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GEOCHEMICAL CHANGES IN RESPONSE TO PRODUCTION AND REINJECTICN FCR
PALINPTON-T GEOTHERMAL FIELD, NEGROS ORIENTAL,FHILIPPINES
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ABSTRACT

Chemical change-s observed for producticn wells since
the commissioning of the 112.5MWe Palinpinon-1 power
station (May, 1983} have been attributed to reinjec-
tion fluid returns and in some cases, localised
pressure drawdown. Although there is clear evidence
for a mass front of reinjectien fluid to the produc-
tion sector, no thermal front has as yet been
confirmed. A field management strategy has developed
in an attempt to minimise reinjection fluid returns.

Chloride concentrations in separated water have been
successfully used to trace. and quantify reinjection
fluid returns on an individual production well and
field basis. The magnitude of this and other sources
of recharge depend upon pewer station load, productior.
and reinjection well configurations and production
well status or discharge history. Silica concentra-
tions have remained controlled by quartz solubility
despite large increeses in reservoir chloride.
Calcium and sulphate responses indicatad dissolution
of Ca-bearing minerals within the reinjection secter
and re-deposition of anhydrite as fluid migrated
away from the reinjection sector.

INTRODUCTION

The approach taken to geothermal development in the
Philippines has been well documented (Malixi, 1982).
A summary of exploration and early development for
Palinpinon-1 (Paln-I) has been given by Maunder, et
al., (1982). A brief outline of the operating
system is included here.

The surface reticulation system €or two-phase fluid,
separated steam and liquid is shown in fig. 1. The
insert in fig. 1 illustrates in plan, the production
and reinjection well tracks. Twenty—two production
wells are located over four pads, twenty-one being
commercial; of this total, eighteen were deviated,
the remainder, vertical. Deviated wells were required
to adequately access the exploitable reservcir due
to terrain constraints and also to maximise inter-
section with identified fracture permeability. Ten
deviated reinjection wells collared to the northeast
at lower elevation, were drilled to dispose of
separated liquid. To maximise fluid dispersal and
reheatingrwells were drilled deep and as distant as
practicable from the production sector.

Production wells were drilled to an average measure?.
depth (MD) of 3020m or 2865m vertical depth (vD).
Reinjection wells averaged 3010m (MD) or 2890m (VD).
Permeability was encountered at various depths over
the open interval of hole for all wells. As such,
nearly all producticn wells are multi-zone and
produce two phase fluid from a single phase liquid
reservoir. A total electrical equivalent output ~f
144MW(e) at a production separation pressure of
0.70MPa(abs), (165°C), is available under wellhead.
Although the load and hence steam demand is variable,
the production separator pressure is maintained at a
constant 0.70MPa(abs) .

Baseline, pre-exploitation chemistry has been
previously reported (Jordan, 1982 ). Baseline data
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referred to in text and figures fer this paper are from
stabilised discharge chemistry during three month out-
put tests (MTD), completed prior to exploitation. An
intensive geochemical monitoring programme developed
far Paln-I,the primary objective being to provide maxi-
mm geochemical input to assist with the fcrmulaticn
and subsequent review of field management policy. Early
in the production history it became obvious that
geochemistry would play a vital role in providing
important operational guidelines for production and
reinjection. Chemical monitoring parameters were chosen
tc reflect processes believed to be occurring within
the reservoir. These were [Cl]res?, [Cllam, [Sioz]rEs,
TSi05(°C) , pH,[s04Ires, [calres, [coplTp?, [H,s]TD,
CO2/H2S (molar ratic). Total discharge enthalpy (hy)
was also monitored. Chemical changes were correlated
with those of the operation e.g. fig.2. Selected
examples which typify the chemical changes observed are
presented in the followinc text and fiqures.

CHEMICAL CHANGES IN RESPONSE TO EXPLOITATION

Seventeen of twenty-one prcduction wells have shown an
overall increase in [c1]reEs as of May 85' (refer fig.2)
The variable nature of the [Cl] RES responses have
largely been accounted for in terms of operating condi-
tions of individual production wells, reinjection (RI)
load ard the configuration of RI wells in service at
any one time.

