH TDS 2178 ppm by
Magnesfium 0.1 - 0.01 - 0,01 co2 4100 ppm DON MICHELS ASSOCIATES
Lithium 6.59 0.95 0.95 cHe 0.05 ppm R ,
Ammonium 0.1 0.01 0.01 . N2 18.5 ppm : i
Chloride 768 21.66 - 21.73 - ‘ R o
Bicarbonate 203 3,33 - 3.34 CALCITE SCALING COMPUTATION
Carbonate 0.00 - 0.00 L ) » » o ‘ .
Sul fate 9%  1.00 . 1.00 . R S s " mgskg Ca - Calefte Deposits .
Boron 26 2.58 ' 2.58 . ' Activity Coefffcients - - CaX(eq) Ce solubitity  to Celefte mo/kg Cu.Ft/10-6 tb - Temp
Silice 443 7,38 . T.38 S04 #CO3 CO3 co2 Ca /Ca x100 K1Xs/x2 sctivity ppm  Inc. cumutat cuml' inc cumil . F C
Sum 2178 63.08 . 63,08 0,304 0.744 0.304 1.02 0.339 0.00102  -8.76 0.0000266 3.146 ' O 0 ' 0,00 0,00 0.0 &73245.0
m-equivalents (+,-) 56.15 . 156,15 0.305 0.745 0.305  1.02 0,341 0.00106 -B8.73 0.0000207 2.439 0.714 ‘0.7  1.79 10.60 .10.6 471 243.9
Cherge Balence 0.0031" " 0000 0,307 0.745 0,307 - 1,02 0.342 0,00110 :-8.70 0.0000174 2.039 0.404  1.119 . 2.80 6.00 16.6 469 242.8
fonic strength mol/kg  0.0281 0.308 0.746 0.308 1.02 0.343 0.00114 .~ -8.67 0.0000151 1.772 0.270 1,389 3.47 . 4.01 20.6 467 241.7
0.309 0,747 0.309 1.02 0,345 0.00118 - -8.64 0.0000136 1.583 0.192 1.581 - 3,95 - 2,85 23,5 465 24006
0.312 0.749 0.312-:1.02 0,348 0,00129  -B8.56 0.0000111 1.288 0.301  1.882 - A.71  4.A7 27.9 460 237.8
0.315 0,751 0.315 .1.02 0.351 0.00141 -8.48 0.0000098 .1.127 0.166 2,048 . 5.12 2.46 30.4 : 455 235.0
0.318.0.752 0.318 1.02 0.354 0.00153  -8.41 0.0000090 1,029 0.103: 2,151 5,38 1.53 31.9 450 232.2-
0.32% 0,754 0,321 - 1.02 0.357 0.00167 -8.33 0.0000038 0.966 0.067 2.219 ~ 5.53  1.00 32.9 ' 445 229.4
0.324 0.756 0.32% 1.02.0.360 0.00182 -8,26 0.0000083 0,926 0.045 2.264 5.66 0,67 33.6 440 226.T7
0.327 0.758 0.327 1.02 0.363 0.00199  -8.18 0.0000081 0.901 0.030, 2,204 ~ 5.73 @ 0.45 34.0 435 223.9
0.330 0.759 0.330 1.02 0,365 0.00217  -8.1%1 0.0000080 0.886 0,020 ‘2,313 = S5.78 0.29 34.3 430 221.1
0.332 0.761 0.332 - 1.02 0,368 ' 0.002356 _ -8.04 0,0000030 0.880 0.012 ‘2,325 - S.81 0.18 34.5 425 218.3
0.335 0.762 0.335 - 1.02 0.37% 0.00257 - -7.97 0.0000081 0.880 0,006 2.331  5.83 0.09 34.6 420 215.6
©. 0,338 0.764 0,333 1.02 0,374 0.00280 - -7.90 0.0000082 0,884 0.001 2.332 5.83 0.02 34.6 = 415 212.8
., 0,340 0,765 0.340. 1.02 0,376 0.00305 -7.83 0.0000083 0.893 -0,002 2,330 . 5.82 '-0.04 34.6 410 210.0
{10,343 0.767 0.343 1.02 0.379 0.00333 . '-7.76 0.0000085 0,905 -0.005 2.32% 5.81 +0.08 34.5 405 207.2
. 0.345 0.768 0.345 1.02 0,381 0.00362 -7.69 0.0000087 0.920 -0.008 2.317  S5.79 . -0.12 34.4 = 400 204.4
" 0,350 0.771 0.350 1.02 0,385 0.00431 -7.55 0.0000092 0.958 -0.022 2.295 S.74 0,32 34.0 390 198.9
0.355 0.773 0.355 1.02 0.391 0.00512 -7.42 0.0000097 1.002 -0.027 2.267  5.67 -0.41 33.6 380 193.3
0.360 0,775 0,350 1.02 0,396 '0.00610 -7.29 0.0000103 1,052 -0.032 2.236  5.59 -0.47 33.2 370 187.8
0.364 0,779 0,364 1.02 0.401 0.00728 . -7.16 0.0000110 1.106 -0.034 2,201 - S5.50 . -0.51 32.7 360 182.,2
0.369 0.781 0,369 1.02 0.405 0.00872  -7.04 0.0000117 1.164 -0.037 2.165 - 5.41 -0.53 32.1 . 350 176.7
0.373 0,783 0.373 1.02 0.410 0.01047 -6,92 0.0000126 1.237 ~0.048 2.117  5.29 -0.71 31.4 340 171.1
0.377 0.786 0.377 1.02 0.414 0.01261  -6,80 0,0000136 1,318 -0.054 2.063  5.16 -0.80 30.6 330 165.6
0.382 0.788 0,382 1.02 0.418 0.01525  -6.69 0.0000146 1.401 -0.053 2.010 ° 5.02 -0.79 29.8 320 160.0
‘ 0.386 0.790 0.336 1.02 0.422 0.01854 -6.58 0.0000156 1.483 -0.052 1.958  4.90 -0.76 29.0 310 154.4
! 0.390 0.792 0.390 - 1.02 0.427  0.02264 ° -6.47 0.0000166 1.562 -0,048 1.910  4.78 -0.7¢ 28,3 300 148.,9
0.39% 0,794 0.394  1.02 0.431 0.02782° -6.36 0.0000175 1.436 -0,043 1.867 = 4.67 -0.63 27.7 290 143.3
0.398 0,796 0.398 1.02 0.435 0.03437  -6.26 0.000018% 1.702 -0.035. 1.837  4.58 -0.53 27.2 - 280 137.8
0,402 0,798 0.402 1.02 0.438 0.04272 -6.16 0.0000192 1.759 -0.028 1.804  4.51 -0.41 26.8 270 132.2
0,405 0,800 0.405 1.02 0.442 0.05345 -6.06 0.0000199 1.804 -0.018 1.786  A.46 -0.27 26,5 260 126.7
0.409 0,802 0.409 1.02 0.446 0.06728 = -5.97 0.0000204 1.835 -0.007 1.778  4.45 -0.11 26.4 250 121.1
0.413 0.80% 0.413 1.02 0.450 0.08523 -5.87 0.0000207 1.850 0.004 1.782 4.46 0.06 26.4 240 115.6
0.417 0.80S 0.417 1.02 0.453 0.10861 -5.78 0.0000208 1.848 0.017 1.799 4.50 0.25 26.7 230 110.0
0.420 0.807 0.420 1.02 0,457 0.13921 -5.70 0.0000208 1.828 0.029 1.829 A.57 0.44 27.1 220 104.4
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Weres, et al, 1980
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CASE HISTORY OF THE BULALO FIELD IN THE PHILIPPINES

OUTLINE

INTRODUCTION

Location

south-central Luzon, ‘70 km south of Manila

Prospect Basis
chloride hot springs along Laguna de Bay

local steaming ground and acid sulfate springs

Geologic Setting
SE flank of andesitic stratovolcano (Mt. Makiling)
- associated with 0.5Ma  dacite :dome (Mt. Bulalo)

reservoir rocks propylitic tuffs and andesite lavas

Conceptual Model -:.
2 (or 3) upflows neutral chloride brine
rise into two-phase zone with local steam cap
; spread,laterally in tuffaceous aquifers
outflow west and north
reservoir margin sealed along south and-east

no reservoir floor found in production area

Development History

Bulalo #1 discovery well, drilled late 1974



TN

6.

exploratory drilling continued through 1976
followed by development drilling into 1983
Units 1 & 2 (110 MWe) startup late 1979

Units 3 & 4 mid 1980, Units 5 & 6 mid 1984

Present Project
55 production wells
8 hot brine injection wells
3 cold brine injection wells
6 satellite stations for steam separation

test separators at each station for enthalpy/sampling

RESERVOIR CHANGES:

Pressure
initially liquid dominated, satﬁrated above 3,500'ss
now two-phase above 2500'ss
maximum 400 psi drop at 2500'ss - mid 1987

rate of pressure decline slowed after 1984

Enthalpy

average steam fraction increased from 25% to 55%
Most wells intermediate enthalpy - few single phase

significant enthalpy swings in many wells

Flowrate

common increased steam rate with increased enthalpy

current fieldwide steam decline 4%/yr
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no makeup drilﬁing 1983-1988

augmented steam supply yithracid stimulations.

