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REPEAT CRAVITY MEASUREMENTS AT WATRAKET, 1961-1974

T. M. Hunt

ABSTRACT
Repeat gravity measurements made to examine the effects of maaq
changes associated with exploitation of the Wairakei Geothermal Field
are described. - The standard errors of the gravity values are_generally
about'o.j pN/ke, bt observations over several days suggest the accuracy
is aﬁ;ﬁgfbgjuﬂ/kg. The effect of ground noise in the geothermal area

ie-ﬁégligiﬁle. Differences between surveys caused by topographic and ‘

groundﬁater le%el changes are less than 0.2,pN/kg. and lesa than

7

0.3 uN/kg for uncertainties in instrument calibration. Differences due

to regipngl'gravity variations are thought to be negligible.

IKTRODUCTiON

Gravi%y messurements have been made on benchmarks in the Wairakei
geothermal area in order to examine the effects of mass changes resulting
from water being drawn ocut of the ground for generating electricity. The
resulfs of measurements in 1961, 1967 and 1968 were discussed by Hunt
(1970) but no information about gravity values, dates, or instrument
stability were presented, nor were details of the measurements and their
errorg given. Since this publicétion further surveys, in April 19T{
and December 1974, have been made. The purpose of this report is to
catalogue the basic information available and to discuss the errors in
measurement and in comparing surveys. The results of the measurements

will be discussed in a separate publication.



|  GRAVITY MEASURFMENTS

| Gravity observations were made in August 1961 by W, I. Reilly,
November 1962 by C. J. Banwell, J. Coggon, G. Dawson and P. Wellman,
April 1967 and May 1968 by T, M. Hunt, Aprdl 1971 by T. M. Hunt and
P, C. Whiteford, and in December 1974 by T, M, Hunt. The values of
gravity determined from these observations are given in the Appendix,
The approximate locatione of the benchmarks used in the surveys are
shown in Figures 1 and 2; detalled finder diagrams can be obtained

from Ministry of Worke and Development, Wairakei.

f meters and their calibration

The 1961 and 1962 surveys were madé using North American gravity
meter AG1-96. Subsequent ﬁﬁrveys were made using LaCoste and Romberg
gravity meter G106.‘ In the 1967 and later surveys a looping fechrﬁ.que
wap used to minimise instrument reading errors and to determine ins'i;m_
ment drift. The looping sequence uged was generally ABABCBCD
CDE eeee » In the 1961 and 1962 surveyis‘thia tecmﬁque was not us'éd
but the gravity baée (WAIR&KEi A) veas occupiéﬂ at least fhfee times each
day, s¢ that an ‘inatmexit drift cor_x:ectioﬁ could be obtained. The
gravity meters vere calibrated over the Wellington Calibration Interval
of 638.1 |iN/kg (Cowan and Robertson 1964). = Because the greatest
"differeﬁce in gravity valiues between the survey points in the Wairskei
area is less than 500 uH/kg, e.;c'rora ags'cici‘gted with determination of the
calibration factor will be less than those associated with the measure-
ment of the calibration interval (é.b'ouf 0,3 pN/kg). . A iinear calibra-
tion factor was used for 'bhe North Amezican gravity meter. The |
ﬁanu_faeture“ra scale curve adjusted on the baeis of the calibration over
the Wellington Calibration f[nt'ezﬂfa_.l wag used for the LaCoste a.nd Roﬁbex;g

ins trumeﬁt .




: Gravitx base stations

Gravity observations in the 1961 and 1362 surveys were made
relative to WAIRAKEI A gravity base which can no longer be occupied.
These values have been put in terms of a base on Taupo Fundamental bench-

mark (TAUPO FUNDAMENTAL), using the relationship:

+
8raUP0 FONDAMENTAL ~ SwaTRaxer A - 1 11+4 (%0.2) V/ke

determined from twelve occupations of TAUPO FUNDAMENTAL made by W. I.
Reilly during the 1961 survey. TAUPO FUNDAMENTAL has been used as a
gravity base for the 1967 and later surveys, and has thé advantage of
'being outside the area likely to be affected by mass changes associated

with the Wairakei Geothermal Field.

1

Tripod heights
The North American gravity meter (AG1-96) was mounted on a tripod

such that the base of the meter was normally 0.58 m (23 inches) above
ground level. The survey pins in some benchmarks however were not at
ground level and since the tripod base rested on the ground and not
directly on the benchmark there were differences in the height of the
meter above some survey points. Field notes indicate that the bage of
the North American gravity meter varied between 0.41 m (16 inches) and
0.76 m (30 inches) above the pin in the benchmark. The LaCoste and
Romberg gravity meter was set up on ite standard baseplate on the
benchmark itself. Gravity differences between the base station and a
benchmark measured using the North American gravity meter may therefore
differ from those measured using the LaCoste and Romberg instrument.

. Corrections for this variation in tripod height have been made to those
gravity values in the Appendix marked by an asterisk, assuming a change

of 3.1 uN kg_1m‘1.



Effect of ground noise (vibrations)

Microseisms were observed when making measurements in the main
]

production borefield and within 3 km of the (now extinct) "rogue" Bore

No. 204. No published information is available on high frequency
ground movements in the Wairakei geothermal area, but at Waiotapu
geothermal area vertical ground movements have an amplitude of about
0.15 um and a frequency of about 0.5 to 1 Hz (Whiteford 1970). The
effect of such ground movements on gravity meter measurements may be
gimilar to that of movemente of a ship on a ship borne gravity meter

which, under certain conditions, produces spurious readings resulting

*
“‘;

from "cross—coupling” (Harrison 1960; LaCoste 1967). This effect
occurs when simultaneous vertical and horizontal accelerations act on
the beam of a gravity meter. The error introduced by "crces-coupiihg"
is greatest when the beam of the gravity meter ies parallel to the
direction of £hé horizontal acceleration, and orientation of the
gravity meter could be important. To test if this effect was signi-
ficant, measurements were made with the LaCoste and Romberg gravity
meter set up on Benchmark AA21 within the main production bdrefield.

The measurements (Table 1) show that there was no significant change in

gravity readings for different orientations of the gravity meter, and §
hence "cross-coupling" errors are negligible in the case of the LaCoste
and Romberg instrument., The North American gravity meter ie no longer 4

operational and no tests could be made using it.

Table 1: Gravity meter readings (lLaCoste and Homberg, G106)
for different orientations of the instrument at benchmark

AA21, Wairakei Geothermal Fieold

0° 3391.70 (%0.01) 4
45° 3391469 ki
90° 3391.70
135° 3391.68

180° 3391.70 ik
210° 339169 | i
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REDUCTION OF MEASUREMENTS

Calculation of gravity values
Gravity values have been computed using the method described by

Reilly (1970); for each day the gravity meter readings were multiplied
by the appiopriate scale factor, and the éravitatidnal attraction of
the sun and moon calculated, using the method of Longman (1959), and
aubtracped. An instrument drift correction, derived from least squares
fitting of a degree one or two curve to the gravity differences at
repeat stations, was made. The differences in gravity between the
base and field stations were then.obtained by subtracting a base

correction.

Accuxacx_of gravity values

A measure of the accuracy of gravity meter observations is their
repeatability, within each day and from day to day. VWhen a gravity
sﬁation at Wairakel is ooccupied several times within a day, the
individual values of gravity, corrected for instrument drift and for
changes in the gravitational attraction of the sun and moon, generally
differ by about 0.1 or 0.2 uN/kg from each other. The value of gravity
at benchmark AA13, within the main production borefield, was measured
using the LaCoste and Romberg gravity meter on five successive days gnd
the corrected measurements differed by up to 0.6 uN/kg, although the
standard error of the individual values were less than 0.3 uN/kg. It

is probable that an accuracy no better than 0.3 pN/kg can be expected.

DIFFERENCES BETWEEN SURVEYS

vi c 8

TAUPO FUNDAMENTAL base is situated on thick Holocene lacustrine



-

o TIT IR T
{

and volcanic depoailts within the central volcanic zone of the Noxrth
Island in which regional mass changes could be occurring. Gravity
changes resulting from mass changes at great depth (> 5 km) should oau;e
only uniform changes in the gravity differences between the Wairakei
area and TAUPO FUNDAMENTAL. To determine the size of any possible
regional gravity changes in the Taupo area, gravity measurements were
made on Rangitaiki Fundamental benchmark (RANGITAIKI FUNDAMENTAL),
situated 25 km south-east of Taupo, on a thin (200 m) veneer of ignim-
brite overlying greywacke basement rock. The gravity differences
setween TAUPO FUNDAMENTAL and RANGITAIKI FUNDAMENTAL at the times of
the gravity surveys are shown in Table 2. The gravity difference
increased between 1968 and 1971 but the amount of increase (O.S.ﬁN/kg)
is insufficient to be certain if this is actual change or measurement
error. Since the distance between TAUPO FUNDAMENTAL and Wairakei

(7 km) is smaller than that between TAUPO FUNbAMENTAL and RANGITATKI
FUﬁDAMENTAL (25 km) it is probable that the effects of regional mass

changes on the Wairakei gravity surveys can be neglected.

Table 2: Gravity Differences (uN/kg) between
TAUPO FUNDAMENTAL and RANGITAIKI FUNDAMENTAL

Date Gravity Standard " Number of Readings
Difference Error Taupo Rangitaiki
68 04 12 540.7 0.1 4 3
71 08 27 541.2 0.1 3 2
74 12 08 541.0 0.2 4 ' 3

Topographic cggggés

Changes in %hé topography of thé area between surveys have‘occurre&
due to road construction, mainly along State Highway 1 between Wairakei
and Taupo (Fig. 1). The effects of these chariges 65 nearby gravity

, stations, estimated using standard topographic correction tables




(Woodward and Ferry 1973), are less than 0.2 pN/kg and have been

neglected.

Groundwater level changes

- Groundwater level changes may cause gravity differences between
surveys. .Grdupdwater levels beneath the benchimarks used in the gravity
surveys are not knoﬁn, but levels have been measured, and monitored at
infrequent intervals, in holes adjacent to some bores. Data from
26 holes (G. Hitchcock, pers. comm.) show that the greatest measured
differénce in groundwater level between July 1967 and March 1970 was
2 m, but in most holes the differences were less than i m. The ground-
water levels are from 5 to 30 m below the grquhd gurface. .

Agsuming the groundwater level dropped from a depth of 13 to
15 m, for a radius of;SOO m about a gravity station, in rock having a
connected porosity of 20%, the gravity chénge observed at the station
would be about 0.16 uN/kg. It is inferred that groundwater level

changes between surveys may cause local gravity differences of about

0.2 uN/kg.
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APPENDIX

Sgggggx of regeat gzavizx meagurements in the vicinigx

&
*
[]
o

B

8.8,

.

Stability:

Ingtrument:

Flevation:

of Wairakei geothermal area

Day on which the measurements were made.

Value of gravity (ul/kg), calculated using the method of
Reilly (1970), relative to TAUPO FUNDAMENTAL base having a
gravity value of 1000 pN/kg. An asterisk indicates that a
correction has been made for the height of the North
American instrument above the survey point being different
from 0.58 m. |

Standard error of gravity value.

An indication of the precision of the gravity meter reading,

which is related to the ground noise conditions.

Excellent = no microseisms, readings I0.01 aia) div.