TlciJreEs. pEs denotes reservoir constituent concentra-
tions; this better reflects the multi-zone nature of
fluid production and replaces the commonly used term,
gaquifer.“

TD = concentration in total discharge
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Fig.2 Reservoir Chloride vs. Time
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Several processes would result in increased minerali-
sation:

1) extensive boiling and steam separation within
the reservoir, resulting in increased [c1] RES
for residual liquid.

2) natural recharge of higher mineralised fluid,

3)
Discharge enthalpies and pressure-temperature profiles
showed that extensive reservoir boiling had not
occurred. Flashing near the well-bore and two phase
conditions were corrected for excess steam when
calculating lc1] res. Natural recharge of signifi-
cantly higher mineralised fluid would be expected to
originate from a higher enthalpy source, but there

is no evidence tc support this.

reinjection fluid returns.

RI returns were therefore concluded to be the princi-
pal cause of increased mineralisation. Chloride ion
is a relatively non-reactive ion, under reservoir
conditicns and is concentrated at the surface when
"flash" separated. Usefel information concerning
the dispersal of RI fluids has been obtained using
chloride as a natural tracer.

It was recognised at an early stage that RI returns
were significant(fig. 2) . Furthermore, since fluid
containing a RI component was produced and flashed
again, a method to evaluate returns,which accommcdated
recycling was necessary. A plot of [c1] RI3 vs. time
for bothreinjection lines is presented in fig. 3.
This shows an overall increase in [C1JRI, in respense
to Rl returns, across the production field. Fluctua-
tions reflect changes in production well utilisation.
The large amount of [c1] RI data available enabled
accurate assessment of the percentage RI fluid being
discharged by an individual well, using the following
relationship:

Clqy - Clo

X = e e 1

Clz - Cl, m
Where X = fraction of RT fluid in the total. discharge

Cly= monthly mean [c1] RES for the production
well

Cl,= mean baseline [C1]RES for the production
well

clz= monthly mean {cilrI.

Cl3 represents the weighted monthly mean [ClJRI
calculated on the basis of separated liquid flows for
the two main Rl lines. A plot of % RI returns vs.
time for selected wells is presented in fig. 4. This
approach takes recycling into account, hence the
affect of RI wells on individual. production wells can
be more clearly identified.

3[C].] Rl = reinjection line chloride concentration
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The RI well utilisation histcry shown in figs. 2 and 4,
provides information concerning the communicaticn of
individual RI wells with individual. or groups of produc-
tion wells. Wells OKi10D, PN13D, 20D and 22D have at
some stage shown increased {CLJRES but have since
declined to baseline concentrations cr less. From

May 83" to April 84', Rl wells OK12RD, PN1RD, 2RD and
6RD were utilised. Wells pN150, 17D, 21D, 26, 28 and
OK7, the first to be used for station supply, are
closer to the reinjection sector than other production
wells and produced significant RI fluid. The larqge
increase in [C1JIRES and % R1I fluid for PN17D, 26 and 28
demonstrated gqood communication (figs. 2 and 4). Frcm
May 84' to Oct. 84' a large increase in [Cl1]RES and

% RI fluid was observed for the westerly and central
production wells PN19D, 23D, 29D, 31D, OK7 and OKSD.
This occurred when RI was shifted to the western wells
PN7RD and 8RD.A subsequent. recovery, i.e. [CL]RES
decline, occurred for several of these producers when
PN7RD was shut. [ClIRES has steadily increased for
these same wells with PN8RD and SRD in service (May 85').