Lk

4. Injectivity
injeq;ion deep at field margins
moved,progressively outwa:d,tb,prevent breakthru damage
wellxinjectivity usually improves with time

problems with.corrosion in cold water system

FLUID GEOCHEMISTRY CHANGES -

1. Initial Conditions
highest TDS and NCG in southeast upflow
enthalpy-chloride relationships

boiling & dilution / multiple sources-

2. Typical Well Behavior
cyclic enthalpy without boiling effects

supersaturatedysilica with respect to quartz

3. Dilution
influx from edges - return of outflow

dilution slugs in shallow wells - tritium

GEOPHYSICAL CHANGES

"1, Subsidence




field area levelled to 2nd order biannually

maximum 20 cm subsidence 1979 - 1987

2. Gravity
field area surveyed with L&R D-meter annually
maximum 300 microgals (0.3 mgal) 1980 - 1988
pattern like subsidence except open to north
reservoir simulator match is good
excess mass in center of field (BM66)
mass deficiency at Mt. Bulalo (BM39) & Tigsa River

significant rainfall effect in observations

3. Microearthquake Activity

5-10 local events per week, occasional swarns

4. Thermal Areas

monitoring has detected no changes
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. approximately four percent per year. The
- .power plants, through mid-year 1988, have
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' DEVELOPMENT AND PERFORMANCE OF THE
BULALO GEOTHERMAL FIELD

"Pio J. 'Benavidez!l) park D. Mosby(2) John K. Leong(2) ver c. Navarrofl) °

(1) National Power {2) Phil. Geothermal, Inc.
Corporation - : . : {UNOCAL)
ABSTRACT -

e sulats Geotharbas _ AU R BULALG GEOLOGIC MAP
hicIritle, Chronesnal, Tinke hos sengraces ML MAKILING AND VICINITY

1979. The wells produce two phase fluid from s
a2 260-316°deg C benign, low gas, :liquid ‘%\//’ tuzow
dominated reservoir which is made up of : : MA
fractured and intensely altered inter- - s BJT:CO
layered.volcanics., Separated steam from six N
satellite stations, flows to NPC's six 55 Mp . JJ DR TIwe
power plants while the residual brine is S nl pVES

- reinjected back into the reservoir on the -t
periphery of the production area.  Through

1988, the reservoir's performance has been
excellent, The maximum field-wide steam
supply decline rate observed thus far {s .

generated a-cumulative total of 15,375 GWh of
electricity. The plants are now generating
14 percent of NPC's Luzon grid energy and are
currently the top performing plants in the
Philippines.- : . ] .

'INTRODUCTION .

The Bulalo Geothermal Field (hereafter called
Bulalo) is located approximately 70 km south
of Manila and has been commercially operating
since April 1979. Bulalo is one of two

" -geothermal projects developed by the National FIGURE 1
Power Corporation (NPC) of the Philippine - ~ ,
Government and Philippine Geothermal, Inc. ... ... .. EXPLANATION o
(PGI), a wholly owned subsidiary of Union 0il £ . ALTERED GROUND
Company of California. After the 1973 - L acwvvivu s Torr }'E

“signing of a service contract. that includes ™ G yorerRNGS £ wud-
the Bulalo area, exploration work began, : [C) YOLC. PIEDMOKT DEPOSITS HIE - G waas

" The first production test, Bul-1 was drilled 'ncn: Eg : ; )
in late 1974 and completed as:a discovery to . wog BULALO FIELD

"6722%° (1744 m) T.D. 1In.a 1975 flow test, the WORNBLENOE amoesTe (27w APPROZ. PRODUCTION
well produced a total mass rate-of 467 kph [EZD) waxitns anpesme e s LIsIT

“(thousand 1bs per hour).(211.8 T/h). " Since [TIT0) TRACKYANDESITE - . :
then, 72 wells have been drilled anéd R .
completed, These wells provide the steam and . R : [
reinjection capacity required to operate B RS oo -

NPC's six 55 MW Mitsubishi direct contact Several southwest-northeast trending regional
~condensing turbine generators. : B and Makiling ring faults cross the field.
) . : - These are normal faults downthrown towards

“This paper briefly summarizes Bulalo's . Mt. Makiling. These faults have been .

“development, reservoir and gepneration - intersected by northwest-southeast trending
performance through mid-year 1988, Extensive normal faults downthrown toward the south.

_technical work has been carried out by both " Surface areas of acid sulfate steaming ground
RPC and PGI on Bulalo. The results of - : are located along the traces and at inter-
selected studies will be presented in-this . sections of these fault systems., These
paper. . Lo L L s thermal features reflect the venting of steam

L . and gases from a2 two phase zone that overlies
- GEOLOGICAL SETTING : Bulalo's deep reservoir brine.. The first
. . : Lo ‘ . well, Bul-l, was-drilled within a low
Bulalo'is located on the southeast flank of resistivity anomaly that i{s associated with
Mt, Makiling; an 800 m high extinct and these thermal features.
partially eroded andesitic stratovolcano-:
AFigure 1). 'The field is directly associated DEVELOPMENT
with the Mt. Bulalo dacite dome after which S C
it is named. This parasitic dome was formed Bulalo's geothermal development continued

500,000 years ago on the southeast flank of . over a span of 14 years. 1In late 1974

‘Mt. Makiling. Bulalo's main production area exploratory drilling started and continued
as delineated by development and exploratory. through 1976, " After the initial drilling

-drilling is approximately 7 to 8 square . results were evaluated, development drilling

kilometers. . ) commenced and continued until 1983.
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The first two 55 MW power plants Units 1 & 2
(Plant A) were completed in late 1979,
followed by Units 3 & 4 (Plant B) in 1980,
After extensive testing and analysis of
production withdrawal associated with Units
1-4 operations, PGI notified NPC that
Bulalo's reservoir could support another two
S5 MW power plants. As a result, Units 5 & 6
(Plant C) were constructed and generation
started in late 1984,

With each development phase the steam
gathering and waste brine injection
facilities were modified to accomodate
increased reservoir mass withdrawal and power
plant steam line piping flexibility. These
modifications included facility changes to
improve well testing capability, steam

_ quality, waste brine injection capability and
production-generation efficiency.

Figure 2. BULALO FIELD
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The generalized layout of Bulalo production
and injection areas is shown in Figure 2.
The field is subdivided into the following:

Prod. Area ~ Includes all production
wells

Hot Brine Inj. - Separated brine 1n)ectzon
area 175 deg €, single flash

Cold Brine Inj.~- NPC blowdown, brine flashed
to atmosphere

Emergency Inj. - Emergency injection
wells

The producing area includes 55 production
wells. The average steam and total mass
flowrates of these wells are approximately
125 kph (56.7 T/h). and 220 kph (99.8 T/h)
respectively., The hot brine injection area
includes eight wells that can take up to
6000 kph (2721.6 T/h) while the cold brine
area includes three active injection wells
for the NPC coldwell blowdown and PGI's sump
water. These cold brine injection wells

handle approximately 1000 kph (453.6 T/h) of
brine,

Three additional wells located within the
production area are available for -
reinjection during injection wellbore or
pipeline system problems. These wells are ~
either non commercial or marginal ptoducxng
wells. ‘They provide the field with
injection system redundancy and flexibility.
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Figure 3 : STEAM PIPING SCHEMATIC
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Steam Gathering System

Bulalo's steam gathering system is a
satellite station type. There are six
satellite stations at strategic locations
within the field's production area. Each
station consists of a primary separator,
scrubber and a pumping station (Figure 3).
Six to eight wells per satellite station, at
an average flowing WHP of 180 .psig (12.7
kg/sq.cm) produce £luids into the production
well manifold which feeds into the main
separator (Figure 3).

The production area has different
characteristics of enthalpy, brine and steam
fraction, non-condensible gas (NCG)

and brine concentration depending on the well
location. The southeast quarter {near
satellite station no. 5) is characterized by
higher C1-5i0; and NCG concentrations.

This is attributed to close proximity. to the
reservoir upflow zone. Table 1 shows these
characteristics for six typical wells from
the satellite stations.