@ood = intermittent ground noise, readings
20.02 dial div.

Fair = continuous ground noise. Balance position of
the gravity meter beam estimated from swings.
Readings can be obtained to =(0.03 - 0.05)
dial div.

Unreadable = gravity meter beam swinging erratically or

hitting stops.
North American gravity meter AG1-96 listed as 1-96,
LaCoste and Romberg G106 gravity meter listed as 106.
Elevation (metres) of the survey point at about the time of
the gravity survey. The elevations given for the 1961
survey were obtained from Ministry of Works and Development
Chart WG 2579/1. The elevations given for the 1967 survey

were determined by extrapolating the 1956-1966 levelling



10.

data shown on chart WG 2579/1 to 1967. Most benchmarks
have shown a conatant change in level with time over the
period 1956-66 and so extrapolation to obtain the values
for 1967 is considered to be valid. The levels for the
1971 survey were obtained from M.W.D. levelling measure-
ments made in May-August 1971 (J. Tawhai, pers. comm.).
All elevations are orthometric heights, in terms of
Maraetal Datum, based on the level of BM A 93 near

Aratiatia being constant at 363.724 m (1193.320 ft).




BM
A 92/1

A 93

A 95

A 96

A 97

Date

61.08.14
61.08.15
61.08.16

62.11.09
62.11.24
62.11.25

167.03.31

68.04.11
71.09.16
74.12.13

61.08.14
67.03.31
66.04.14
74.12.13

61.08.05
62.11.08
67.04.09
68.04.14
71.09.04
74.12.06

'61.08.05

62.11.08
67.04.09
68.04.14
71.09.04
74.12.06

61.08.03
62.11.06
67.04.02
68.06.10
71.08.30
74.12.07

877. 5*
878.2%
878.5%

878. 5%
876.9*
877.8%

877.9
877.9
8717.8
8717.8

938.9
936.8
938.6
938.8

977.3*
976.3*
976.9
976.9
977.3
977.3

967.7*
966. 9%
967.4
967.5
968.1
968.3

907.5%
904.0%
904.3
904.8
905.8
906.9

Is

WO W N = W W - W W W 2 a2 N

WO R =

1]
o

0.1
0.8
0.1
0.1

1.3
0.1

0.1
0.2

© 0O 0O 0 = o
N N = a2 N

O O O O N O
O\ T G ¥ Y

Stability Inst. Observer Elevation
1-96  Reilly
1-96  Reilly
1-96  Reilly
1-96  Dawson
1-96 Coggon
1-96 Coggon
Excellent 106 Hunt
Excellent 106 Hunt
Good 106  Whiteford
Excellent 106  Hunt
1-96  Reilly 363,724
Excellent 106 Hunt
Good 106  Hunt
Excellent 106 Hunt
Fair 1-96 Reilly 350.89
Fair 1-96 Dawson
Excellent 106 Hunt 350.87
Good 106 Hunt
Excellent 106  Hunt 350.867
Excellent 106 Hunt
Good 1-96 Reilly 348.90
1-96 Dawson
Good 106  Hunt 348.75
Good 106 Hunt
Excellent 106 Hunt 348.684
Good 106 Hunt
Fair 1-96  Reilly 380.73
Fair 1-96 Dawson
Fair 106 Hunt 380.16
Good 106  Hunt |
Good 106 Bunt 379.580
Good 106 Hunt



2 I

A

A 99

AL 1

AA 1/14

AA 2

AA 3/1

£1.08.02
62.11.04
67.03.30
66.04.13
71.08.30

74.12.05

61.08.02

62.11.04
62.11.09

67.04.05
68.04.13

71.08.28
71.08.30

74.12.05

61.08.02

62.11.07
62.11.08

67.03.30
68.04.13
71.08.28
Destroyed

68.04.13
71.08.28
74.12.05

61.08.03
62.11.07
67.04.03
68.04.13
71.08.28
Destroyed

61.08.02
62.11.07
67.03.30
68.04.13
71.08.28

74 49 NR

874.4*
885.9%
874.2
874.9
874.7
874.6

897.5%

898.2%
898.9%

897.5
897.17

897.5
897.0

897.9

982.9%

984.0%
985.4%

984.5
984.5
984.8

947.1
947.3
948.1

865. 1%
864.5*
8644
864.6
863.9

890. &%
890. 3*
890.9
890.7
890.4

rRQN_A

W W WA o s

W WP a2 NN S a

£ON P S

N D W = -

NN = B a a

g.e. Stability Inst.
0.2 1-96
0.7 Fair 1-96
0.1 Good 106
0.2 Good 106
0.1 Good 106
0.2 Good 106
0.3 1-96
0.7 Fair 1-96
1.7 1-96
0.1 Good 106
0.7 Good 106
0.2 Fair 106
0.1 Good 106
0.2 Good 106
0.3 1-96
0.6 1-96
1.0 1-96
0.1 Good 106
0.4 Fair 106
0.2 Excellent 106
0.4 Good 106
0.3 Excellent 106
0.1 Excellent 106
0.1 1-96
0.6 1-96
0.1 Good 106
0.3 Good 106
0.1 106
0.3 1-96
0.6 1-96
0.1 Good . 106
0.3 Fair 106
0.1 Fair’ 106
. 0.2 Excellent 106

Obgerver

Reilly
Banwell
Hunt
Hunt
Hunt
Bunt

Reilly

Banwell
Dawson

Hunt
Hunt
Hunt
Hunt
Hunt

Reilly

Dawson
Dawgon

Hunt
Hunt
Hunt

Hunt
Hunt
Hunt

Reilly
Reilly
Hunt
Hunt
Hunt

Reilly
Davwson
Hunt
Hunt
Hunt
Hunt

C—

Elevation

592.50
392.28

392.174

392.38

392.16

392.085

364.39

364.28

364 .22

377.106

413.258

415.347



13.

Date g n s.e. Stability Inst. Observer Elevation
61.08.16 674.9* 1 0.4 1-96  Reilly
68.06.11 675.6 2 0.2 Excellent 106 Hunt
71.09.16 674.9 3 0.2 BExcellent 106 whiteford
74.12.13 675.4 3 0.1 [Excellent 106  Hunt

68.06.11 577.2 Excellent 106 Hunt
71.09.16 577.0 3 0.2 Good 106  Whiteford 485.702
74.12.13 577.0 3 0.1 Excellent 106 Hunt

W
-

71.09.16 719.2 3 0.2 Good 106  Whiteford 447.413
74.12.13  T19.1 3 1 Excellent 106 Hunt

61.08.15 813.4% 1 0.1 1-96 Reilly 415.79
67.03.31 813.4 1 0.6 Excellent 106 Hunt 415.67
68.06.09 813.6 2 0.1 BExcellent 106  Hunt ‘
71.09.17 813.4 2 0.2 Good 106  Whiteford 415.595
74.12.13 813.5 3 0.1 Excellent 106  Hunt

61.08.03 987.0 1 0.1 1-96  Reilly 355,49
62.11.25 987.6 1 0.2 1-96  Cogaon

67.03.30 987.1 4 0.1 Good 106  Hunt 355.38
68.04.13 987.3 3 0.7 [Excellent 106  Hunt

71.08.28 987.7 3 0.2 Fair 106  Hunt 355.316
74.12.05 987.9 3 0.2 Excellent 106 Hunt

61.08.14 893.1% 1 0.1 Fair 1-96  Reilly 385.48
62.11.23  893.5% 1 0.3 1-96  Coggon

67.04.02 893.2 3 0.2 Excellent 106 Hunt 265.39
68.04.14 893.3 3 0.1 Good 106 Hunt

71.08.31 893.7 2 0.2 Good 106  Hunt 385,322
74.12.12 893.5 2 0.1 Good 106  Hunt

61.08.14 783.1* 1 0.1 1-96  Reilly 425.56
67.04.04 782.2 100 Excellent 106 thant 425.53
68.06.06 782.1 1 0.0 Good 106 Hunt
71.09.16 7182.3 2 0.2 Good 106 Hunt




AA 14

AA 15

AA 18

AA 1é

Date

——

61.08.03

62.11.03
62.11.06

67.04.02
68.04.14

71.08.30
71.08.31
71.09.02
71.09.03
71.09.04

74.12.07
61.08.03

62.11.03
62.11.06

67.04.03
68.04.15
71.09.02

. 74.12.14

61.08.03
62.11.06
67.04.03
68.04.15

71.09.02 .

74.12.14

61.08.03
62.11.06
67.04.01
68.06.10

71.09.14
71.09.16

74.12.10

61.08.04
62.11.06
67.04.09
68.06.10
14.12.10

875.3
874.0
872.2
872.9
873.2
873.6
875.2
873.1

873.2
873.5

874.4

755.6

755.6

752.9
753.2
753.0
752.2
752.2

615.7
613.9
614.5
614.6
613.7
614.3

581.6
583. 2
580. 1
580.0

579.6
579.8

579.9

585. 1
616.7
584.1
584.1
584.0

(=]

WHOANAN DI AN N 2w
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N NN = =

®
o
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- b = b o e

O OO0 O O N O

0.2
0.1
0.1

Stability Inst.

Fair
Fair

Fair
Fair

Good
Good
Good
Good
Good
Good

Fair
Fair

Good
Good
Good
Excellent

Pair
Good
Good
Good
Excellent

Fair
Excellent
Good

Pair
Fair

Good

Fair
Excellent
Good
Excellent

1-96

1-96
1-96

106
106

106
106
106
106
106

106

1-96

1-96
1-96

106
106
106
106

1-96
1-96
106
106
106
106

1-96
1-96
106
106

106
106

106

1-96
1-96
106
106
106

Obgerver

Reilly

Banwell
Dawson

Hunt
Hunt

" Hunt

Hunt
Hunt
Hunt
Hunt

Hunt

Reilly

Banwell
Dawson

Hunt .
Hunt
Hunt
Hunt

Reilly
Dawson
Hunt
Hunt
Hunt
Hunt

Reilly
Dawson
Hunt
Hunt

Whiteford
Whiteford

Hunt

Reilly
Dawson
Hunt
Hunt
Bunt

.454.76

DA T'u

Elevation

403.43

403.04

402.772

454.58

454.484

510.24
510.10

510.017

504.72

504.61

517.21

517. 11




|2

AA 21

AA 22

AA 23

AA 53

AL 53/1

AA T0

Date

61.08.04

62.11.03
62.11.06
62.11.08

67.04.02
68.06.08
71.08.31
74.12.07
61.08.05

62.11.04
62.11.09

67.04.04
68.06.08
71.09.02

Destroyed by forestry

61.08.05
61.08.14

62.11.04
62.11.09

67.04.09
68.06.08
71.09.02
75.01.22

61.08.03

62.11.03
62.11.06

67.04.02

Destroyed during road

71.09.04
74.12.05

61.08.05
62.11.08
67.03.30
68.04.14
71.09.04
75.01.22

g

855.T*
895.4*
853.4%

850.2
850.1.
849.8
850. 1
860.8%
861.4*

862, 1%

859.9
860.0

859.7

828.4*
822.6%

825.5%
825.1%

822.6
822.5
822.3
822.6

908.5%

923.9*%
897.4*

906.7

908.9
909.4

967.0%
965.6%
967.0
967. 1
967.7
967.7

a

W AW W AN 2

]
1
1
3
3
3

NN NN R a2

1
1
1

3

1
2

S.e.