It was considered desirable to assess mass returns on
a field basis under stable operating conditions, such
that when changes in individual well or field manage-
ment occurred, an estimate of the response with respect
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to RI fluid returns could be evaluated. This simpli-
fied approach involved a mass balance about the produc-
tion anéd RI sectors with three components; production,
R1 and recharge, as shown ir fig.5.. Ean(l) previously
giver., similarly describes the mass balance around the
production block. €14 in this case was obtained from
Cly corrected for steam loss at the separator. Using
a mass and energy balance about the separator it has
been shown (Menzies, 1985) that :

At constant separator pressure of 0.68 Mpa (abs), hyg
and hg can be obtained from steam tables; hyq = 692kJ/kq,
hg = 2762kJ/kg.
let ¢ = hg - h1
hg - hq
from (1) x = &Clq-Cly
3
Cly-Cly (3)

Ciz_in eqn. (1) is assumed to approximate Cl, i.e.
fclJrr. c1, as recharge is assumed to be ccnstant at
4000mg/kg based on [C1IRES baseline data, So

(2762 - hl C14 - 4000
B 2070 I
x= TIg = 4000

It was thus possible to calculate the field average
monthly RI returns knowing the average field enthalpy
and the average monthly [Cl1IRI. Fig. 6 shows field
RI returns over the period. The: strong increase
noted from May to July-August 84' coincided with
westerly RI to PN7RD and 8RD. A maximum of approx.
30%R1 returns on a field basis has been assessed;
i.e. the bulk of RI was dispersed away from the RI =
production sector vicinity.

Fig. 7 shows the average % RI fluid discharged for
individual production wells relative to cumulative
total mass discharge. The scatter demonstrates the
lack of a simple relationship. Surprisingly,several
wells with low cumulative total mass discharge have
shown significant RI returns e.g. PN28. This can be
expleained by the extended discharge of nearby wells
or alternatively, the natural sweep of RI fluid to the
producticn sector through permeable fracture paths in
response to induced pressure gradients. A significant
decrease in the rate of decline of measured single
phase liquid pressures both in and on the edge of the
production sector has been observed. This, together
with the observation that several wells e.g. OK10D,
(fig. 7, had low overall RI returns, indicated signi-
ficant recharge from another source.
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In view of the clear evidence that a mass front of RI
fluid had reached the production sector, concern was
therefore held for the thermal front which follows.
temperature decline for mixed fluid production from
any well has been observed. A small decline in OK7
i.e. 310 to 300°C from a single survey awaits confirma-
tion. Average field enthalpy has increased from a value
of 1240kJ/kg prior to exploitation, to a present value
of 1430 kJ/kg.

No

A series of tracer tests has been designed with the
following objectives:
1) to assist [ClJRES.monitoring in quantification
of RI returns and,

2) to assess the optimum injection well configura—
tion based on the interpretation of tracer

results.

One I-131 radioactive tracer test has been ccmpleted
using OK12RD for tracer injection. A strong return to
PN17D was confirmed, this being consistent with the
observed chloride response in PN17D with OK12RD in
service. Other small 1-131 returns were not quantifi-
able.

Three slus injections of di-sodium fluorescein have also
been conducted for wells OK12RD, PNIRD and PNORD.
Although returns can only be interpreted qualitatively,

these tests have proved useful as precursors in designing
Disodium fluores-

the more expensive 1-131 tracer tests.
cein may not be thermally stable in the long term at
formation temperatures, but sufficient activity remained
for returns to be detected under Uv light using a crude
grading system €or intensity. on the basis of di-sodium
fluorescein tracer tests, a strong hydrological. connec-
tion exists between OK12RD and PN6RD.

Silica Chemistry

Despite large increases in [CIJRES for many production
wells-, none have shown increased [SiO»]RES, i1.e. no
silica breakthrough. Silica ccncentrations remain
controlled by quartz solubility, in agreement with
measured discharge enthalpies, where single phase, and
flowing measured temperatures.

Separated liquid for Paln-1 has an amorphous silica
saturation index range, from £ 1.0 tc 1.3 (under to
oversaturated) .

The"fact that silica concentrations have not increased

despite a mass RI return, particularly for wclls with

a high RI fluid@ component in discharye e.g. OK7, PN17D,

26 and 28, suqggested that:

(a) solutions supersaturated with respect to quartz
rapidly attained equilibrium with quarcz, or,

(b) rapid re-equilibration with respect to an interme-
diate silica mineral phase occurred upon available
quartz and other mineral surfaces, with all silica

above quartz saturation being deposited
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Re-discharge of a RI well in Tongonan (IR5D) after
more than a year of service at an injection flow rate
of approx. 60 kg/s; showed that silica concentrations
agreed closely with that expected for B-cristobalite
equilikrium. This indicated that B-cristobalite was
the silica phase deposited. (Solaia and Harper, 1985)
Discharge enthalpies of approx. 850 kJ/ kg indicated
that saturated liquid temperatures were apprcx. 200°C.