SXT. STATION 1 2 3 ¢ s 6
A A B < < 3
WELL MO 1 3 s 3 Q 1
z, DA/BT 04/BY . 0B/87 03/87  0V/87  03-%7
WP (PS1) 251 as 200 188 20 - 200
SEP (P51} 18 150 us 152 162 16
STEA () 6.6 28 4.1 @7 Sl4 83
BYTR. (BT0/L8) s8¢ W 3040 783 1087
o (KPR 3877  SSe.7 3202 I8 %2 AS
X 1606 155¢ 1238 2085 2010 1561
X 305 267 326 509 m
o 2 3 16 2 = 26
" 0.09 0. 0.08  0.2¢  0.02
a 2808 2648 2112 3739 3498 2657
80, 19 2 26 13
50, 1 13 Jt) 16 13 18
B 69 a a 118 105 88
$i0, 485 551 593 643 650 . 46
SDI KT W o 0.18 0,23 03¢ 1.37 - 15  0.29
©; sole \ 92.0¢  92.05 95.81 ' 94.02 B81.8
8, sole 1 1.8 © 0.95 057 0.20  2.57
iy sole § 0.30 © .08 0.09  0.06 .
By mole 8 190  0.96 - 0.60 0.5  5.47
Niij pon 0.7 0.50 0.6 110 0.8
B;5 ppm 170.0  160.0 2000 270.0 . 350.0

Table 1. Bulalo Pield 1987 geochemical and enthalpy data for selected
satellite station sector wells. The analysis is corrected for steas
flash. Por the well location, see Pioure ?
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_atmospheric stacked steam. .
~system is designed to throttle wells to save
- steam, equivalent to an 80 MW cuttailment.'
... Planned -improvements will expand and
~automate the two phase throttling system.’

“Cold brine. =
. because Bulalo is . a. landlocked geotherma!
 system, T

The throughput of each satellite station is
approximately 1100 kph (498.9 T/h) of steam
which meets the requirements of one 55 MW

The field-wide design spetific steam

vary between 16,050 and 19, 050 1t 7MW
(8,.19-8.64 T/h) depending on whether the
steam ejectors or gas:compressors are
operating. Steam flows from the satellite at
135 psig (9.5 kg/sq.cm) and through 36 inch
steam lines into secondary scrubbers at
approximately 105 psig (7.4 kg/sq.cm) prior
to entering the turbine. These scrubbers
remove ‘both condensate .and any residual brine

- carry-over from the satellite station. The

steam enters the turbine at an inlet
pressure of 80 psig (5.6 kg/sqg.cm). and with
chloride and silica concentrations less than
At maximum loading steam gathering
system pressure drop from the wells to the

" turbine inlet is approxxmately 100 psxg (7.0

kg/sg.cm),

After attaxnxng operating experience with
Bulalo's steam gathering system some
modifications were introduced.  These focused
on improving the steam gathering system
capability for testing wells and reducing

the amount of atmospheric stacked steam.
These modifications have improved Bulalo's
overall resource management plan. .

From 1974<through 1985, welltesting Was

- frequently completed with skid mounted test

separators. This work was cumbersome and
required steam to be vented to the
atmosphere during the test. In 1985
permanent test separators were jinstalled in
all the satellite stations. With this
arrangement, the wells are tested at :
pressures higher than the system pressure
while producing to the power plants. Well
testing is important to characterize the
reservoir conditions and to update steam
supply forecasts. Two to three tests per
well for three day pe:xods are- completed
every year. ‘s .

Atmospherlc steam venting due to pover plant
upset conditions and._excess hydropower
curtajlments was a problem-until 1987,
Wellsite two phase throttling valves have
been installed which have helped reduce

The current

By mid-year 1989, the system will-provide

curtailment of stean production equivalent
,to 140 Mw . 5 R

Br:ne In]ectxon Systems e

;Two brine xn]ectxon systems have been’

installed in Bulalo: 1) - Hot brine and 2)
These two systems are mandato:y

The ‘hot ‘brine system provides for reinjecting

separated reservoir brine. From the
satellite stations 175 deg C.brine is’ pumped
by 400-440 HP motor ‘and steam driven pumps !
to injection wells ‘through an interconnected
network of 18 inch pipelines. The normal -
operating pressure for the system is 300 psig
(21.1 kg/sq.cm), with a tripping discharge
pressure of 365 psig (25.6 kg/sq.cm}. . The .
combined injection capacity of the eight =
injectior. wells at normal pressures is about
6000 kph (2721.6 T/h). Problems with this
system have been minimal and include scaling
in strainers, pumps and pipelines.
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A second injection system operates in order
to reinject excess NPC blowdown and PGI sump
water: This system has many problems that
are related to corrosion associated with the
cooling itower blowdown. 'The blowdown is
charactérizéd by either low pH and/or high
concentrations of disssolved oxygen. Pump
casings, pipelines and wellbore failures
have occurred due to the corrosive blowdown.
Two wellbore failures which required well
abandonment have occurred due to corroded
casing. Future ‘plans are to reinject excess
blowdown directly from the NPC hotwell pump
condenser discharge line for Units 1-4,
This will greatly reduce the level of
dissolved oxygen, and has already been
completed for Units 5 & 6.

RESERVOIR
. Physxcal Desctiptxon

Extensive production testing, reservoir and
geoscientific studies ‘have been completed to

- . .evaluate ‘and develop a conceptual model of

'Bulalo's reservoir. The results indicate
that ‘the reservoir is driven by a strong
thermal upflow that rises beneath the south

.. western edge of Mt, Bulalo from depths

greater than 3,000 meters subsea to ‘as

. shallow as sea level (Figure 4).

BULALO FIELD <

‘CROSS-SECTION -
BULALO 75~ BULALO 19

Figure 4

EXPLANATION - E
o . Mmeducta - ] .
prrria it - w n-aulln-ant Hows FmocATICE
Vo . St / moalyant
- ulv CHLUL ATION Ilnnutm SALITE acN
§ srmacs stamtasniTy - MItEven sLOw

The upflow migrates thtough lntensely )
altered fractured andesitic flows, tuffs and
volcaniclastics along multiple near vertical
permeable fault zores. The rising geothermal
fluids encounter lower pressutes, -boil and
fo;m a two phase ‘zone above the- reservoit

br ne. SRR '

;The more porous and permeable ‘formations

"{calcite).

2djacent to the upflow planes such as tuffs
and volcaniclastics become charged with' the
ascending geothermal fluids. These
formations are primary reservoir aquifers
which are characterized by intense propylitic
alter ation, lost circulation during drilling
and production influx zones during well
flowing. The geothermal fluids flow
laterally through these aquifers to the west
and north. Flow to the east and south
appears to be limited based on observed

low well productivity and which may be
related to abundant secondary mineralization
" The thick calcite rich zone is
related to the boiling of reservoir fluids

as they ascend., This zone appears to be a
lateral permeability boundary.in the
southeast part of the field. -
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The reservoir volume is very large, it
expands in size and increases in temperature
with depth. Approximately 70 percent of the
reservoir volume exists below 1500 meters
subsea.. The cores and drillcuttings
analyzed below this depth are all intensely
altered with the reservoir propylytic-
mineralogical assemblage. . Below this depth
there are no significant mineralogical or
temperature gradient reversals and
approximately 60 percent of the estimated
reservoir volume is at temperatures
exceeding 288 deg C. The cores from this
part of the reservoir have mean porosities
of 11.4 percent,

Geochemistry

Table 1 gives the geochemical composition of
separate brine (corrected for flash) and NCG
for characteristic wells of Satellite Stations
"1l to 6 . The data shows that Bulalo's
reservoir fluids are a2 neutral chloride brine
with.low salinities and low gas content. In
order to characterize and compare fluid
geochemistry with reservoir processes, the
following classification of the fluids based
on chloride enthalpy and chloride-boron
relationships is utilized. This geochemical
discussion is based on a pre-exploitation
model.

Wells located in the central upflow zone

such as Bul-41, are distinguished by high
concentrations of chloride and NCG and high
temperatures., The high concentrations result
from reservoir boiling where steam and NCG is
released. The NCG accumulates near the
reservoir top and the well produces high
concentrations of NCG. These wells are
called transient flow wells, Some wells
completed above this zone typically produce
from steam caps and contain moderate to high
NCG, high boron, low chloride and lower
temperatures,

The lowest NCG wells are located in the
western part of the field. These wells are
distinguished by their moderate chloride
concentrations, low geochemical temperatures,
low NCG and high chloride/boron ratios. - The
boron fluids are thought to be modified brine
which originated in the upflow zone. During
upflow, the fluid boiled, losing NCG and
boron to the steam, becoming cooler. The
fluids are stored in lithologic aquifers
which act as the primary outflow zones for
fluids from the upflow regions.

The edge wells are further classified into
two categories. Those along the western
margin of the field have low NCG contents
which indicate mixing of dilute ground waters
with the brine stored in the reservoir
acquifers. Those along the northern and
southern margins of the field have moderately
high gas concentrations which may indicate
mixing of dilute ground waters with the
upflowing thermal brine.

Exploitation>sffects

Initially the Bulalo reservoir was a ligquid
dominated system with-a two phase 2one
present at depths above 600 meters subsea.
Exploitation reduced the pressure which has
caused the steam-brine interface to drop from
600 m to 1070-1220 m subsea., - Both vapor and
reservoir brine pressure decline rates were
high up to 1984, After late 1984, the vapor
" pressure has stabilized and the brine

AmmrTiv, wea

‘

The stabilized vapor pressure supports the
presence of near vertical fractures:which act

.as -conduits for recharging vapor zones from

deeper boiling fluids. The slowing down of
the brine pressure decline rate appears to be
related to deep reservoir influx of either
natural recharge or injection fluids. Thermal
breakthrough.of the injection fluids has

been minimal,

* Figure 5: BULALO 79-88 PRODUCTION
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Figure 5 shows Unit chronologies steam
quality, and monthly flow rates for steam and
mass during the development period up to
August 1988. Presently the yearly average
withdrawal from the reservoir is approximately
5000 kph (2268.0 T/h) of steam and 4000 kph
(1814.4 T/h) of brine. All the brine has
been reinjected back into the reservoir. The
average steam guality has risen from below 25
percent to approximately 55 percent. Some of
the wells are still drying up and these
exhibit little or no total mass decline rate
An example is Bul-3A as shown in Figure 6.