Stabiligx Inst.

Unreadable 1-96

0.9 Fair

2.3 Fair

11

0.2 Fair

0.1 Good

0.2 PFair

0.1 Excellant
0.0

0.6 Fair

1.7

0.1 Excellent
0.1 TFair

0.1  Good
operations

0.0 PFair

0.1 Good

0.6 Fair

1.7

0.1 Fair

0.1 Fair

0.1 PFair

0.2 Excellent
0.1 PFair

0.9 Pair

2.4 Pair

0.2 PFair
construction
0.2 Fair

0.2 Good

0 Good

1.2

0.1 Excellent
0.1 Pair

0.2 Good

0.2 Good

1-96
1-96
1-96

106
106

106
106

1-96
1-96

1-96
1-96

106
106
106
106

1-96

1-96
1-96

106

106
106

1-96
1-96
106
106
106
106

Obsgerver

Reilly

Banwell
Dawson
Dawson

Hunt
Hunt
Hunt
Hunt
Reilly

Baenwell
Dawson

Hunt
Hunt
Hunt

Reilly
Reilly

Banwell
Dawson

Hunt
Hunt
Hunt
Hunt

Reilly

Banwell
Dawson

Hunt

Hunt
Hunt

Reilly
Dawson
Hunt
Hunt
Hunt
Hunt

Elevation

422.17

421.87

427.36

427.19

427.135

448.12

447.90

447.865

381.39

381.06

380.017

353.78
353.75

353.734




M
AA T

AA T2

AA T3

AA T4

AL T5

Date
61.07.3
61.08.16

62.11.08
62.11.09
62.11.23
62.11.24

67.04.05
68.04.14

71.08.31
71.08.28

75.01.22

61.08.14
67.04.04
68.06.06
71.08.31
74.12.06

61.08.03

62.11.03
62.11.06

67.04.03
68.04.15
71.09.02
74.12.14

61.08.02
61.08.16

62.11.23
67.04.01
68.04.15
71.09.16
74.12.06

61.08.03

62.11.03
62.11.06

67.04.05
68.04.13
71.08.30
75.01.22

904.9*
905.2%

904 . 8%
904 .5%

904 .4*
905.0
905. 1

905.4
905.2

906.5

843.6%
843.4
843.3
843.4
843.8

613.6%

612.9%
610.6%

611.0
610.8
610.1
619.4

654.6
654.8

654.2
653.5
653.7
653.1
653.5

876.6*

B77.5%
877.2%

875.5
876.0
875.8
876.0

Is
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Stability Inst. QObserver Elevation

Fair 1-96  Reilly 374.85

Fair 1-96  Reilly :
1-96  Dawson j
1-96  Dawson i
1-96 Coggon /
1-96  Coggon

Excellent 106 Hunt 374.57

Good 106 Hunt

Good 106 Hunt 374.348
106 Hunt

Good 106 Hunt

Fair 1-96  Reilly 405.88

Good 106  Hunt 405.83

Good 106  Hunt

Excellent 106  Hunt 405.795

Excellent 106 Hunt
1-96 Reilly 514.43

Fair 1-96  Banwell

Fair 1-96 Dawson

Good 106 Hunt 514.30

Excellent 106  Hunt

Good 106  Hunt 514.225

Excellent 106 Hunt
1-96 Reilly  487.65
1-96 Reilly
1~96 Coggon

Excellent 106 Hunt 487.50

Good 106 Hunt

' 106 Whiteford 487.450

Excellent 106 Hunt
196  Reilly 391.90

Faixr 1-96 Banwell

Pair 1-96  Dawson

Good 106 Hunt 391.70

Good 106 Hunt

Good 106  Hunt 391,597 j

Excellent 106 Hunt :



AR 76

AA TT

AA 78

AA 79

AL T9/7

BM 7

Date

61.08.02

62.11.04
62.11.09

67.04.04
68.06.10
71.09.02
75.01.23

61.08.02

62.11.04
62.11.09

67.04.04
68.06.10
71.09.02
74.01.23

61.08.02
62.11.07
67.03.30
68.04.13
71.08.28
74.12.05

61.08.05

62.11.04
62.11.09

67.04.04
68.06.08

£

905.7*

906.7*
906. 1%

905.7
906.1
906.2
906.5

173.5

174.4
174.2

772.5
772.9
772.8
772.9

983. 6%
983.9*
984.0
984. 1
984.3
984.8

907 .4*

907.7*
908.4*

907.4
907.6

SN N W N s o

W W W R

8.8,

0.

0.
.6

1

0.
0.

o]

0
1

1
1

Stability Inst.

Fair

Good
Excellent
Good
Good

Fair

Good
Excellent
Fair
Good

Good

Excellent
Excellent

Fair

Good
Good

Destroyed by road construction

71.09.02
75.01.22

61.08.01

62.11.04
62.11.09

67.04.01
68.04.15
71.09.14
74.12.07

908.
908.

QO =

607.

613.
605.

605.
606.
605.
605.

O O N D WNO O

W W W N e a

O O O © -0 O
- e a3 ON=) W

.
N

Fair
Good

Fair

Good
Fair
Fair
Excellent

1-96

1-96
1-96

106
106
106
106

1-96

1-96
1-96

106
106
106
106

1-96
1-96
106
106
106
106

1-96
1-96
1-96
106
106

106
106

1-96

1-96
1-96

106
106
106
106

Observer

Reilly

Banwell
Dawson

Hunt
Bunt
Hunt
Hunt

Reilly

Banwell
Dawson

Hunt
Hunt
Hunt
Hunt

Reilly
Dawson
Hunt
Hunt
Hunt
Hunt

Reilly

Banwell
Dawson

Hunt
Hunt

Hunt
Hunt

Reilly

Banwell
Dawson

Hunt
Hunt
Whiteford

Elevation

396.70

596.39

396.267

462.20

462.138

360.34

360.24

360.181

397.04

396.91

396.528

512.65

512.49

512.446



BM 9

BM 15

BM 16

BM 19

BM 20

BM 21

Date

62.11.04
67.04.01
14.12.07

61.08.04
62.11.04
67.04.01
68.06.05
71.09.14
74.12.10

62.11.08
67.04.02
68.06.08
61.08.01

62.11.08
62.11.26

67.04.02
68.06.08
71.08.31
14.12.07

68.06.08
74.12.07

61.08.15
67.03.31
68.06.09
71.09.17
74.12.13

61.08.15
62.11.25
67.03.31
68.06.09
71.09.16
74.12.13

582.4*
652.0

774.8
790.5
773.0
772.6
172.7
172.4

502, 3%
901.7
901.1
863.7

867.8
870.7

862.4
861.7
861.7

| 862.2

640.2
640.4

786.9°
787.1
788.0
787.5
787.5

868.0%
868. 1%
867.7
868.5
868.0
868.0

1]

NN N NN = 2
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W NN s

0.7

0.4
0.7
0.2
0.1
0.1
0.1
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O O Oa O OO =
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o o
- N

0.2
0.1

0.3
0.0
0.1
0.2
0.1

0.3
0.2
0.6
0.1
0.2
0.1

Stability

Fair

Unreadable

Excellent

Fair
Fair
Fair
Fair
Fair
Good

Good
Good

Fair

Good
Good
Good
Excellent

Fair
Excellent

Excellent
Excellent
Good
Good

Excellient
Excellent
Good
Good

Inst. Observer
1-96 Banwell
106 Hunt

106 Hunt
1-96 Reilly
1-96  Banwell
106 Hunt

106 Hunt
106 Whiteford
106 Bunt
1-96 Dawson
106 Hunt

106 Hunt
1-96 Reilly
1-96 Dawson
1-96 Wellman
106 Hunt

106 Hunt

106 Hunt

106  Hunt

106 Hunt

106  Hunt
1-96 Reilly
106 Hunt

106 Hunt

106 Whiteford
106  Hunt
1=96  Reilly
1-96  Goggon
106 Hunt

106 Hunt

106  Whiteford
106 Hunt

Elevation

466.03
465.93

465.875

398.05

423.32

423.17

423%.10

424.17
424.08

424.060
386.82

386.70

386.664




BM 22

BM 23

BM 24

BM 26

BM 27

BM 28

Date

61.08.15
67.03.31
68.06.11
71.09.16

Déstroyed.

61.08.15
67.03.31
68.06.11
71.09.16

61.08.14
67.03.31
68.06.11

Deatroyed.

61.08.04
62.11.06
67.04.01
68.04.15
71.09.14
14.12.07

61.08.04
62.11.09
67.04.01
68.04.15
71.09.14
74.12.07

61.08.04
62.11.07
67.04.01
71.09.14
74.12.10

710.9%
711.2
711.2
710.9

961.4%
961.
961.
962.

W o @

945.8%
945.9
945.8

5682.4*
598, 2
581,
581.
580.
581.

O Vo » O

554.0%
552.4*
552.
553.
552.
552.

@ N W 3

736.0*
758. 1%
708.1
707.8
707.5

i

W N =

3 O\ = =

W W N W 2

W AN N W = 2

s.e. Stability Inst.
0.3 1-96
0 Good 106
0.2 Excellent 106
0.2 Excellent 106
0.3 1-96
0 Excellent 106
0.1 Excellent 106
0.2 BExcellent 106
0.2 1-96
0  Excellent 106
0.2 Excellent 106
0.4 1-96
2.2 Fair 1-96
0.1 Good 106
0.1 PFair 106
0.1 Fair 106
0.1 Excellent 106
0.4 1-96
1.6 1-96
0.1 Good 106
0.1 Fair 106
0.1 Good 106
0.1 Excellent 106
0.4 Fair 1-96
0.6 1-96
0.2 Fair 106
0.1 Fair 106
0.1 Good 106

Obgerver Elevation
Reilly 450.53
Hunt 450.51
Hunt

Whiteford 450.517
Reilly 5348.18
Hunt 348.07
Hunt

Whiteford 348.043
Reilly 354.38
Hunt 354.36
Hunt

Reilly 518.68
Dawson

Hunt 518.57
Hunt

Whiteford 518.545
Hunt

Reilly

Dawson

Hunt

Hunt

Whiteford 536.482
Hunt

Reilly 487.23
Dawson -
Hunt 487.10
Whiteford 487.055
Hunt



BM 29

BM 30

BM 31

BM 32

BM 33/1

BM 34

BM 34/1

Date

61.08.04
62.11.07
67.04.09
68.06.05
71.09.14
74.12.10

61.08.04
67.04.09
68.06.05
71.09.14
74.12.10

67.04.03
68.06.05

71.09.06
71.09.14

T74.12.09

67.04.03
68.06.05
71.09.06
14.12.09

71.09.06
74.12.09

61.08.04
62.11.07
67.04.01
68.06.05

71.09.06
71.09.14

75:01.23

71.09.14
14.12.07

684.4*
683.2%
683.7
683.0
683.1
683.4

662.5%
661.5
661.3
661.7
661.5

864.9
865.0

865.0
864.9

864.8

804.2
804.3
804.1
804.0

754.0
754.2

837.6%
839.0%
836.2
835.9

836.5
836.6

836.6

794.7
794.5
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Stability Inst.