Referenced literature (Weres et al., 1980) indicated
that fuid slightly supersaturated with respect to
amorphous silica, re-equilibrated to amorphons. silica
saturation for a given temperature and that this
fluid remained highly supersaturated with respect to

quartz. Furthermore, once amorphous silica saturaticn
was achieved, the fluid re-equilibrated to a form of
silica, intermediate between amorphous silica and
quartz.

The absence of a silica breakthrough in Paln-1 produc-
tion wells was best explained therefore, by the mecha-
nism outlined in (b) above. This suggested that a
silica breakthrcugh would not occur until fracture
paths became lined with an intermediate silica mineral
phase.

Separated liquid is supersaturated with respect to
quartz by about 200mg/kg (SiO3) at formation tempera-
tures which obtain in the RI sector.This is equivalent
to a solid volume of approximately 1.70m>/day using
a typical Rl flow rate of 250kg/s and an assumed
density of 2600 kg/m® for silica deposited. To date,
this has not significantly reduced the total injection
capacity fcr the RI sector. Negative impact due to
deposition may only be realised in the long term.

An initial tracer return time of 22 hours to PN17D
from OK12RD during the 1-131 radioactive tracer test
provided a maximum time within which, complete silica
re-equilibration occurred.

Calcium and Sulphate Chemistry

[so4)rES for prodcction wells has remained essentially
constant despite its concentration in injected liquid.
This implies that. sulphate has been removed from the
mixed reservoir fluid. Calculations of the anhydrite
saturation stete of the injected fluid, indicated that
supersaturaticn would have occurred upon reheating in
the reservoir. For example, using typical [calrr of
230 mg/kg, [s04IRT of 23mg/kg and equilibrium log K
data for anhydrite (KRTA, 1983) at 0.2m Nacl, the
saturation index (SI) for Rl fluid with respect to
anhydrite is as follows; SI = log K (fluid) = log K
(equilibrium). At the RI fluid temperature (165°C) the
log activity product (logx) for RI fluid was - 7.30;
for equilibrium, - 6.09 or a SI of - 1.21 (undersatura-
ted). At 260°C (RI fluid re-heating), log K (fluid)
was - 7.86; log K (equilibrium) was - 8.08, or a S|

of 0.22 (supersaturated). Hence anhydrite deposition
would be expected to occur far injected fluid reheated
to formation temperatures.

The [calres increase for wells affected by RI returns
was initially greater than the corresponding increase
in {C1JRES, as shown by decreasing Cl/Ca ratios with
time, in fig. 8. As anhydrite would alsc remove
calcium frcm solution, dissolution of other calcium
mineral phases was required to explain the net increase
in [calres.

Calcite is prevalent as a secondary mineral within

the Rl sector. Calcite dissolution was considered the
most likely explanation for the net increase; this on
the basis of the initially undersaturated state of the
injected fluid. Furthermore,decreased fluid and forma-
tion temperatures and increased salinity within the RI
sector have enchanced the solubility of calcite.

The quasi-stable minimum Cl/Cca ratio fcr wells most
affected by RI returns, ranged from 40 to 50 (fig.8).
This was considered to reflect either physio-chemical
control over the rates of dissolution or the attain-
ment of near equilibrium calcite saturation, as fluid
re-heating occurred. Gross changes in [calRES and

[coy) 0 have occurred for discharge fluid in response
to RI returns. Geochemical modelling téchniques
(Truesdell and Singers;, 1971 ; KRTA, 1983) were applied
to deterwine the reservoir fluid calcite saturaticn
state and whether this changed as RI returns increased.
Emphasis was not placed on the absolute sacuration
state of the fluid, recognising that. modelling is at
best an approximation of the fluid-mineral system under
study.