Figure 6 : WELL BUL 3A PRODUCTION
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Currently the largest well in the field is
Bul-l, the 1974 discovery well, This well is
now producing 250 kph (113.4 T/h) of steam as
compared to it's 1975 steam flowrate of 150

. kph (68,0 T/h). This improvement is partly

due to a 30vpercent increase 1n enthalpy.

Since 1983, make-up steam supply optimization

_has been ongoing. - The last pcoduction well,

Bul-66 was drilled 5-1/2 yeafrs #go. Additional
steam supply has been obtained by converting
idle injectors into producers, reducing
pipeline pressure losses, and acidizing wells.

" Figure 7 shows the results of acidizing six

producers with hydrochloric and hydrofluoric
acids. Through 1988 all these efforts
combined with the reservoir's high porosity
and excellent vertical communication have
resulted in a low total field steam decline
rate of approximately four percent per year.
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The field's generation output has increased
every year with the exception of 1982, £3 and
86, This'incteasing trend will hold true in
1988, assuming there are no major forced
outage-incidents during the remaining part of
‘Table 2 shows the generation
pecrformance indicators for the last three
years up to August 1988. The theoretical
outplitifoad from the power plants minug
annual scheduled maintenance and overhaul
downtime is 290.2 MW. The past three year

PERPORMANCE . . | 1985 = 1986 1987 . 1988 |AVERAGE
INDICATORS ) ADG.

PACTORS (%, Ku)

Avail. 86.7 81.8 84.4 85.7 84.7
Capacity 77.7 69.8 71.7 717.1 75.6
Pd. Ld. Ave, 256.6 230.4 254.1 254.1 | 249.4
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GENERATION PERFORMANCE
Generation

For the past nine years, Mak-Ban has been one
the best performing power plant cycles in the
Philippines.

bar graphs from 1979 to 1988.

Figure 8 shows yearly generation

Figure 7 : BULALO STIMULATION B or | ‘4o 21 die 0| o
TOTAL (MW} ) 33.6 $9.9 33.7 "3s.8 ‘00.3

THEORETICAL (33l 11.6 20.6 11.6 12.1 14.1

Table 2. - Mak-Ban 1985 thru 1988 August generation
performance indicators. By meeting the downtime schedujle
of 6316 hours per year, (Per Unit: 1-35 day/overhaul and
J-) day quarterly maintenance shutdowns) the maximum
availability and capacity factors are both 87.9% or 290.2
MW (“0° operating or excess downtime losses). The total
under equivalent load is the potential gain per year in
load if both operating and excess dovn:ine lonses ate
eliminated.- pd -~ period.

average of 249.4 MW is 86 percent of this
theoretical amount. The 14 percent .

deficiency is attributed to both extended
overhaul/maintenance perjods and operating
generation losses. 'NPC is addressing this

+.-deficiency and is implementing ‘programs to

reduce the losses. One successful program
has been turbine steam scrubbing. Unit 6 has
had-steep load declines due to turbine scale
build-up, ‘on the first stage nozzles since
initial startup (Figure 9). A successful
steam scrubbing experiment has been ongoing
since Pebruary 1988, reducing turbine scale-
induced generation losses by approximately
15,000 MWh.  This has reduced the unit's
average load decline from 1.3 MW/month to 0.3
MW/month (Figure 9). NPC and PGI are

-currently designing a permanent steam

scrubbing system for Units 3, 4, 5 & 6. Once
cperational, the steam scrubbing program is
expected to increase the annual generation
levels by 120 to 140 GWh.

Figure 8 : 1979-1988
GENERATION PERFORMANCE
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In order to maximize unit availability, NPC
plans are underway to eliminate excess
downtime losses. These improvements are
needed in order to optimize the performance
of Bulalo's reservoir capacity. At this
time, Bulalo's avajilable reservoir steam is
10 to 20 percent higher than the operating
capacity of the power plants.

Specific Steam Consumption
Bulalo's overall production generation

efficiency is indicated by the specific steam
consumption tatxo. This ratio represents the

following: i

M STEAM STACKED STEAM {1b
NPC = Turbine Lo .
NPC - Steam Ejector + NPC Upset
NPC - Gland Seal Ejector NPC Maintenance
PGI - Turbine Pumps PGl Upset
PGl - Scrubber Drains Cont. Venting

= lb/MW

Metered Gross Generation (MW)

This ratio together with monthly generation
numbers are shown in Figure 10, The ratio is
plotted against the field design rate of
18,050 1b/MW (8.19 T/MW) (using gas
compressors - G.C.). . This design rate
includes all steam consumers listed above,
There are some high ratios in 1985 and 1986
that are attributed to LDO (excess hydro
power), Peoples Power and Luzon grid -
contingency plans. 1In all cases, excess
stacked steam occurred as a result of :load
curtailments. The years 1987 and 1988 have
been the best years for production generation
efficiency. In 1988, the field average
specific steam consumption ratio through
August is 19,850 lb/MW (9.00 T/MW). With the
planned expansion and automation of the two
phase throttling system, it is expected that
this number will become lower in the future.

Figure 10: PROD/GEN EFFICIENCY
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_improve Bulalo's performance.

CONCLUSIONS

The Bulalo geothermal power plant cycle is
‘reliable due to the presence of a very large
and efficient reservoir, dependable steam
gathering and waste brine injection systems
‘and well-designed power .plants. For the last
eight years, Bulalo has been the top -
performing power plant cycle in the
Philippines, NPC and ‘PGI are introducing
additional -design improvements that will

NPC and PGI
are currently studying the £easxbilxty of

' adding more capacity to the field in the form

“the cycle,

‘engineers and scientists.

of several small units,
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USING PRECISION GRAVITY DATA IN GEOTHERMAL RESERVOIR ENGINEERING MODELING STUDIES

,Pgul.g:l:._ ‘Atkinson and Jens R. Pedersen

Unocal Geothermal Divisiont

3576 Unocal Place

Santa Rosa, CA 95401

~ABSTRACT .

Precision :gravity measurements taken at
variocus times over. a geothermal field can be
used to derive information about influx into
the reservoir. ‘Output from. & reservoir
simulation program can be used to compute
surface gravity fields .and time histories.
Comparison of such computed results with
field-measured . gravity data can add
confidence to simulation models, and provide
insight - into reservoir processes. Such &
comparison ' ig made for the Buhlo field in
the Philippines.

INTRODUCTION

Reservoir engineering calculations of mass
and energy balances on producing geothermal
reservoirs require information about in-. and
out-flows from the reservoir. . Such
information is usually available for surface
flows: production and injection rates can be
measured; and natural. discharge .rates .can be
estimated. . Values for subsurface in- or out-
flows are much more elusive. One method
commonly used to estimate aquifer influx is
via a  history matching process ' whereby
reservoir performance 1s computed for variocus
strengths of influx, and then matched against

observed performance (Guamundsson, and Olsen,

1985). The best match is then considered to

‘represent an estimate of -influx. into the

reservoir. This methodology. 4is - directly
analogous to the use of influx models in
material balance calculations in the oil and
gas industry (Craft and Hawkins, 1959).

A more direct and Jindependent methocd of
estimating influx is through repeat precision
gravity surveys over a producing field. ' When
such surveys are carried out with appropriate
accuracy, they allow an estimate of mass loss
between surveys to be made. This estimate
can then be ' compared - with ‘net surface
withdrawals (production minus injection). to
compute influx. Such calculations have been
made for the Wairakei field (munt, 1970;
Hunt, 1977; Allis and Hunt, 1986). L

This paper first reviews the basic .principles

‘of repeat gravity surveys .as they pertain to

estimating influx into producing geothermal
reservoirs. It then describes the coupling

of precision gravity data with reservoir

'simu lation models.

Three examples of such a
coupling are = then presented: two for
idealized reservoirs; and one for the Bulalo
field in the Phlupp.lnes.

GRAVITY: THEORY AND MEASUREMENT

‘ddentify the presence

Gravity relates, through fundamental elements
of physics, the force exerted on a body on
the surface of a planet to the mass
distribution surrounding the body. e
gravitational pull on the surface of the
earth is not uniform, and in fact, subtle
variations in gravity are commonly used to
of ore ' bodies or
geological structures. This use of gravity
measurement as a geophysical prospecting tool
is described in standard references such as
Dobrin (1960): ‘The magnitude of gravity om
the surface of the earth is approximately 98D

gals. Exploration geophysics is usually
locking - at = variations on the order of
milligals. Precision gravity measurements

discussed in this paper deal with variations
on . the order 'of 0.0l milligals, or 10
microgals; hence the term “precision®.