Observer
1-96  Reilly
1-96  Dawson
Fair 106 Hunt
Good 106 Hunt
Fair 106 Whiteford
Good 106 Hunt
Fair 1-96  Reilly
Good 106 Hunt
Good 106 Hunt
Fair 106 Whiteford
Excellent 106  Hunt
Excellent 106  Hunt
" Excellent 106 . Hunt
Fair 106 Hunt
106 Whiteford
Good 106 Hunt
Excellent 106 Hunt
Excellént 106  Hunt
Fair 106  Hunt
Good 106 Hunt
Fair 106 Hunt
Good 106 Hunt
Fair 1-96 Reilly
1-96  Dawson
Fair 106 Hunt
Fair 106 Hunt
Fair 106 Hunt
106 Whiteford
Excellent 106 Hunt
Fair 106 Whiteford
Excellent 106 Hunt

Elevation

491.79
491.69

491.669

495.60
495.50

495.465

426.934

451.336

443.70
443.53

443.473

457.645




BM 35

BM 36

BM 45

BM 46

BM 47

BM 48

BM 49

BM 50

BM 51

BM 53

61.

61

67
68

61
61

67

71

74.

71

11

4.

71

74.

1

14.

T1

14.

T1

74.

71.
.09.17
4.

1

08.05

.08.14
62.
.04.01
.06.05
74.

11.08

12.09

.08.05
.08. 14

62.
.04.09
14.

11.08

12.09

.09.16

12.06

.09.16
4.

.09.16

12.06

009~ 16

12.06

.08. 31

12.06

.08.31

12,06

.08.31

09.16

12.14

767

765

0%
767.

6%
766.

bl

766.6

166.

830.
830,

828.

829.8

830.

650.
650.

657.

657.7

672.
672.

726.
127.

729.
729.

795.

796.3

810.1

810.

817.
817.
617.

=]

W NN 2

NN = =2 2

w
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.-, N D -
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Stabilit

Pair

Good
Good
Good

Fair

Good

Good

Good
Excellent

Good
Excellent

Good
Excellent

Good
Excellent

Good
Excellent

Good
Excellent

Good
Excellent

Good
Good
Excellent

Inst. Observer [Elevation
1-96  Reilly 468.31
1-96  Reilly

1-96  Dawson

106  Hunt 468.17
106 Hunt

106 Hunt

1-96  Reilly 437.33
1-96 Reilly

1-96  Dawson

106 Hunt 437.25
106 Hunt

106  Whiteford 483.820
106 Hunt

106 Whiteford 478.774
106 Hunt

106 Whiteford 467.392
106 Hunt

106 Whiteford 444.27T1
106 Hunt

106  Hunt 445.580
106 Hunt

106 Hunt 422.93%5
106 Hunt

106  Hunt 417.559
106 Hunt

106 Whiteford 415.370
106 Whiteford

106  Hunt



BM

P.H. 5

Po 47

P, 12

P, 115

P. 120

P. 125

P. 130

P. 1374

P. 144

Date

71.09.04
74.12.06

71.05.04

75.01.23

71.09.04
74.12.06

71.09.03
74.12.11

71.09.03
74.12.11

68&06.11
71.09:.03
T74.12.11

71.09.03
74.12.11

71.09.04
74.12.06

68.06.11
71.09.04

74.12.12

71.09.17
74.12.12

71.09.03
74.12.11

71.09.04
74.12.11

972.1
972.2

9711.5
911.5

901.8
901.8

901.7
903.8

885.0
886.3

905.17
907.6
910.6

903.6
905.0
907.5
927.3

928.0

889.6
891.2
892.0

900.5
904. 1
862.9
865.1

908.4
910.8

i

W N

rn

8. Stability Inst. Observer Elevation
0.: Excellent 106 Hunt 348,665
0. Excellent 106 Hunt

0.2 Fair 106 Hunt 346.218
0.2 Fair 106 Hunt

0.2 Good 106 Hunt 376.839
0. Excellent 106 Hunt

0.2 Good . 106 Hunt 384 .532
0. Good 106 Hunt

0.2 Good 106 Hunt 295,081
0.1 Good 106 Hunt

0.2 Fair 106  Hunt

0.2 Good 106 Hunt 377.589
0.1 Good 106 Hunt

0.2. Fair 106  Hunt

0.2 Good 106 Hunt 381.237
0.1 Good 106 Hunt

0.2 Fair 106 Hunt 368.237
0.2 Excellent 106 Hunt

0.2 Good 106  Hunt

0.2 Good 106 Hunt 381.792
0:1 Cood 106  Hunt

0.2 Good 106  Wniteford 379.536
0.1 Good 106 Hunt

0.2 Fair 106  Hunt 395,816
0.1 Excellent 106  Hunt

0.2 Good 106  Hunt 375.6/
0.1 Good 106  Hunt




P. 148

Peg IX A

Plinth A 15 near P.66

I.S. 128

I.8. 259

Date

68.06.11

71.09.04
74.12.12

§8.06.11
71.09.04
74.12.12

71.09.17
74.12.12

71.09.03
74.12.11

71.09.03
74.12.11

71.09.03
75.01.22

67.04.09
68.06.10
71.09.16
74.12.10

896.8
897.9
898.7

908.3
910.8
913.0

899.17
903.2

896.2
898.6
866.8

867.7

799.5
799.9

590.3
601.1

.600.9

600.7

=18

\N

N = NN

23,
8.e. Stgbilitv Inst. Obgerver Elevation
0.2 Good 106 Hunt
0.1 Good 106 Hunt 379.561
0.1 Excellent 106 Hunt
0.2 Good 106 Hunt
0.2 Good 106  Hunt 373,562
0:1  Good 106  Hunt
0.2 Good 106  Whiteford 379.744
0.1 Excellent 106 Hunt
0.2 Good 106 Hunt 385.462
0.1 Excellent 106  Hunt
0.2 Fair 106 Bunt
0.1 Fair 106 Hunt
0.2  Good 106  Hunt 434.611
0.1 Good 106 Hunt
0.1 Excellent 106 Hunt
0.1 Excellent 106 Hunt
0.3 106 Whiteford
0.1 Excellent 106 Hunt



RO"O‘ ua

A 92/

3 km
—

F}GURE 1: Map showing location of benchmarks used in the repeat gravity. surveys. Benchmarks with an asterigk have been destroyed



T -
) .
4 A
Q“(@%’ |
8
erus G ®AAT
\% O,
Q’% \ Area of maximum
~N \.P'27 \,'; ; subsidence
2 > ® Y/
CA_P 147 N
ZRC N L f
~ AN
OP141 ~ \ S
®P144 ~ N\
~ AN .
< Aea
~ AN &
AT N '
{3 . \
N P IS
N X Power
R d) “ R
~ G 0
\*_P*
Nyl

AGURE 2 Map showing location of banchmarks in.and near the main production borefieid.



~

.

E
r
:

N.Z. Journal of Geology and Geophysics Vol. 21, No. 3 (1978) : 287-91

Hydrothermal metamorphism of the Whangakea Basalt, New Zealand

Evan C. LeiTcu

Department of Geology & Geophysics, University of Sydney, § yc}ney, Australia

ABSTRACT

The Cretaceous Whangakea Basalt has undergone two episodes of alteration. The earlier one
pervasively affected part of the formation and produced greenschist mineral facies assemblages
of the type quartz-albite—chlorite-epidote-actinolite~sphene. The later episode gave rise to zeolites,
including stilbite, analcime, thomsonite, epistilbite, heulandite-clinoptilolite, and laumontite, none
of which co-exist stably wth quartz. Products of the zeolitic alteration are widespread, but occur
predominantly in and adjacent to veins. Calcite crystallised at a late stage in this episode.
Greenschist alteration probably occurred at temperatures in excess of 320°C, whereas zeolite
alteration is believed to have taken place below 165-180°c.

The Whangakea Basalt, together with an associated gabbro-peridotite body, constitute an
ophiolite complex. The localised development of the greenschist alteration, the presence of relic
magmatic phases, the lack of preferred orientation of the secondary minerals, and their common
pseudomorphous habit suggest that this alteration resulted from hydrothermal metamorphism.
Zeolitic alteratinn may have occurred late in this metamorphism, or may have occurred while the
basaltic rocks were buried beneath some 3000 m of Tertiary strata.

INTRODUCTION

The Te Rake and Waipahirere masses comprise the
more easterly of the several inliecs of Cretaceous
Whangakea Basalt that form the rugged headlands of
northernmost New Zealand (Fig. 1). They are sur-
rounded mainly by Tertiary and Quaternary sedimentary
material and are locally intruded by middle Tertiary
microdiorite bodies. I have previously described the
8cology of the masses and the adjacent strata (Leitch
1970). Both the Te Ruke and Waipahirere masses are
formed of pillowed and unpillowed basaltic flows
ntruded by sills and dykes of dolerite. Minor inter-
calations of autoclastic breccia and rare radiolacian chert
Occur within the dominantlv extrusive piles.

.T!lis paper is concerned with the nature, origin, and
“gnificance of the alteration of the Whangakea Basalt
0 the two masses. Phases have been identified optically
:"d by X-ray diffcaction. Plagioclase compositions were
Stermined with the universal stage using the curves of
fMmons (1962), and by refractive index measure-
ﬁ;ﬂs. Except where otherwise noted, zeolite identiﬁca-
Refs 'have. t?een confirmed by X-ray diffraction.
factive indices are believed accurate to * 0-003
= 0-002 for zeolites), and optic axial angles to = 2°.
Pecimen numbers are those of the petrology collection,
Partment of Geology, University of Auckland.

IGNEOUS PETROGRAPHY

Asll;l)f the rocks are altered, those of the Waipahirere
i)y linost pervasively, and those of the Te Rake mass
. folln and ad;aant_ to veins that seam all outcrops.
from Owing descriptions are based largely on material
l"-‘“eved ¢ latter mass; texturally comparable rocks,
to have had initially similar compositions, form
aipahirere mass.

Ce|
tved |7 February 1977, revised 31 October 1977

BasaLT: Textures vary from perhyaline with only
scattered phenocrysts of plagioclase and augite set in a
dark glassy groundmass, to intersertal where glass, now
usually replaced by secondary phases, occurs in inter-
stices between subophitically intergrown augite and
plagioclase. Some pillows have a variolitic texture
resulting from 2a radial arrangement of slender
labradorite laths scattered between which are small
augite granules set in glass. Comb-like and aborescent
clinopyroxene intecgrowths with interstitial glass occur
in pillow selvedges.

In most rocks plagioclase averaging about Angg is
the most abundant magmatic phase. Phenocrysts show
normal zoning from cores as calcic as An;ys to rims of
Angp. The phenocrysts of one specimen (9087) are
spongy cores of oligoclase (Anzs), with clear rims of
labradorite, set in a hyaline groundmass containing
euhedral augite phenocrysts and small clear labradorite
laths. Another (9088) consists of calcic oligoclase and
augite phenocrysts surrounded by an intergranular
groundmass of plagioclase laths, augite granules, and
opaque oxide.

Colourless clinopyroxene occurs in all little-altered
basalts, typically in subhedral grains smaller than the
associated  plagioclase. Optical data  (2V.50-53°,
B 1-684~1-696) indicate it is a normal augite. Specimen
9092 contains scattered microphenocrysts of bronzite
(2V.98°, 8 < 1-70).