The equilibrium constant for calcite is described by:

2
Ke = acCa - . JZHCOB—
Pco,
(Ellis and Mahon, 1977). An increase in log K for

reservoir fluid would be expected with RI returns as
these have produced: increased aca“*, increased aHCO3-
(due to a pH increase) and decreased Pco,. The satura-
tion index (S1) has been defined as for anhydrite, i.e.
SI = log K “(fluid) - log K (equilibrium), (KRTA, 1985)
Results showed that fcxr increasing R returns there
was a positive shift towards calcite saturation or
supersaturation. For example, data for OK7 gave the
following; OK7 baseline data, SI of -0.16 to S| of
0.96 when RI returns were 80%. These results also
suqgested that re-equilibration to calcite saturation
‘was not achieved as RI fluid re-heated. Although no
‘further problems with well-bore calcite deposition have

occurred, evaluation of calcite saturation for reservolr
fluid relative to RI returns has continued.
Fig.8 L . )
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Gas Chemistry

The majority of gas is partitioned into the steam

phase upon flash. Separated, liquid is depleted in
dissolved gas relative to original reservoir fluid.
Production wells with RI returns showed a corresponding
decrease in absolute total gas concentrations, (fig.9).
Well OK7 [C02]TD concentrations have decreased as much
as 25 fold, from baseline values of approximately 360
mmoles/100 moles to 15 mmoles/100 moles.Fluid discharged
by PN17D at Sept. 83° was approx. 100%RI1 fluid. At
this level [.cop])Tp would be expected to approximate RI
line concentrations i.e. 1.0 mmole/100 moles. However,
measured [COz} TD for PN17D averaged 40 mmoles/100moles
over this period. The dissolution of calcite described
previously, is consistent with these higher than
expected [C‘.Oz] TD concentrations.

Both H,S concentrations and CO2/H,S ratios have de -
creased for wells affected by RI fluid. The CO2/H,S
ratio decline is consistent with the relative enrich-
mert of H2S over COy in the remzining liquid phase
after flash. <COp and HS responses have been more
complex than those of the non-reactive liquid consti-
tuents. These have been clear only in those wells
which have remained single phase with a high?I f£laid
component.
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vther Parameters

A significant pH shift for reservoir fluid has been
observed for wells with high RI returns. This has
been explained in terms of gas depletion of reservoir
fluid as RI fluid component increased. This estab-
lished that RI fluid did not re-equilibrate with the
feldspathic-quartz,alumino~silicate, pH controlling
mineral phases prior to being re-discharged. The
reservoir pd for OK7 has shown a 1.40 unit shift from
5.80 (290°C) to 7.20 (285°C) during exploitation.

Molar ratios have been plotted against chloride (fig.
10) in terms of the fraction of RI fluid as described
by eqn. (1). This enabled a comparison of ion beha-
vior with a known non reactive ion and also increasing
RI retcrns. A ratio (3,,_ of approx. 1.0 would be
expected fer non-reactive behaviour. Ratios
plotted in fig. 10 for OK7 data, show that Li, Na, K
and B were ncn-reactive at all levels of RI return,

within the time taken for RI fluid to be re-discharged.

This was in contrast to chances in C1/80, and Ca/Mg
ratios. These changes reflected stable sulphate and
magnesium concentrations but variable chloride and
calcium respectively. Variations in C1/S04 ratio can
be explained by [c1IrI variations. However, differen-
ces in Ca/Mg ratio for the same RI return e.g. 0.80,
were thought to reflect variable rates of dissolution
of calcite.
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MINERAL DEPOSITION

Calcite deposition occurred early in the discharge
histeory, at or near the flash point in wells PN13D,15D
and 21D. Predictive techniques used to evaluate the
degree of calcite saturation for reservoir and flashed
fluid have been used with limited ~ ~ ~ cie dosewar-
ning problems resulting from calcite deposition. All
wells produce from multiple feeds. Several have two-
phase production above the flash-point, thus many of
the basic constraints of the geochemical modelling
techniques were not satisfied. In view of these limi-
tations, a policy of restricting localised drawdown
was implermented; this, in an effort to limit deposition
to the wellbore. No further problems with calcite
deposition have been encnuntsred.