As mags {8 removed from & geothem:al
reservoir, the gravity field above the
reservoir will decrease. By measuring the

_ surface gravity field at two points in time

over a producing reservoir, the change in
gravity .over the reservoir during the tinme
interval can be determined. This delta-
gravity field can be used in various ways.

" These are:

1. To qualitatively identify 100% influx, as
for example was done for Wairakei, when
the delta-gravity values approached zerxo.
(mune, 1977);

2. To Jintegrate - under the delta-gravity
contours to obtain the net mass loss
“implied by the contours (Hunt, 1977); and

3. To model the areal detail of the observed
delta-~gravity contours with calculations
derived from & reservoir simulator. :

-Instruments - are -commercially available to
measure gravity with a precision of + 1

.-microgal (e.g., LaCoste & Romberg, Model »

gravimeters). When making comparisons of
repeat measurements at & given site, known

v



temporal effects need to be corrected for.
Three major effects requiring correction -are
subsidence (3 microgals/cm), earth tides (up
to 230 microgals) and meter drift (assumed
linear with time after removal of earth
tides). Our field@ wide surveys in the
Philippines are run using a tight network
configuration (Lambert and Beaumont, 1977).
Approximately 125 benchmarks are measured
using 300 independent estimates of gravity
differences between benchmark pairs. The
survey takes about two months to complete.
#Zter corrections for known subsidence, earth
" tides and meter drift, the network is least-
squares - adjusted  (Eckhardt, 1986). -- The
resulting average error at a benchmark ig + .7
microgals. By comparison, typical reservoir
effects can be expected to be about 100
microgals per 4 wmillion megawatt-hrs of
production. Other non-reservoir effects due
mainly to seasonal effects of rainfall are +
10 microgals. -

Correcting for subsidence effects - through
high order levelling surveys is probably the
single most expensive element of carrying out
meaningful precision gravity surveys over a
producing geothermal field. 1In general, both
the gravity and levelling surveys need to

extend far beyond the limits of the producing
field. :

NUMERICAL MODELLING OF GRAVITY FIELDS

We have developed a program which uses
information from a three-dimensional
reservoir simulator to compute surface
gravity fields corresponding to any state of
the simulator. The gravity = calculation
procedure uses the method of Nagy (1966) to
compute the gravity effect at any surface
point resulting from a subsurface stacked set
of rectangular prisms comprising the

cartesian discretization of a reservoir

" problem. Thus, we 'can compute the surface

delta-gravity field between two times
resulting from the change in mass
distribution in the reservoir. The following
presents such calculations for two idealized
reservoirs and then presents both field
results and calculations for the Bulalo field
in the Philippines.

IDEALIZED RESERVOIR WITH RO INFLUX

Figure 1 presents gravity profiles at two
different times over hypothetical Reservoir A
in order to illustrate various points. The
computed delta-gravity field has a well-~
defined maximum directly above the reservoir,
and . extends far past the “edges of the
reservoir. In  principle such a field is
measurable with an instrument whose precision
is + 1 microgal. As net mass loss from the
reservoir increases, the volume .under the
delta-gravity surface can be seen to
increase. Gauss' theorem states that this
volume is directly proportional to the net
mass loss. from the reservoir (Hammer, 1945;
LaFehr, 1965). ‘Thus, integrating under the
10-year surface would result in twice the
volume under the five-year curve.

IDEALIZED RESERVOIR WITH INFLUX

A series of calculations were next made for a
rectangular hypothetical porous medium
Reservoir B, in order to 4{illustrate the
impact of influx on surface gravity. The
reservoir has dimensions 9000 ft x 9000 ft x
5000 ft deep, and top at a plane at 1500 ft
subsea. It is initially filled with liquid
at boiling~point-with-depth conditions, has
128 porosity, and 100 md permeability. Steam
for 200 MW is produced from the upper part of
one quadrant. 100% of the associated brine

0
-
<
g -~100 |-
< —RESERVOIR
,9 —200 $000'x5000'x2000°
= B POROSITY=12%
o TOP 1S 2000° DEEP
e . 100 MW PRODUCTION
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ps- 7
O -400 }—~ | B ,?——GROUND LEVEL i
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Figure 1. Delta gravity-profnes over center of idealized Reservoir A
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— and 208 of the steam are injected as 1liquid Figure 3 .-illustrates ' the time history of

' . into an adjacent gquadrant. Case 1 was run  gravity . and various computed reservoir
u‘ ) .-~ -with no influx, and Case 2 with deep hot = parameters during the ten-year period. Net
. influx along the bottom edge ‘of the two  mass depletion falls linearly with time for

( . . remaining quadrants. Figure ‘2 illustrates no 4nflux. . Influx has 1little effect on

i . .. this system. Both cases develop an extensive . .system performance until after three years of
L two-phase zone around the.producing.wells. production;."at which time its effects become
: . . L AR important. : The computed gravity response

= P A | . . over the reservoir can be seen to miikic the
[}_ T EC net mass depletion curve. The details of the

gravity response shown are’ certainly
detectable with a well planned 'q;avity
survey program. ’ .

‘ Fi§u£e 3 depicts,tﬁe impact of influx on
gravity as well as more traditional reservoir-

AnJECTIiON engineering measures for ~the  specific
i _configuration of Reservoir B. The effects of
) . . reservoir = physics - on .surface gravity are
| . subtle, and other  configurations may ~act
| differently. :
WOXOF  0wDF. . - i PRECISION GRAVITY AT BULALO
BRINE  STEAM AS S

CONDENSATE - . : ;

E The Bulalo Geothermal Field is located in the
Philippines approximately 30 miles south of
Manila. %he field is operated by Philippine

Figure 2. Schematic of ideaiiz;d Pe‘éérvol: B
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Geothermal, Inc. (PGI, a subsidiary of-
Unocal) under & contract with the National.

_Power Corporation of the Philippines. The
field has been producing commercially since
1979, and currently has 330 MW of installed

capacity. Figure 4 presents the history of -

net surface production at Bulaloc since 1979.

Five fieldwide precision gravity surveys have
been carried out at Bulalo since 1980, as
indicated on Figure 4. After 1980, each new
precision gravity survey can be used to infer
overall mass loss from the system over the
intervening time period. When this is
compared with net surface production
({producticn” finus injection), influx can be
computed. Figure 4 presents the resulting
influx rates averaged over each time period.
Up through 1985 gravity-inferred influx is a
small fraction of net production. During
1986 and 1987 qravity-inf.erred influx has
increased significantly.

Figure 4 also presents the influx rate
computed by a three-dimensional reservoir
simulation model of the Bulalo Field. The
model describes the Bulalo reservoir with a
1100 block double-porosity configuration. It
as been calibrated .against histories of
individual well ' pressures and producing
enthalpies through 1985, While the

calibration can still be improved upon, the -

important elements of reservoir performance
were reasonably well approximated by allowing
only negligible 4influx 4into the reservoir.
This behavior 1s consistent with gravity-
inferred influx rates through 1985. The

recent increase in gravicy—inféx;'ed influx is

anomalous, and is not associated with any’

obvious changes in reservoir performance.
Our current hypothesis 1is that ‘it is
associated with subtle near surface or data
processing effects, rather than a real
increase in influx rate. The next gravity
survey will be run in April-May, 19€8.

Figure .S presents a simplified map of the
Bulalo field. Also shown are the locations
of the power plants and various outlying

wells. BM66 is a benchmark located in the -

center of the production area. Figure 6
presents observed and simulator delta-gravity
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Figure 5. Simplified map of Bulalo
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1

profiles on a NW-SE section. through BM66,

corresponding to. the 1984~1986 time: frame.
The paximum observed gravity change is almost
70 microgals, whereas that derived from the
reservoir simulation model is 90 microgals.
The smaller area under the observed curve
suggests that the reservoir is experiencing
substantially more influx than the gimulation
model. However, another possibility is that
depletion . in the reservoir 18 occurring

deeper than in the numerical model. This

latter possibility is consistent with two
observations:

l. The shapes of the two profiles in Figure 6
are similar, suggested that the

fundamental.reservoir physics of depletion

contained in the model is a good
representation of that in the reservoir;
and

2. The 4impact of near-surface effects on
precision gravity data is to add
variations of + 10 microgals toc the
delta—gravity field away from - the
productive area. This causes the tails of
the observed delta—gravity distribution to
be noisy. It results in uncertainty in
mass loss calculations because stable
benchmarks cannot be accurately defined.
The error bars on the gravity-inferred
influx rates in Figure 4 result partly
from this effect. ‘Thus, it may be that
the observed data should be ghifted down.

Figure 7 presents observed and  computed
delta-gravity histories for benchmark BMGE.
This benchmark was first installed in 1981 in
the center of the field. A total observed
change of 150 microgals over almost gix years
can be seen. The observed data initially
show a flatter trend, implying either less
depletion, or deeper depletion in the field
than in the model.