Small needles and equant grains of opaque oxide
occur in most basalts and rare brown amphibole is
found in the core of a variolitic pillow (9091).

DotertTe: The dolerites, holocrystalline rocks with a
hypidiomorphic-granular  texture, contain the same
simplé primary mineral assemblage as the basaits:
plagioclase, augite, and opaque oxide. Plagioclase is the
most abundant phase, constituting about 60% of the
rocks. The bulk of this feldspar is labradorite, with
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Whangakea Basalt
¢ 4 LOCATION MAP

Cape Reinga

5 RS Vi

' Waipgahirere mass

Kerr Pluton
gabbro-peridotite

body

most crystals normally zoned from cores accasionally as
calcic as Anzg to margins as sodic as Angg. Subhedral
augite (2V, 48-52°, B 1-691-1-697) is colourless or
sometimes very pale pink. Opaque oxide occurs in
amounts of up to 5%, in some rocks as well-formed
crystals and in others in large skeletal units. Apatite is
a minor but widespread phase. Bronzite (2V,. 115°,
B <1-72), forms slender pale-orange to colourless
‘ pleochroic rods and constitutes 2% of specimen 9100.

¥ Neither magmatic quartz nor olivine were found in
the dolerites or basalts,

ALTERATION

- Two distinct episodes of alteration of the Whangakea
. Basalt are recognised. The earlier episode affected only
rocks of the Waipahirere mass, especially those along

a the northern coast of North Cape headland. It resulted
: I in the crystallisation of typical greenschist mineral facies
Dy assemblages, and most rocks affected show few relic
magmatic phases. Augite persists occasionally, and
calcic plagioclase rarely. The textures of the rocks have,
3 however, been little modified, except in zones of
i tectonic brecciation and shearing, or along major vein
systems where epidosites have formed. The rocks lack
schistosity or cleavage, and no preferred orientation of
secondary phases has been discerned.

F1G6. 1—Northernmost New Zealand showing location of Te Rake and Waipahirere masses.

The second cpisode affected rocks of both masses.
Alteration was confined largely to ramifying vein
systems that criss-cross the rocks, although there was
also some replacement of earlier phases found in the
body of the rocks. The main products of this alteration
are zeolites and calcite,

Overprinting of the zeolitic altcration on the green-
schist event is clearly demonstrated by the replacement
of greenschist phases, especially quartz and albite, by
zeolites, and by zeolite veins cutting earlier greenschist
facies veins.

Greenschist facies alteration

Typically, the products of this alteration are green
rocks, composed mainly of chlorite, epidote, and
actinolite. Pillow lavas frequently show a zonal arrange-
ment of these phases, .with chlorite concentrated in the
cores of the pillows and epidote in the selvedges and
inter-pillow interstices. In other pillows actinolite is
concentrated in the outer zones.

The greenschist facies mineralogy is described below:

QUARTZ, typically in clear unstrained grains, occurs in
nearly all rocks, although it has been replaced to vasying
degrees by zeolites during later alteration. It occupies
amygdules and veins as well as being disseminated
through the fabric of the rocks.
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ALBITE has widely, though not compietely, replaced
calcium-bearing plagioclase. It has not been identified
in veins or amygdules.

CHLORITE is present in most specimens, occupying
amygdules and veins as well as replacing much of the
bulk of the original rocks. This phase is optically
negative and shows anomalous interference colours.
Nmax ranges from 1-605 to 1-612, suggesting a variation
in Fe (Fe+Mg) of between about 0-28 and 0-35.

EpripoTE occurs in all rocks. It is most common in
veins, but also occupies amygdules and interpillow
interstices, and occurs scattered throughout the rocks.
Optical and X-ray measurements indicate it is iron-
rich (PS::—PS:a).

AcTINOLITE is found only in the main fabric of the
rocks, where it has replaced ferromagnesium phases and
glass. It is commonly intergrown with chlorite. Refrac-
tive indices (a 1:619-1-626, y 1-646-1-650) indicate a
magnesium-rich actinolite.

SPHENE is found in all rocks, generally in dark irregular
aggregates.

PyriTe is a widespread, although minor, phase in veins
and amygdules. It is occasionally accompanied by small
amounts of chalcopyrite, the latter showing marginal
replacement by digenite and chalcocite.

HEMATITE occurs mainly in narrow veins, frequently
associated with pyrite.

The most common mineral assemblages, quartz—
albite-chlorite-actinolite-epidote~-sphene and  quartz—
albite—chlorite~epidote-sphene, are typical products of
the greenschist facies alteration of basic igneous rocks.
Alteration has mainly involved hydration of the parent
rocks, The development of widespread mono-, bi-, and
polymineralic veins and segregations was also undoubt-
edly aided by abundant hydrous fuids. Although calcite
15 present in some rocks, it occurs only in veins formed
during or after zeolitic alteration, and the greenschist
episode fluids probably contained little CO-.

All of the greenschist phases are stable over a wide
Pressure interval. Only the temperature of alteration
an  be estimated. Replacement of calcium-bearing
Plagioclase by albite rather than analcime suggests
temperatures exceeded 200°c (Liou 1971a). Epidote
formally occurs in geothermal systems at temperatures
N excess of 230°c (Muffler & White 1969; Browne
& Ellis 1970; Tomasson & Kristmannsdottic 1972),
although cpidote in basaltic rocks from the hydro-
therma] systemn at Reykajavik is believed to have formed
3t temperatures as low as 135°c (Sigvaldason 1563).
Keith et al (1968) recorded the assemblage quartz-
tremolite—epidote at about 320°C in the Salton Sea
3°°th§'rmal system, and Browne (1969) found .an
amphitole he tentatively suggested was tremolite in the
foadlands field at about 275°c. The absence of
Prehm.te and pumpellyite may be indicative of tempera-
N_'es In excess of 350°c, according to the analysis of
‘tsch (1971). A tentative minimum temperature of

320~350°¢ is thus suggested for the greenschist facies
alteration,

289

Zeolitic alteration

The formation of zeolites and caicite are grouped
together as products of zeolitic alteration, although the
status of the latter phase is unclear. Calcite veins
frequently cut zeolite-bearing ones, and textural relation-
ships in calcite—zeolite veins and segregations often
suggest that calcite is replacing zeolite. Thus, the
crystallisation of calcite may have resulted from a thicd
separate alteration episode, or may have occurred at a
late stage during zeolitic alteration, attendant upon an
increase in the mole proportions of COa in the vein
fluid.

Phases formed during this alteration episode are
described below:

STILBITE is the most abundant zeolite and occurs both
in veins and amygdules and in the fabric of the rocks.
Refractive indices vary, suggesting some compositional
variation (a 1-479-1-48G, y 1-487-1-497). Associated
minerals are analcime, epistilbite, thomsonite, natrolite,
and calcite.

ANALCIME is a common phase in amygdules and veins,
and  replaces earlier minerals, especially calcic
plagioclase. It frequently shows low birefringence and
repeated lamellar twinning. Refractive index is rela-
tively constant (n 1-486-1-488). Associated minerals
are stilbite, thomsonite, gonnardite, and calcite.

THOMSONITE is a minor, but widespread, phase. It has
been found together with stilbite, analcime, gonnardite,
and calcite.

GonNNARDITE has been tentatively identified in specimen
9098 as a low-birefringent fibrous zeolite (a 1-499,
¥ 1:503) associated with analcime and thomsonite.
Insufficient material was available for X-ray diffraction
study.

?EptsTILBITE has been identified only from the Waipahi-
rere mass, where an inclusion-charged zeolite replacing
quartz in amygdules yields X-ray diffraction patterns
appropriate to this phase. Optical properties generally
support the identification, although the bifringence (a
1-492, y 1-495) is lower than typical of epistilbite
(Deer es al 1963, p. 377). Epistilbite is associated with
heulandite~clinoptilolite and stilbite.

HEULANDITE-CLINOPTILOLITE. A zeolite yielding a
diffraction pattern similar to that tabulated by Mumpton
(1960) for clinoptilolite occurs occasionally in both the
Te Rake and Waipahirere masses. Refractive indices
(a 1:490, B 1-491, y 1-495) are higher thar those for
typical clinoptilolite, and the mineral is probably an
intermediate member of the heulandite—clinoptilolite
series (Boles 1972). It is found associated with
analcime, epistilbite, and calcite.

NatroLITE, found at only one locality, is intergrown
with stilbite.

LAUMONTITE cements brecciated igneous material in
both masses; it is not associated with other zeolites.
Refractive indices show a small range (a 1-506-1-510,
B L-S17-1"518, y 1-519=1-521).

GREEN PHYLLOSILICATES. Moderately birefringent green
and green-brown phyllosilicates are associated with other
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zeolitic phases, and have partially replaced ferro-
magnesium silicates. They have not been conclusively
identified, but probably include oxidised chiorite and
celadonite.

CALCITE is probably the most widespread and common
secondary mineral in the Whangakea Basalt. It is found
in amygdules and veins and in the fabric of the rocks
replacing almost all other phases. Refractive indices
indicate a composition close to pure CaCOjg.

Physical conditions of the zeolitic alteration are
dificult to establish. Experimental data for the reaction
analcime+quartz—albite are not applicable, for quartz
is not a stable phase in analcime-bearing assemblages,
and in silica-deficient environments analcime may exist
stably to 600°c (Liou 1971a). Widespread stilbite
indicates that temperatures of 165-180°C were generally
not attained, for in this range stilbite dehydrates to
laumontite plus quartz and water (Liou 1971b).
Laumontite in the Whangakea Basalt is not associated
with quartz, and the crystallisation of this phase or
stilbite was probably conditioned by the activity of silica
in the fluid phase present during alteration. Although
these fluids appear to have been undersaturated in silica,
as indicated by the instability of quartz, the presence of
thomsonite, formation of which is favoured by a silica-
deficient environment, and stilbite, epistilbite, and
heulandite~clinoptilolite, which commonly occur asso-
ciated with quartz (Coombs er al 1959), suggests
variations in silica activity. Neither epistilbite nor
heulandite-clinoptilolite have been found associated with
thomsonite in the Whangakea Basalt.

Few data are available to set a2 minimum temperature
for zeolitic alteration. The zeolite distributions found
by Walker (1960a; b), in which intensity of zeolitisa-
tion decreases towards the top of thick lava piles,
indicate that some elevation of temperature is necessary
for the widespread development of these minerals in
basaltic rocks. The distribution of laumontite in thick
stratified sequences and geothermal drill holes suggests
this phase forms only at temperatures above those at
the Earth’s surface or corresponding to shallow burial
(Hay 1966).

Evidence outlined in the next section suggests that
zeolitic alteration may have occurred subsequent to the
Early Miocene. The lithostatic load on now-exposed
Whangakea Basalt at this time is unlikely to have
exceeded 0-8kb, assuming an average density of
2-7 g/cm® for the overlying strata.

D1SCUSSION

The restricted extent of the greenschist metamorphism,
the absence of a tectonic fabric. and the commonly
pseudomorphous habit of secondary minerals, suggest the
greenschist facies assemblages were produced by hydro-
thermal metamorphism in a region of highly variable
heat flux. Secondary mineral assemblages very similar
to those in the Whangakea Basalt have been reported
from geothermal fields in California (Keith er 2l 1968)
and Jceland (Sigvaldason 1963). Identical assemblages
to those produced by the greenschist alteration have
been recorded in rocks from the Mid-Atlantic Ridge

and spreading ridges in the Indian Ocean (Bonatti e
al. 1971; Aumento e/ al. 1971; Cann 1969; Melson &
van Andel 1966). The latter are considered the result
of hydrothermal alteration under a high geothermal
gradient (Spooner & Fyfe 1973; Cann 1974).