Anhydrite deposition occurred in OK10D, PN13D, 20D and
22D, It has formed principally while the wells have
been shut but was believed to have formed in some cases
during discharge. Deposition in the shut well was due
to the admixture of sulphate rich fluid which downflowed,
withdeeper, hotter, calcium rich neutral fluid. The
small inflow of sulphate-rich fluid appeared to be

more common under shut conditions. Hence, a policy of
bleeding or continuous discharge of susceptible wells
has been implemented.

ACIDITY

PN22D became acidic after a relatively short pericd of
discharge to Paln-1; PN20D has recently shown signs
of an acidic, sulphate rich feed. Sulphate rich fluid
was recoqgnised at shallow levels in the production
reservoir frcm the early discharge of the shallow
exploration well, Ok2. A sulphate-rich fluid component
intotal discharge was not detected for any dedicated
prcduction well during routine output testing. Never-
theless, it was recognised that this fluid represents
potential recharge under exploitation.

Data for the period Sept. 83" to Feb. 84' showed that
PN22D was becoming increasingly acidic. This occur-
rence was the first detected in the production sector.
The acidic dischgrge was characterised by low pH and
€17, and high soz~, Mg?* and H,S concentrations.
Samples collected at atmospheric pressure showed a pH
decline to 4.23 (28°C) under fully open conditions.

hen th clin 3.63
%8°c).e well was throttled the pH declined to

Magnesium has proved to be a useful signature for acidic
fluid, hecause it is more mobile under these conditions.
Magnesium corcentrations in PN22D increzsed significzntly
prior to a recognisable pid decline or [So4] RES increases.
[ Mq] RES was approx. 0.15 Mg/kg under neutral conditions
and increased to 2.50 mg/ kg undsr acidic conditions.
Unlike all other wells, both pN20D arnd 22D have shown
increases in [Mg]RES.

Anhydrite obstructions in both wells, are believed to
have resulted in a change in the relative contribution
of acidic and neutral fluids to the discharge.

PN20D is used €or reserve production. PpN22D has been
taken out of service pending the results of a study to
seal off acidic-sulphate production.

SILICA DEPOSITION

The separation pressure for Paln-I,(0.70pa. abs.) Was
chosen on the basis of specified turbine inlet pressure,
steam supply design considerations and estimated silica
concentrations for tre flashed fluid. Amorphous silica
saturation indeces ranged from 1.0 to 1.30 for sepa-
rated liquid at 165°C. On the basis of experimental
and documented field evidence (Weres et al., 1980) and
measured transit times for the separated liquid to
reach RI wellheads, (5-8mins.), deposition should have
been ccntrolled by the slow rate, molecular deposition
mechanism. However, heavier depositicn than would be
expected, has been observed in RI lires. Analysis of
this scale under a scanning electron microscope has
revealed thzt the deposits were largely colloidal in
nature and cemented by molecwlar (amorphous) silica.
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These deposits reflect deposition from a partially
polymerised fluid. These observations have still

to be reconciled with available experimental and field.
data. Debris from early commissioning and ejected
cuttings may have seeded deposition. To date silica
deposition has been considered operationally acceptable.

SUMMARY AND CONCLUSIONS

The return of injected fluid to the production sector
has been confirmed and quantified. Field management
decisions have been made on the basis of chloride
monitoring and tracer tests. These have principally
concerned the choice of reinjection wells.

Wells OK12RD, PN6RD and 7RD which showed good communi-
cation with the production sector have been classified
as low priority injectors. On the basis of both
chemical and pressure responses the currently preferred
reinjection well configuration is, PN2RD, 4RD, 5RD and
8RD.

The return of injected fluid to the production sector
has had. no adverse impact on production. Pressure
and chemical responses have shown significant recharge
from another source.

Analysis of prcduced fluid hes confirmed a trend of
increased saturation with respect to calcite. However,
calcite deposition to date has not been a meajor
problem.

The fornation of anhydrite deposits in the well bore
is avoided where practicable by ccntinuous discharge.
This is considered important strategy for the control
of production frcm shallow acidic feeds.
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