We are currently reviewing both field .nd.
model data in order to provide a basis for
improving the match between observed and

79 90 51 82 33 84 83 B W7

Figure 7. Observed and computed histories
" of gravity at Bulalc benchmark BM66

simulation gravity results. Past experience

with such reviews have taught us that while

" the gravity data can provide important

insights into reservoir behavior, it can also
display misleading features that have nothing
to do with reservoir behavior. Sometimes
these features appear to have been associated
with weather patterns. We suspect that the
gravity-inferred increase in influx in
1986-87 shown on Figure 4 may actually be an
effect unrelated to the reservoir.

CONCLUSION

Precision gravity monitoring can be used to
infer influx into geothermal reservoirs.
Such data must .be gathered in the field with
great care, as data interpretation
requirements push the limits of commercially
avajilable - technology. Even when the data
gathering is sufficiently accurate, non
reservoir effects such as near-surface
aquifer recharging due to rainfall can
complicate data interpretation.

Gravity-inferred influx rates for the Bulalo
field have been compared with those used in a
simulation model. Conversely, simulation~
computed gravity fields have been compared
with observed results. These comparisons
have provided us with confidence in the basic
structure of the simulation model.
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ENVIRONMENTAL PROCESSES AND CHANGES
H \. .
‘ E . GRC WORKSHOP June 15-16, 1989
Mike Sorey

U.S. Geological Survey

I. INTRODUCTION TO ENVIRONMENTAL ASPECTS

r & C v

A. Surficial thermal featurés

i

1. Hot springs: neutral ph-high chloride or acid-sulfate

r.

2. Fumaroles: boiling point or superheated -
3. Heat flow: conductive or advective (water or steam)

'( B. Subsidence: pressure or temperature induced

r £

C. Seismicity: natural or induced

_

II. IMPACTS ON SURFICIAL THERMAL FEATURES

- |
A. Types of impacts

ke B. Subsurface processes
L;' 1. Pressure changes
EJ‘ ‘ ‘a;vEffeCtsrof'injectioniand boundaries - -

; b. Rate of spread of pressure changes - -
- .

' 2. Boiling and excess steam generation
-

\“’/ 3. Temperature changes: from injection and/or recharge
o



|

'

in. FIELD E'xAHPLS
A. Impacted areas: Steamboat Springs, NV; Long Valley, CA;
Beowawe, NV; Klammath Fal]s, OR; Geysers, CA
Wairakei and Rotorua, NZ, Other fields
B. New iea]and fields
1. Wairakei

2. Rotorua

r— o o rer

C. Steamboat Springs

r—

1. Development status
b
2. Geyser activityu -
3. Thermal-water inflow to Steamboat Creek
D. Long Valley caldera
1. Development status

2. Hot Springs

=
3. Subsidence Ei
IV. MITIGATION AND MONITORING {d
A. Injectibn: pressure support versus thermal breakthrough t;
B. Monitoring programs and legislation - i
=
1. Public and private lands -
.
2. National Parks &‘i'ﬂ
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INTRODUCTION

Hydrothermal activity is wxdespread in
Iceland. The numerous warm spring,
geysers, mudpools and fumaroles
surprised the first Norwegian settlers in
876 A.D., and many localities bave since
been named after

Reykjavik (Smoky bay) which draws it
name from thermal springs now within
the city limits. Although the geothermal
manifestations filled the ancient
Icelanders with wonders and some fear,
we have very few historical accounts
where this energy resource was put to
use. Certainly this use was on a small
scale and limited to bathing, washing
and cooking and was so for centuries.

The first commercial exploitation of
geothermal fields in Iceland dates at
least back to the 12.th century. However
it was not the thermal energy but the
sulphur deposits of the fields that were

exploited. Sulphur mining continued .

until this century. Most of the sulphur
was exported to Denmark and used
there in gunpowder production.

More or less sxmultamously with the
decay of the sulphur mining industry a
large scale exploitation of the
geothermal fields was initiated.
Geothermal water was used for district
heating and greenhouse farming. The
first district heating system, in
Reykjavik, was put on line in 1930,
supplying hot water to 70 buildings,
mcludmg a school house and a
swimming pool. The water, 15 1/s, 93 °
C, was taken from hot springs and
shallow wells in what now is known as
the Laugarnes field. The Reykjavik
heating system was  expanded

thermal
manifestations, such as the capital

considerably in the 1940’s and later in

the 1960’s, when downhole pumps were -

installed in wells, in order to increase
the fluid production. Concurrant with
the expansion of the district heating
system in Reykjavik rapid developments
followed in other parts of the country,
especially after the impetus given by the
increase in oil prices during the 1970’s.
The main emphasis was on -space
heating, but other uses emerged
gradually, In 1967 the diatomite plant at
lake Mgvatn began operation using
steam from the Némafjall field for
drying. A 3 MW non-condensing electric
turbine was put on line in Nédmafjall in
1969 and the Krafla electric power plant
(30 MW) began operation in 1977. At
the Svartsengi field a lngh temperature
brine has been used since 1976 to heat
up cold ground water for space heating,
but also to generate 8 MW of electricity.
Currently a thermal power plant is
under construction at the Nesjavellir
field to harness the high temperature
there for space heating and
cogeneration of electricity.

Today geothermal energy plays an
important role in the energy economy of
Iceland. About 40 geothermal district
heating systems are in operation
meeting about 8% of the energy
demand for space heating in the
country. The total annual geothermal
energy consumption, however,
constitutes about 40% of the total
energy sold to users.

GEOTHERMAL FIELDS IN
ICELAND.

The geothermal areas are divided into
two categories on the basis of the
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subsurface temperature :in the systems.
By definition, fields:with temperatures
exceeding 200 ° C at 1 km depth are

‘classified as high-temperature fields, but

low-temperature  fields if  the

- temperature at this depth is lower than

150°C. . o ‘
The high-temperature fields - are all
confined to the active volcanic zones

‘that bisect Iceland from southwest to
_northeast. To date, 28 potential high-
temperature fields have been identified.

- Major

reservoir - rock types are

original natural discharge by a factor of

-.10:30.. The geothermal systems have

responded to this large scale
exploxtanon in several ways: Surface
activity has diminished or even
disappeared, ‘areas have subsided,
reservoir pressures have declined and
fluctuated in harmony with production
rates, production temperature and fhuid

~ chemistry has changed due to increasing

recharges to the system and in the h1gh-
temperature fields two phase regions

- have developed and expanded.

hyaloclasudes, basaltic lava flows and.
igneous intrusives, but the common
surface manifestations are thermally

~altered ground. mudpools, fumaroles

and steammg ground.

The major low-temperature fields are

found on the flanks of the volcanic zones

country. Over 600 thermal springs have
been recognized in about 250 localities.
Flowrate from springs generally varies

_in Quaternary formations, but smaller’
fields are found almost all over the

Table 1 summarizes the utilization and
its effects on some of the major fields.
Most of them had natural discharge, as
thermal springs, before exploitation

-started. A summary for some of the

explored high-temperature fields is
given in Table 2. The Krafla field is used
for electricity generation. The presently
available steam suffices 35 MW,

‘production of which 30 MWsude are

in the range of few liters upto tens of

liters per second. The maximum

flowrate from a single vent is 180 /s of

- 100 degree hot water.
| EXPLOI'I‘ATION EFFECTS.

. A'Ihe explonanon of several gcothermal
- _ -fields in Iceland has now lasted for some

decades. Initially, the exploitation was

connected. The Svartsengi field is used
for district heating (120 MW,) and
generation of 8 MW, of electricity.

Cogeneration of thermal and electric

power is also planned for the Nesjavellir

- field where 100 MW, thermal power

and 5 MW, electric power will be on-
line in 1990 with possible expansion later
to 300 MW, and upto 70 MW.,.

Following is ‘a summary of the

~development and utilization of three

limited to natural discharge at surface

. from bot springs or free flow from = ,
Sl el Whert o THE LAUGARNES FIELD.
- flow from wells bas dlmimshed, ’

- ,downhole pumps have been installed in
. order to increase the water production. -

exceeded the natural discharge or free

It is not uncommon today that -

producnon Erom a field exoeeds the

‘geothermal fields. Examples of observed
- responses due to their exploitation will

be given during the presentation.

| The  Reykjavik Municipal District

Heating  Service -utilizes geothermal

- water from three separate fields, two of



which are located within the city limits,

the Laugarnes and the Ellifadr field.