Immediately east of the Waipahirere mass a grabbro~
peridotite body shows a sequence from serpentinised
peridotite, through layered gabbro and peridotite, to
pabbro and, in its uppermost levels, sheeted dykes
(Leitch 1970). This body closely resembles the well.
documented Tethyan ophiolites and, although it is now
in fault with Whangakea Basalt, these latter rocks
would complete an ophiolite sequence (Bennett 1976).
Bennett suggested that alteration of the ultramafic-mafic
complex might have resulted from ocean-floor meta-
morphism, and drew attention to the possibility that
this alteration continued up into the Whangakea Basalt.
This interpretation accords with the prevalent opinion
on the origin of ophiolites and is supported by the
similarity of the grecnschist facies assemblages to those
in ocean-floor basalts and in the Lower Pillow Lavas of
the Troodos Massif (Gass & Smcwing 1973). However,
interpretation of the Whangakea Basalt and associated
mahc and ultramahc rocks as the products of early island
arc magmatic activity is not precluded by the presence
of hydrothermal metamorphism. Indeed, such alteration
would proceed in any pervious igneous pile erupted in
a marine cnvironment, provided a heat flux sufficient
to initiate and maintain convective circulation existed.

Zeolite assemblages similar to those in the Whanga-
kea Basalt occur in basic rocks dredged from the
ocean floor (Miyashiro e al. 1971, Aumento e al.
1971). It is tempting to scek the origin of the zeolitic
alteration in the same hydrothermal system, with these
phases forming first in the upper levels of the accreting
igneous pile, and migrating deeper as the heat flux
-decreased. However, both analcime and laumontite
occur in Miocene rocks close to the Te Rake mass,
laumontite in laumontite—calcite—pyrite veins in a small
microdiorite  body, and analcime replacing clastic
plagioclase in Lower Miocene rocks close to the edge
of a similar microdiorite dyke. The zeolites may thus
be the products of local phenomena arising from the
cooling of the microdiorite intrusions, or alternatively
may be the result of burial of the Whangakea Basalt
beneath some 3000m of sedimentary rocks in the
Miocene (Leitch 1970).

CONCLUSIONS

1. The Whangakea Basalt has been affected by two
episodes of alteration, the earlier producing mineral
assemblages of the greenschist facies and the latter
mainly zeolites and calcite.

2. Greenschist alteration occurred in a water-
saturated environment at a minimum temperature of
320~350°c.

3. Zeolitic alteration took place at a temperature
below 165-180°c. The accompanying fluid was under-
saturated with silica, although wvariations occurred in
the chemical potential of silica in the fluid. The mole
proportion of CO2 in the fluid remained low until
towards the end of alteration.
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Information about structural fcatures within the Broud-
lands Field was sought using detuiled  scismic, gravity and .

manctie Suneys. Scismic measurementy using the refraction . A E EA—
mictiod show the presepee of several Someshaped structures )

(rhyolite Cuimes) but the arevwacke bisement coald not be Mz_
outlined. The gravity and mzzactic surveys have heen of liulde

use in m: )\pm\ sirvtiural fu Hures within the voleunie over- &—voa

burden. A residual gravity anomaiy of g to +ib m.l covers
most of the Browdlunds Field andis mainiy cavczd by denuifi-
cation of the rocks within the ficld brought about by hydro-
thermal wlteration of various rocks. This anomaly muakes it
difticult to determinge the basement relief beacath the Broad-
lands Ficld, Mogactic measuremenis give no information about
the eatent of lh..‘ thermal arca at depth. Volcunic rocks from
inside the ficld were found to be non-magnetic. .

Inlrcd:.ct an

Lixploration of geothermal arcas is at present go-
verned by various structural concepts, and those of im-
portance for geophysical cxploration are:

a) Gzothermal sysiems in scdimentary and volca-

nic envivonments are Jocated above fissure: zones or .
major {auits, both on.sumably rclated to bds\.mu.nl tee-
tonics;

b) sccondary fissures and minor faults at shallow
depths must be wpped for exploitation;

¢) geothermal systems in a voleanic environment
are associated with non-magnctic volcanic rocks.

Following these concepts scismic, gravity and mag-
netic methods have been used to deteet basement and
aquifcr structures and the structure of magnetic and
non-migieiic rocks of geothermal-arcas in Tlaly, Japan,
Menico, New Zealand and El Selvador. Results of such
struciural investigniions for some geothermal regions in
Ituly Kave been presented by Cassinis (1961), VEe-
CHia (1951, Barrint und MesuT (1964) and MouToN
(1965): for thermad arcas in Japan. by Flavakawa and
Mot (1992). Now.eait (1966) and Havakawa, TAKAKL .
and Baun (1907). Results of similar investigations in
New Zeakind hove been nublished by Beex and Ro-

U Guupbsioy Divirion, Departioent of Scientitic and In
dustrial Reecareh; Wellinzion, New Zealand.
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wrrernos (19350, Mobasias-"nd Sront (1959) and
Seenr (199 For the Wairaker Fivld, by Sy (1958)
for the Kaweran Ficll and Stenr (1963) for the Waio-
Lapu Fichd, A supnnary ol structural investipations by
peopliysical methods in New Zealand, has been given
by Sthoor (190-h. .

On the whole the suceess of these structural tn-
westizations has been limited, Insome cases a gene-
ralised picture of the basement structure could he ob-
tained frome gravity and from scismic surveys but fis-
sures and faublis at shallow depths could -not be de-
tected.  Magnctic surveys revealed  anomalies which
could be expliined by the presence of non-magncetic
vocks associated with thermal areas, but similar anoma-
lics often occurred pearby. As a resull of this, a swing
wwards more direet methods of geothermal exploration
took place in New Zealand, and from 1960 -onwards
mapping of thermal arcas has been undertaken by clec-
trical and wmperature mcthods (Hatierton, Mac Do-
NALD, THOMISON, 1966). - )

Tae extent of the Proadlands Geothermal Field
was [irst outlined by resistivity mcasurcments in 19635
(also Risk, Mac Doxarp, Dawsoy, 1970) which led to
the drilling of the (irst exploratory welis (BR 1, 2). Ear-
ly drilling results showed that only certain arcas inside
the ficld, as defined by the resistivity low, werc pro-
ductive. At this point it was again thought worthwhilc
to usc detailed scismic, gravity and magnctic mcasure-
ments to find out if productive arcas inside the Broad-
lands Field could be located. )

Scismic micasurements ) )

MeTion

The structure of a few geothermal arcas in New
Zcaland has been investigated by reflection and refrac-
tion methods, and some resuhlis of these studics have
been published for the Kawcrau Field (Stupt 1938)
and for the Wairakei Ficld (Moorintag, Stuot 1939).
In both cases the-mcasurcments were not very sucecss-
ful, a vesult which was autributed to the disturbing
ground noise and the unusually high attcnuation of
scismic waves in these arcas.

Scisinic reflection tests maude at the end of 1966
in the vicinity of the Broadlands Arca were also dis-
couraging. It was found that reflecting horizons had
limited lateral extent, a few hundred metres at the most,
and that reflecting interfaces could not be correlated.
Using muliiple shotpoint and geophone arrays did not

significantly improve the quality of the seismic records.

On the other “hand, scisimic refraction measure-
ments in the same test arca showed that ar least one
imeriace could be wraced, and mapping of various in-
terfaces by the reliaction method was started in 1967.
The aim ol this survey wis to determine the structure
of the voleunic rocks, o locate major faults, and 1o find
out whether the auenuation and velocity of scismic
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wives i volesic recks within o thermat areen differ
from tho ¢ cuiide (he Wan velocity waill beoeed o

calpessiona] wane velocity throuphaont).,

The main part of e seisimic survey consisted of
mapping voleanic interfaces dovwn 1o o depth of about
0.7 k. Scismic profites were made up by a series of
2.3 b ong, reversed lines (spread length 775 km)
which during the later part of the survey overlapped
the adjacent vnes by about 60%%. The total length of
the scismic seetions was about 38 km. Shot depths and
charpes were 5 ni and 1 bp, 13 m and 4.5 kg, and
15 mand Y ky Tor shotpoint-te-reeciver distaices up to
775, 1.55 and 2.3 km respectively. A water table at
a depih of abowt 3 10 4 m guaraniced good input of
encrgy at the shutpoint. The signals were picked up by
10 Hz reiraction geophones: (Kipp HV-1) and recorded

by an SIE PT-100 refraction-reflcction unit yiclding
standard « wiggle-trice » seismograms. In order to de-
termine the depth of the greywacke basement, observa-
tions were made along parily reversed segments of pro-
files up to 7 km long, for which shot depths of about
25 m and charges up to 50 kg were used.

© L INTERPRETATION

An analysis of the scismic -records showed that re-
fracted arvivals from several interfaces had been record-
cd. Anticipating results discussed later, these interfaces

scparate velocity layers which can be correlated with”

geological- formations as follows: velocity v -layer =
= near surface pumice, vo-layer = pumice-siltstone se-
quence, vy-layer = rhyolites and v,-layer = dense rhyo-
lites (castcrn part of ficld).

The depth and the velocity of the 'v,-layer bencath
each geophone were obtained using the « plus-minus »

mcthod (Hacrpoony 1939). This layer (v, = 0.4 to

1.2 km/s, depending on thickness) was over most of the
arca less than 20 m thick, except for some old channels
of the Waikato River where thicknesses of up to 75 m
were found. The combined cffcet of this low velocity
layer, and of shoipoint depth and elevation was climi-
nated by following a procedure similar to that describ-
cd by Dosrin (1960), and the resulting reduced travel
times were then split into delay times (Garpyer 1939),
Migration of delay tvime vs distance profiles included
various trial and crror loops since the velocity of 'dccpcr
layers varied laterally, and no assumplions about the
extent of the refracting layers could be made.

The thickness of the v layer (v, = 1.7 10 1.9
kin/s) was obiained-for cach geophone position, taking
into account a small increase in velocity v, with depth.
Scismic wections similur 1o thuse shown in Figure 2
weie Tinaily constructed. For the interpretation of ar-
rivals coming frui deeper interfaces or from the grey-
wacke basement, constant velocitics and plane interfa-
ces had 1o be ussumed.

PR - . © rmermn v os e . -
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IHSCURSION GF RESULTS

Altengation., Values for the attenuation constint e
were calcubated Do enerpy v distanee plots, assum-
g that the relracied pulie of thie c‘mnprc:.f\iunnl wave
ravelling through the water-saturated pumice tover (v,
Layer) s similar to thid of a body wave, and using
an empirical correction for geometrical spreading (Ho-
wELL, Kavukosex 19530, (0 was found that inside ahe
peothermal avea over distances of 0.3 0 0.6 km, the
attenuation constant virries between 1 oand 20410/ m
(requency of refracied pulse between 20 and 50 1z)
with the highest values occurring in the vicinity of warm
and steaming ground, and that % increases at greater
distances (0.6 -to 1 km), which points 10 an increasc
of attenuation with depth. Outside the thermal arca %
is less than 2% 3/ m. Although high aticnuation is

“characteristic of thermal arcas, little use could be made

of this parameter for geothermal prospecting, since a
ditTerent set ¢f values was obtained when shotpoint and
receiving positions were interchanzed.