‘Drilling for hot water began in the
Laugarnes field in 1928 and exploitation
was initiated in 1930. Available flowrate
was 15 1/s of 93 ° C hot water. In 1940’

two more wells were drilled adding 61/s

of free flowing water. During 1957-63,
14 medium deep wells were drill
increasing the artesian flow to 50-60 1/s.
Deep (> 1000 m) drilling began in 1958,
and the first downhole pump was
" installed a year later. Artesian flow
-ceased in 1965, and since then downhole
‘pumps bave been operated in 12 deep
wells. Today a total of 26 deep wells
have been drilled in the field, the
- deepest one reaching down to 3085 m
depth. The production from the field
increased steadily during the 1960’s but
has since 1968 averaged at 5-6 Gl per
year. Maximum production during the
coldest part of the year is about 3001/s. -

Exploration data has revealed three
separate major aquifers in the
Laungarnes field, designated A, B and C.
Aquifer A extends from 250- 650 m
depth and contains water at 110-120° C,

aquifer B from 730-1250 m depth with

135 © C water and finally aquifer. C
below 2150 m depth with water
temperatures of 145-160 © C. The
aquifers were all artesian prior to the
exploitation of the field but their initial
pressure potential was never recorded.
The fluid from Laugarnes was low in

total dissolved solids, about 350 ppm, of

which 35 ppm was chloride.

 Production from the Laugarnes field has

caused a considerable  pressure
drawdown within the production
wellfield and vicinity. The total area
affected by exploitation is 6-7 sq.km,
‘more than twice the size of of the
production field. As the initial pressure

potential of the field is unknown, so is
the total drawdown. Since 1963,
bowever, has the well head pressure and
later the water level in observation wells
been monitored - carefully. The total
drawdown to this date is of the order of
120m. ]

The exploitation of the field has not had
any effect on production temperatures,
but some gradual changes have been
measured in the fluiid chemistry. The
concentration of chloride has dobbled in
production fluid and few wells produce
now water with 100-200 ppm chloride
concentration. The concentration of
silica and fluoride has on the other hand
showed a small decline during the
exploitation years. The chemical
changes are believed to be caused by an
infiltration of a highly saline water into
the uppermost part of the reservoir,
aquifer A. Some of this fluid enters the
reservoir through wells due to shallow
casings. The mixing of the reservoir fluid
with more saline ground water within
the wellbores has caused calcite
deposition in downhole pumps in wells
where chloride concentrations have
reached 100 ppm. Steps have been taken
to stop the leakage of saline water in the
reservoir. Idle wells which show
downflow of saline water have been
plugged with cement and new
production wells will be cased deeper
than present production wells.

THE ELLIDAAR FIELD.

The Ellidasr field was discovered in
1967, when the first decp well wes
drilled in the area. To this date 16 deep
wells (900-2300 m) have been drilled in
the area. Production from the field
started in january 1968 and since 1970
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- pumping rate from six, producmg wells

has been about 1801/s.™
Three aquifers have been revealed in the

~the annual fluid production has been in-
‘the range of 4 to 5 Gl The peak

was drilled to a depth of 240 m. Today
eleven wells have been drilled in an area

- of.1.5.km2 to a depth of 240-1998 m.

Ellidasr reservmr, aquifers AB and C.

Aquifer A is found above 300-500 m
depth, with water temperature of 40-90 °
C. Aquifer B extends down to 1100 m
depth and overlies aquifer C, which

Seven wells are used as producers and
one well for reinjection purposes.

The Svartsengi system is liquid

- dominated and contains fluid with a

salinity of 2/3 that of seawater.

~ Reservoir temperature is 240 ° C. The

extends to the bottom of the deepest

well. The temperature within-the B

aquifer is as high as 110° C, but 70-115°

Cinthe C aquifer. Aquifers A to Cwere
artesian prior to exploitation of the field,

“system is overlain

leading to a well head pressure of 1,7
- than the geothermal reservoir.

and less than 7 bar, respectively.
The pressure history of the fneld shows a

rapid drawdown or recovery each time

pumping from the field is changed. At a
constant pumping rate for 1-2 mounths,
pressure stabilization occurs, indicating
a massive recharge of fluid to the
reservoir. Monitoring of production

top of the reservoir is found at about 500
m depth, except in the eastern part of
the wellfield where a two phase zone
extends to the surface. The rest of the
a warm
groundwater aquifer, which initially had
about 6 bar higher pressure potential

Production  data, including fluid
extraction  and reinjections rates,
pressure drawdown, fluid chemistry and

downbole temperaturcs, have been
‘monitored closely since the start of

temperatures and fluid chemistry shows,

that the recharge is of groundwater

production on 18 October 1976. The
rate of fhid production increased
steadily for the first five years, but has

~ since leveled out at about 300 kg/s.

origin. Cooling, of up to 20 ° C, has
been observed since 1968 and the
concentration of silica and fluoride has

decreased at the same time as the
concentration of oxygen in the water has
increased drasnmlly ,

THE = SVARTSENGI
TEMPERATURE FIELD.

The Svartsengi field is located within the

From the start of production, all spent

‘fhuid have been disposed at the surface.

A minor reinjection test was carried out

~ in 1982 when cold groundwater was

injected for 24 days, but in the
remject:on program, that has been

 executed since 1984, the injection fhid

HIGH-

active volcanic zone on the Reykjanes

peninsula. Unlike most other lngh

has been 80 °C freshwater. The average
reinjections rates have been about 50

kgfs.

The producuon data from Svartsengi
shows several effects caused by the fluid
production from, and reinjection into,

‘the system. Rapid drawdown of more

~then 100 m in monitoring wells has been

- temperature fields in Iceland only minor-

geothermal manifestations were seen on -

the surface. The existence of the firld

was proved in 1971, when the first well

observed in the wellfield and a
drawdown of 5 bar has been measured

‘during 1983-19%9 in Eldvérp, a high
‘temperature area at about 5 ki distance




- from Svartsengi. The nearsurface two
phase zcne in the eastern part of the

well field has expanded and the

discharge of the only producing well

from this zone has consisted exclusively

of dry steam since 1984. The gas
content of the discharged fluids have
steadily decreased, and degassing of the
reservoir appears to be taking place.
This is '
H;S/ CO; ratio and a decline in the
magnesium concentration of the fiuid.

Some long-period oscillations have been -

observed in measured downhole
temperatures and these agree with
_ variations seen in silica geothermometer

temperatures. These variations have not

Service, Snorri P4ll Kjaran at Vatnaskil
" Consulting Engineers and my colleagues
at Orkustofnun for their contributions.

supported by a steady rise in .

been explained but, it is speculated that -

tectonic events in the volcanic zone may
have led to fracture movements causing
a burst of cold water into the system.

The reinjection well (well 12) in
Svartsengi is located within the
production wellfield. The injection of
warm freshwater during the last few
years has influenced the production
characteristics of at least one well (well
6), located about 300 m away from the
injector. A significant temperature drop
(12 ° C) has been measured in that well
and a decline by a least a quarter has
been observed in the concentration of
most dissolved minerals in fluids from
well 6 since 1984.
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TABLE 1. Low-temperature geothermal fields. A summary from 198S.
* *
Geothermal Utilization Pressure and Temperature Remarks
field Start Dura- Accum. Ave. Initial Present Decay
uw tien volume f£flow ‘
» ~ year years Gl 1/s bar °C bar °C bar °C
Blonduos 1978 7 7 23 29 71 12 o0
Dalvik 1969 - - 45 - - - - - - :
Deildartunga 1981% 3 8 160 - - - - - - ' Free flow
‘Egilsstadir 1979 4 3 22 4 66 3 51 1 15
Ellidaar 1968 16 58 127 7 102 -4 92 11 10
Hrisey 1973 - 6 1 68 1 59 o) 9
Husavik 1970 - 50 - - - - - - Free flow
Bvammstangi 1973 - ‘21 - - - - - -
Laugaland 1977 6 16 ‘51 19 95 -16 95 35 0
. Laugal.Eoltum 1982 2 2 - 21 12 101 -2 101 14 0
- Laugarnes 1930 55 11 158 8 125 -6 - 14 -
“Olafsfjordur 1944 - 31 - - - - - -
Reykholar 1974 - 2 - - - - - - Free flow.
Reykir 1944 39 590 982 8 86 -3 8 . 11 1
_ Sauvdarkrockur 1953 31 €0 87 6 70 2 69 4 1 Free flow
Selfoss 1948 36 - 90 "2 %0 . -4 81 6 9
Seltjarnarnes 1972 14 15 . 46 1 107 -4 107 5 0
 Siglufjordur 1975 9 7 - 25 16 67 -2 67 18 0
Sudureyri 1977 7 - 12 - 3 63 0 63 3 0
. Thorlakshofn 1979 21 3 135 3 135 0 0 Free flow
% Reference to mean sea level
TABLE'2.“‘High-temperature,geothermai fields.
Geothermal , , Start No.of Max.temp Total avail. Remarks
field Reservoir drill, wells - flow rate
: year - ‘c kg/s
Eldvorp S 1983 1 260 165.0 Exploration
Krafla Upper- 1974 © 210-220
‘ Leirbotnar .~ 14 . 178.2
Deeper- 1974 298-344 ' Decay 5 bars
- -8Sudurhlidar - 1980 6 - 280-340 - 51.3
. -Hvitholar 1982 3 250-260 63.0 ‘
‘Namafjall ' 1967 - 12 255-340 42.0 2 wells
, S Co ogerating
{Nesjavellir 1ge5 - .18 . 220-400 - 400 . Under
f CoA LT e _ exploration
 Svartsengi 1972 12 229-240 1060.0 Decay 9 bars
Reykjanes 1969 9 - 246.6 .2 wells
operating
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LAUGARNES FIELD.