A different mechanism of atienuation is apparent-
ly comnccted with steep subsurface scarps within or near
tes@rn Broadlunds Field. For more than 60% of those

PSoi

pusiles crossing such features no refracted arrivals

. could be obscrved. In the few cases where refracted

arrivals were found, they werc accompanicd by a strong
decrease in amplitude.

Rhyolite structure. A comour map of the depths
of the refracting interface underlying the “pumice-tufl-
siltstone sequence was constructed from 10 scismic sce-
tions: {Figure 1). This map shows that two large and
two small scismic structurcs occur in the Droadlands
region at shallow depths (0.05 to 6.5 km). Drilling has
shown that the larger structures are rhyolite domes;
holes drilled on top of the western dome (Ohaki Do-
me) produce steam, whercas only limited production
has so far been obtained from holes over the castern
dome (Broadlands Dome). No vertical: displacement
(> 45 m), indicaling a major fault, has been found on
the rhyolite surface; the only possible exception is a
displacement batween H3 and Hd (Figurc 2) which,
however, can also be.explained by an undetected la-
teral change of the rhyolite velocity.

There is some disagrecement between the depth of
the rhyolite surface as given by core logs and that from
scismic studics. The top of the vi-layer is about 60 m
deeper than the logged rhyolite surface; however, the
agrevinent becomes much better if one takes the depth
of the muie solid rhyolite instead (HeaLy pers. comm.).

From the seismic studics it was found that the ve-
locity of the rhyoiites increases laterally towards the
centres of (he domes. The highest part of the: Ohaki
Dome is murked by a velocity ol shout 3.0 km/s whe-
reas o the lower part of the flanks the velocity drops
W about 2.3 km/s; a similar, but less murked, change
also,_ oecurs in the Broudlands Dome (Figure 1). The.

I
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cone Lo idicate 1hat thyaline i e conend parts of
thy .L-:.'.n-\ are tmeae thaermadly dicred o hore on
the l'l.m!‘x.. The decompened appearinee ol the hiphly
altered thvotite samplen did nat supeest that the scisinic
velocity ‘;f such material would be higher than that
ol Fress rhyolite, However, subsequent measinement of
velocities by an ulirasonie pubse method showed thi
this was the cine, Tests on 3 representative samples
of Ohaki Riwvolite from depths of 0.3 10 0.4 km gave
a velocity of 2.6 kmi/s in slightly aliered rhyolite, in-

creising o 3.0% km/s in highly whiered material. Hence

velacity variations as shown in figure 1 can be ex-
plained by chanves in rank of thermal alteration.
The steuctural inierpretation as presented in Fi-

aure 1 s the result of o number of surveys, and hus been,

successively modificd. The Ohaki and Brozdlands Dome
were orininally detected by a survey which coniprised
only 4 profiics. The steep scurps 1o the West and East
of the Ohuki Dome were lrst interprated as faults, into
the souihicrn extensions of which BR3 and BR6 were
drilicd. The failure of these holes to produce stcam

led o further seismic surveys. The extent of the Broad-’
“lands Dome was oudined only reeently, when it was

realised that refracted arrivals from the top of this
structure had not been observed during the carlier stu-
dics, and that in the carlicr interpretation arrivals
from deeper interfaces had been picked instead. Ad-
ditional scismic profiles having sufficient overlap fi-
nally allowed the identification of scarps and led to
the interpretation shown in Figure 1. '

Deeper Structures. On some profiles arrivals with
a velocity greater than 3.0 km/s could be identificd
but in most cases they could not be corrclated over
more than two spreads, and the velocity control in cach
case was poor. Two interfaces at a depth of 0.65 km
under the Broadlands Donie provided a solution f{or
isolated wide angle reflections. At present we belicve
that the v,-layer under the Broadlands Dome (v, = 3.4
to 4.0 km/s) is associated with dense rhyolitc flows
(Figure 2). .

Originally it ‘was plunned to map the greywacke
basement under the Broadlands Ficld from a profile on
the Kuingaroa Platcau. Here, about 8 km East of the
Broadlands Road, the "near-horizodtal surface. of the
greywacke basement (velocity 4.3 10 4.8 km/s) was
found at 330 m above sca level under a 250 m thick
cover of ignimbrite (velocity 3.0 to 3.4 km/s): All at-
wmpts 10 irace this surface westwards, beyond the
Kaingaroa scarp, {aiicd. Even under optimum condi-
tions no vefracted wrivigs condd be observed West of
the scarp from shuts fired on the castern side, and vice
versa, Similariy. no anivals from the preywacke ba-
sement coud be observed inside the geothermal field
exeepl fur o smail area halfway beiween holes BR6 and
BRIY. Tiiese vesults point o a stronyg atlenuation of
seisimic waves under the Broadlands geothermal area
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cnent b were reconded alon: sprcial o e
Nothr s Sowh ol b sBroadbands Doane, the ot
potist cond iy stadion Jwing separated by the e
thermd tichd, An anabysis of the biscment velocitics
showed that the apparent dip of the r,r\;y'.vuc'kc n u
North-South divection outside the Broudlands arcic does
pot eaeeed 8 ahe data, however, are insuflicient for
any depth ealeulation,

Gravily measurenents
GRAVIEY ANUMALILS -

(h’:l\;il}' measurements have been used in New
Zealund 1o deicrmine the depth of the greywacke ba--
sement hencath the volcanic cover rocks at Kawerau
(STupT 1938), at Wairakei (Movasiak, Stent 1959)
and at Waiotapu (Srupt 1983). The positive residual
aravity anomulics (of up to 10 mgal), found to be as--
sociated witiv these geothermal arcas, have becn attri-
buted 10 bascment uplift.

In the Broadlaads arca, 636 gravity stalions were
esiablished with o La- Cosic-Romberg gravimeter, and’
linked to base stations of the New Zealand Primary
Gravity Network (Rosurtson, Reiey 1960). Of these

.stations, 371 were at benchmarks fevelled to 2nd order

standard, and the clevations of the remaining 285 gra-
vity stations were determined using a tachcometer. Bou-
gucr gravity anomalics (Figure 3) were calculated using
a rock density of 2.67 g/em’. Topographic corrections
were made to a radius of 167 km and theorctical va-
lues of gravity were obtained from the International
Gravity Formula 1930, The maximum crror in the Bou-
gucr anomalies has been estimated as 0.1 mgal.

In order to separate the gravity effects of density
variations within the Broadlands arca from thosc out-
side, regional gravity anomalics, presumably causcd by
density chinges ai great depths (- 53 km), have been
subtracted ifrom the Bouguer gravity anomalics. The
regional anomulics used were those published by Mo-
priNtAK and Stupt (1939), but corrected by about 5
mgal to put all values on the sume datum. The resul-
tant residual gravity anomalies (Figure 4) thercfore re-
flect lateral density variations mostly in-the top 5 km
within the Broadlands arca.

DENSITY VARIATIONS

The mean densities of the geological rock units
are shown in Table 1, and it can be scen that no in-
dividua! rock unit of the volcanic cover has a signi-
ficant denzity contiust with iis neighbours, except per-
haps the droadlands Riyolite. The gravity method is
therc@ore of littde use in determining structures within
the vuieanic cover,

Demity mcasurements of corcs from driltholes sug-
gosted din hydrothermal alicration causes luteral den-
sity variaions w'nhh? a single rock unit, At present
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Tamr 2 -« Wariation in Mean Wet Density with Rank of Hydrothermal Alicration of the Ohdki Rhyolite, Upper Wainra Fer

tion, Broadlands Rhyolite, and Rautawiri Breecia, in the Broadlunds Geothermal Field. + |

Rock Unit

« Unaltered »

« Low Rank Altcration »

« High Runk. Alteration »

dary mincrals such as albite, cpidote, and hydromica).
calcite, quartz, scricite & hydromica).

(No or only minor hydrothermal al- (Purtial or complete replacement of (Presence of sccondary adularia.
teration. Only partial replacement of primary minerals. Presence of sccon- gether with epidote, alhite, wair:
primary matcrials),

d n

n mcan . s.d. mean . s.d. n mean s.d.
: (g/em?) (glem™ . (g/cm?) (g/cm3) (g/cm?) . (glem”

Ohaki Rhyolite “hn 2.10 C(0.19) 27 213 (0.249) (12) 227 (0.15;

Upper Waiora For- i

mation (23) 1.85 (0.18) 29) 2.01 0.15) (12 228 (0.20;

Broadlands Rhyolite  (10) 221 (0.07) (32) 242 ©.2hH (9 2.55 0.09)

Rautswiri Breecia (3 201 (0.04) (50) © 220 0.15) 7 2.26 0.1%)

Explanation of columns: n = number of samples, mcan = mcap wet density, s.d. = standard deviation.

three degrees of hydrothermal alteration are recognis-
ed from cxamination of the mincralogy and texture of
the rock. A plot of mean density against rank of hydro-
thermal altcration for the best sampled rock ‘units (Fi-
gure 3, Table 2) shows that there is a signilicant in-
crease in density with increase in rank of hydrothermal
alteration, and that there is a density contrast of 0.3
o 0.4 g/cm® between hydrothermaily altered and unal-
tered rocks of the same geological rock unit. The mean
density of unalicred volcanic rocks, weighted with re-
speet to the maximum thickness of cach unit, is 2.15
g/em', and the density contrast between the unaltered
volcanic cover rocks and the greywacke basement rocks
is about 0.5 g/em?.

Residual gravity anomalies in the Broadlands Geo-
thermal Arca will theretore reflect mainly:

— changes in the depth of the greywacke ba-
semient, | ~
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the voluae of aliered pocks within the voleae
INHIIP

S INTERIRETATION OF LI RESTDUAL GRAVETY ANOMALIES
\) Scirmiv meiratrenients have provided litle infor-
wation aboul the depth of the preywacke basciment be-

neath the Broadbands arca, and only four driltholes

BR7, 19, 15, 16, huve yeached basement, Assuming

that the veliel of the preywacke bascinent can he ap-

.o provinuned by isimple geometrical model and that den-
sity varistions within the basement can be nepleeted, the

residial eravity anomelics can be separated into two com-

. ponents: first order residual anomalics reflect-
ing mainly changes in depth of basement, and sccond

corder residual anomalics reflecting marked haue-

rod density viriations resuliing from hydrothermal alicra-

ten within the veleanic rocks. The first order residual

gravity anemalies (Fiaure 6) have been obtained by inter-

polating the residual gravity anomalies from the mar-

gins across the Broadlunds Geothermal Ficld, and se-

sond order residual amomalics (Figure 6) determined

by subliaction. The justification for the assumption

that the basement topography can be approximated by

a simple geometrical modcel is shown in Figure 7. In

. -this ligure the gravity anomaly produced by a sequence
of fauli-block structures, with height and width com-
parable to the thickness of cover rocks (model A), is

. . about the same as thaa produced by a smooth bascment
— - surface (model B 1L s of interest o note that although
J . tive gravity mcthod is insensitive to such local variations

in depth of the basement, it is, nevertheless, sensitive
to chunges in the angle of dip of the « averaged base-
ment surface ». - :

The first order residual gravity anomalics can be
uscd to determine the average slope of the grevwacke |
bascment beneath the Broadlands arca, assuming the
basement can be .approximated by a « two-dimensio-
nal » model, and neglecting the gravitational cffect of
the thin {230 m) volcanic cover East of the Kaingaroa
scarp. From a scction (X-Y) perpendicular to the con-
tours, the model B shown in Figure 7 has been derived,
the gravity cffect of which is similar to the first order
residual anomalies. This suggests that the « averaged
basement surface » dips at 207 (£ 37) N.W. If fault-
block structures were superimposed on this averaged
surfoce then they could have wavclengths and ampli-
tudes s preat as half the depth of the overburden with-
out being detectable by gravity measuremenis. The dif-
ference at the surface of about 3 mgal between the ob-
served and calenliied anomalics is probably due to an
crvar in the determination of the regional gravity ano-
maly values bur this discrepancy does not affect the
lnlCl'Pl'\.'(illl\)ll.