Annual mass extraction 1963-1988.‘
The extraction 1928-1963 is estimated 10 Gl
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LAUGARNES FIELD WELL RV-5
Chemical analysis of production fluid,

1963 and 1989.

Date 630306 | 890110
Temperature °C | 130.0 129.9
Flowrate 1/s 29.0 52.0
pH/°C 8.70/20 | 9.47/21
SiO; 1624 | 143.6
Na - 56.7 75.8

1K 2.5 3.0
Ca 40 3.8
Mg <01 | 0.01
CO»(tot) 220 15.3
SO4(tot) 19.2 - 318
H,S 05 0.21
Cl 30.0 61.6
F 1.1 1.0
Diss.s. 324.0
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Temperature distribution at 400 m depth. 1987
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ELLIDAAR FIELD. '

" Annual mass extraction 1968-1988,
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ELLIPAAR FIELD

Dissolved oxygen in well discharges.

Concentrations in ppb.

| 4 , .
November | March | March | January

Well 1982 1983 1988 1989
RV-23 0 25 0 0
RV-26 50 100-150 150
RV-29 - 50 120 400-500 800
RV-30 50 35 300-400 800
RV-31 25 150 300
RV-36 25 15 60 150
RV-37 30 35 150 250
RV-39 23 5-10
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" Estimated temperature distribution at 600 m depth
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Drawdown in meters
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Total dissolved solids (mg/kg)
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' Responses of a.ceothétmal Field During Exploitation

A Reservoir Management Plan
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Berkeley, California



CHEMICAL PROCESSES AND CHANGES DURING EXPLOITATION —-
BOILING, MIXING AND PRECIPITATION ‘
. \ T

r-

Natural State

Heat excess systems

Vapor dominated (The Geysers, Larderello) E
Some 2-phase (Cerro Prieto B, Los Azufres) b
Liquid excess systems _ }
Other 2-phase (Cerro Prieto «, Wairakei) .
Low temperature ' :
Exploited State EL&
Mass removed - Pressure decline
Response with heat excess v -
Boiling .
Superheating of steam :
Excess steam production b
Mineral deposition
HC1l appearance E
L

Response with liquid excess

Recharge with cooler water
Decrease of temperature

Cold sweep

r— r—

Solutions

Injection for heat excess
Well location for liquid excess
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Geochemically Important Distinctions Between Reservoir
Types in Their Naturallstgte

Vapor-bominated Reservoir

~ Formed by boil down of hot-water :system from increased

heat or decreased recharge S

-~ Liquid is immobile; vapor is highly mobile
Produces only steam -~ only gas and isotope analyses
Liquids include condensate (sampled) and deep brine
{never sampled)
- HNaturally cools by release of steam
- Example: The Geysers

Two-Phase Reservoir

-~ "Liquid and vapor mobile

-~ ‘At boiling point to depth

- Chenistry of liquid and vapor well known

- Usually meteoric water with solutes from rock reaction

~ Cools by boiling with ascent of steam and water and/or by
mixing with cooler water ' )

- Example: Cerro Prieto deep reservoir

~ Reservoir may have fracture or matrlx porosity and
permeability :

Hot-Water Reservoir

- Contains only compressed liquid otherwise similar to
two-phase

- Liquid may boil during ascent to the surface

- Cools mostly by mixing with cooler water (and conduction?)

- Example: Wairakei(?), Klamath Falls




Exploitation Effects -- Boiling

When pressures decline from mass cemoval well sealed reservoirs
boil (Broadlands(?), Cerro Prietc B)

Bolling has these effects:

Pressure is related to rock temperature and stabilized
Lowers temperature -- affects all
temperature-sensitive equilibria
Produces a vapor phase -~ gases partition into vapor
Concentrates solutes
Increases pH }
Heat transfers from rock to fluid } Excess steam
Steam may segregate and enter wells - produced
Mineral precipitation reduces permeability

(Okay if distributed; s problem if localized)
Boiling process differs in fracture and mateix

reservoirs

Minerals precipitate

Extreme boiling has theseAeffects:

Liquid may become immobile and only steam is produced
(two-phase)

Liquid may disappear and only superheated steanm is
produced (vapor-dominated) A

Pressure no longer linked to rock temperature may drop
rapidly

Steam no longer from liquid may become gas rich

HCl may be produced and tranported to wells

Exploitation Effects -~ Cool-Water Entry’

With lowered pressures, poorly‘sealed reservoirs suck in
surrounding cooler water (Cerro Prieto a, 014 Travale)

Bntryiof cooler water has these effects:

Rock heat is transferred to cool water -- heat sweep

Reservoir fluid and rock cools

Vapor (if present) dissolves in liquid, lowering pH
These changes cause qQuartz to precipitste,
calcite and anhydrite to dissolve

Cold and hot waters mix slso causing quartz

precipitation
Fluid enthalpy and steam production decrease

Extreme effects are more of the above

|
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Reservoir Management Actions -

Prevention of boiling requires yressure maintenance, therefore :
inject liquid to equai that removed B . :

Liquid injection wiil.

Maintain pressure and prevent boiling ) :
Prevent reservoir plugging (provided chemistry is okay)-
Prevent HCl production and transport - :
In vapor systems, provide additional steam and prevent
rapid pressure decline.

If sited correctly. injected liquid can sweep heat to
vells

Prevention of cooi-ﬁnter"entryvis more difficult

"Two’responses'ere'poscible:

Site wells so that natural water inflow sweeps
heat toward them. This exploits natural
pressure maintenance and can mine heat :
efficiently. ¥No injection wells are needed.

Inject sufficient iiquid to maintain pressure
and keep cooler water out.. Location of
injectors relative to producers and natural
inflow is important.
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'CHLORIDE CONCENTRATION IN DEEP WATER {ppm)

e

| D ol

r-orCor

~

"1300

1100

800 |-

Water

Northern 13
wells

O18
o' 3 8
‘\s‘s\ 0%17
2L~

o herm waiie -
during early .
discharge period

5 Some wells
~O 2
T 19': Oz%st wells

3,

from temp. A S'outlswern
‘oo L inversiong20 - ells
) Weéloﬁ
18 e\t f
LL0ppm ", - L 1
220 240 260 280. 300
Supply water temperature °C |
Figure 16 . _
3
= E
c o -
z = .
& _
;s Ei200 o
w a | —
g8 - _
521000 - °
.‘ " : ' .
280 |- , .
o -
[1 4
k¥ 260 |- O-—sme—em g
5. |
> & 240 |-
2
a 8220 |
| _
1966 1967 1968 1969 1970




23 - : 7 7 v' 7 . Chaper2
2800+ o
»STEAM
20004
Entholpy - :
j/gm . Aquifer fluid (265°C)
1000+ S steom loss
6\\
<« ’ Aquifer fluid
- °°\6 , floshed to 100°C
T .l ¥
1000 : 2000

Chloride . mg/ kg

Figure 2.7. A typical enthalpy-chloride vixing diagram showing the effects of boiling and
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Chisrvige (Clovares )

Figure Ib, Gas-enthalpy plot for a model system li-
ke that of figure la,

Figura 1b. Grifico de gas-entalpia de un sistema mo

. delo como el de la figura la.

—

Coleridn (Cerures)

figure 2b. Gas-enthalzy olot for 3 model system

-

tike that of figure 2a. (SS: separated steam, ~--

SSH: separated steam with hestl transfer from rock,

SSNG: mixture of separazed steam -and -gas free =--
stean. - _—

‘.{ figura 2b. Grifico de jas-entalpia de un sistema
modelo como el de 1a fizura 2a. (5S: vapor separa
do, SSH: vapor separadc :on transferencia de ca--

h\?/

.

Jor de la roca, SSNG: mezcla de vapor separado y.

sin cas).

uil-ln; ((YLITITY

Figure ta. Concentration-enthalpy piot for a mccet
system with widely distributed boiling. (W:weirtox
composition, L: reservolr liquid, TD: total dis---
charge composition. RS: reservoir steam).

Figura l1a. Gréfico de concentracién-entalpia Ze -
un sistema modelo con ebullicidn distribuida am-~--
pliamente. (W: composicibn del vertedor, L: ligui-
do del yacimiento, TD: composicidn del fivido 2¢c--
tal, RS: vapor del yacimiento.

-

Figure 2a. Concentration-enthalpy plot for a mo--
del system with heat transfer from rock to fluic.

(TOH: total discharge composition with heat trans- -

fer from rock, TDHS: mixture of reservoir steam -~
-and steam produced by heat transfer).

Figura 2a. Griéfico de concentracidn-entalpia ce -
un sistema modelo con transferencia de calor ce 12
roca al fluldo. (TDH: composicién del fluido zo--
tal con transferencia de calor de la roca, TDHS: -
mezcla de vaper del yacimiento y vapor producice -
por transferencta de calor). e

<«
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Figure 2. Well 27, Wairakel, New Zealand. Trends in gas and chloride concentrations with exploitation.
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