The second order residual gravity anomaly forms
an clliptical Bigh with the greatest value of 4+ 10 mgal
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Ieerwecs dhidihode 1YY s Broadiands Roidd (['i,'_n.rc
o T hi e ancnaty ey e IR prot e the Broadlands,
Rinedie Dot aned oo T baceniemt surlice |p\:§u1'_ clome
ot b i shie arei, o taa local increane in e
denie ol he voleanic ok e the basement rocks,
Dirillhobe . (BR7, 10y in the vicinity ol the anonialy
show that the anoaaly cannot be explained by the ba-
semeat heines close o the strface, nor can the anomaly
be entirely accomiad Tor by density variations within
the Basvient without arsiming unreasonably high den-
sities (3.7 g/em’. Caleulations have thown that only
chaut 2 mzad of the seeond order residual anomaly can
Be attvibuted o the Broadiands Rhvolite Dome as- de-
tailed by the seismic measurements (Figure 1), Hence
the major part of the sccond order residual gravity
aromaly must be due to a local increase in density
within the voleanic cover rocks resuliing from hydro-
therimal “atreration. The shape of the anomaly contours
supeests that they result {rom -bodics having nearly
radiol svimetry, which have been approximated by
three vertical evlinders. Taking a density contrast of
4 0.4 g/um' berween hydrothermally altered and unal-
tered voleanic cover rocks, as sugaested by the density
measurements, gravity anomalics (due to this pattern
of regular bodies) were calculated using the method of
REILLY-(1969) and wr¢ shown .in Figure 8. The rea-
sonably close fit between™ the obscrved and calculated

“anomalies implics that the volume occupicd by the

hydrothermally alieved vocks at-Broadlands can be ap-
proximated by three vertical cylinders, one of radius
I km, centred oncar drilthole BR16, and two smaller

eylinders of rndius 0.3 km, centred near dritthole BR9

and South of BR3, extending between the basement and
the surface. The wtal volume of hydrothermally altered
rocks sugacsted by these modcls is about 5 km?.

Magnetic measurements

Magnetic measurements were used in geothermal
exploration in New Zealand as carly as 1957 (WaTsox-
Munio 1938). These studies together with later, more
detailed surveys (StupT 1938, 1939; MobpRINIAK, STUDT
1959) have shown that arcas of negative magnetic ano-
malics often coincide with thermal arcas, but a direct
relationship between magnetic anomalics and “the oc-
currence of geothermal stcam has not been established.

TOTAL FORCE "ANOMALIES

Total magnetic foree (F) measurcments were made
at cach granity stadion -in the Broadlands arca using a
proion-pracession  megnciometer. Diurnal correlations
weie obinined by repeating measurements at two basc
station aind the accuraey of the reduced measuremients
is about - 20 mamma. I order 1o obiain total force
maznctic anomadios ormal ficld values derived from
Buriows (1907) were subtracted from the reduced
measirements, :

P R T,
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I oeon be ween Trom a0 profile acrone the northern
pat of the Bresndbaands aven (AR, Finne ) that the
TIRINIRAS anopiee. can e ‘-I,'ilhllllt'(‘ o 1wo Pantin:
LT v .'muiu:«|y af l';ll;{ Wavye IL'IIJ‘,”I ( }
ke with an ampditude of weverad hapdred pimnma and
an irvepadar second order aucmaly of sharet veave-lesgth
(up 1o 200 w) with aniplitudes of up to one hundred
camnue. A map ol the Tirst order component is shown
in Fipure 10, which was constructed from smoothed
profiles such as that shown in Figure 9.

MAGNETIC PROPERTIES OF ROCKS FROM THE  BROAD-
LANDS GEOTHERMAL FIELD _
The volume, susceptibility of corcs obtained from

deep drittholes hias been measured and the distribution

of volume suseeptibility .with depth is summarised in

Figure . 11, which clearly shows that the bulk of the

rocks so far sampled within the geothermal ficld have
practicatly no susceptibility. Although magnetic rocks
have been cncountered in drilthole BRS5, samples of
these formations from other bores have no magnetisa-
tion, and henee none of the geological formations so
far cncountered in the Broadlands Ficld can be mapped

by magnetic methods.

In order to investigate the short wavelength ma-
gnctic anomalics, scveral shallow holes were drilled
from which cores were obtained down to a depth of

cabout 20 m. Most of the cores measured have volume

susceptibilities greater than 100X 10, and the: inten-
sity of renvanent magnetisation varics between 0 and
200 X 10* c.mou. These measurements show that there
is considerable variation in the magnctisation of the
soil and tcphra in the upper 20 m, apd' that this ma-

terial has a much greater magnetisation than the rocks
below. '

INTERPRETATION OF FIRST ORDER MAGNETIC ANOMALIES

The map of the first ordér total force magnetic
anomalics (Figure 10) reveals two magnetic highs and
onc magncetic low. The magnetic high West of the
Broadlinds arca suggests the presence of magnctic rocks
West of State Tighway No. 3, but no information is yct
available on the muagnetic propertics of rocks in this
arca.

There is no surface expression that might account
for the sccond magnetic high, between Broadlands Road
and Allen Road, and subsurface information is limited.
There does not, appear to be any direct relationship
between the second order residual gravity anomaly cen-
tred near drillhole BR? and this magactic high..How-
ever it is posaible that dhis high may be caused by
a portion of the Broadhinds Rhyolite Dome which has

retained ity magnetisation, Assuming that the bulk of

the source rock has a total magnetisation of 2.3 X 10°*
c.au, a peprosentative mean for rhyolites according
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y 1 Nt el Steor (P00, mapactic effeers ol

. . varioie, vottical eylinder, were computed (Rviy
L e, These cadenlatione shiow that oo vertical eylinder

kY of radius 1 T, having an upper sirface at i depth
L/ of 0.2 ki and a lower sarface @t 1.2 ki, -would produce

a magnctic anomaly similar 1o that obrerved,

It is possiblé that the magncetic anomaly could be
duc to a thinner, disk-like body il the magnetisation of
the souree rocks was preater than that assumed above.

. : Fliph magnctisations have been found in rhyolites taken
from o depth of 1.2 kinin clrillole BRI6. These rocks
e have o Jow volume susceptibility of 30 X 10* but an

5.7 7 102 .

The magnetic low between the two magnetic highs
is probably duc 10 the absence of magnetic rocks. Model
Culeulations have shown that the magnetic low cannot

" be-caused entirely by non-magnetic matcrial within the
" Broadlimds Geothermal Field isell (as defined by -re-
sistivity boundary (Risk, MacDoxaLp, Dawsox 1970))
and that non-magnetic material extends well beyond the

ficld. Although pant of this negative magnctic anomaly

may result from hydrothermal alieration of magnetic
rock to non-mignetic rock, the magnctic low is of little
valuc in outlining. the hydrothermal system at depth
because it is not confined to the present field.

INTERPRETATION OF SECOND ORDER MAGNETIC ANO-
MALIES

J : There were insufficicnt magnetic measurements
to enable a map of the.sccond order anomalics to be
driwn, The presence of magnctic material in the top
20 m, as-shown by samples from shallow drillholcs,
suggests that these rocks are responsible for the irre-
gular second order ancmalies, and theoretical calcula-
tions have confirmed this. '

Conclusion

Scismic refraction ‘measurcments in the Broadlands
Gueothermal Arca have shown the presence of scveral
rhyolite domes covered by a pumice-tuff-siltstone se-
quence. No major faults (throw 2> 45 m) could be iden-
tificd. Features initially thought to be major faults are
most likely steep scarps over which: there is a high
loss of scismic energy. No cohcrent structures inside
the ficld at depshs greater than 1 km could be mapped
because of high attenuation which, in the vicinity of
thermal ground, increases with' depth, Observed chan-
. ges in compressionan wave velocity of rhyolites can be

expluined by chunges in rank of hydrothermal altera-

tion. ' :
. The gravity, method is of litle use in mapping the
- pealogical Tormations within the volcanic overburden.
] A peneralised picture of the basement relic] was de-
rived Troa Tt order residual gravity anomalics” b
- details ‘m' the poslul:nuq basement fauli-block structure

unusuatly high intensity of remanent magnetisation of




P peethesd i estlininge stractiees of siall lswral exe
wut, The detection of Basanent relicl pnder the fidld
is also prevented by the masking effect of sét;nnd order
anomalics (up w4 10 mpal) coused by Tateral density
vartations  within the volcanic Tock sequence. These
anomalics are centred above the rhyolite domes s
mapped by the scismic memurements. Core studics have

shown that there is an increase in density of up o 0.4 -

g/em® with increase in rank of hydrothermal alteration
in the voleanic rocks. Afier subtracting the small cf-

“feet of the ehyolite domes, it was found that the sceend

order residual gravity anomalics can be entirely cx-
plained by the presence of hydrothermally altered rocks
within the volcanic cover. This interpretation diifers
from that of carlicr studics of other geothermal areas
in Now Zealind, in which positive residual gravity
anomalics were attributed 0 basement upiifts. The di-
stribution of altered rocks, as defined by ths sccond
order anomalics, presumably outlines centres  where
mincral depesition, und hence upflow, has been a maxi-
mum, and since present day surface discnarge still takes

placc in the vicinity ol these centres, the results imply

stable conditions for the Broadlands hydrothermal sy-
stem throughout the past,

There is good evidence from corc studics that vol-
canic rocks inside the field are non-magnctic. A north-
west-Southeast aligned negative magnetic anomaly in
the vicinity of the Broadlands Area is of little valuc

“in outlining hydrothermally aliered non-magncetic rocks

at depth; a positive anomaly to the East.is probably
connceled with unaltered rhyalites on the castern flank
of the Broudlunds Dome. "A thin ncarsurface magncetic
layer occurs throughout the ficld.

Inwerpretaiion of seismic, gravity and magnctic
measurements has shown that within the Broadlands
Geothermzl Ficld, as defined by resistivity boundarics,
productive arcas cannot be outlined by thesc methods.
Howcever, the studics suggest that there is a « direct »
conazction between the volcanic structure (rhyolite ex-
trusiuns) and secular wising of thermal watcrs. These
resuiis give linde support to the structural concepts out-
lined in the inwoduction, and cast doubts on the utility
of these concepts as a guide to the finding of geothermal
stcam.
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Residual gravity anomahies
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REPEAT GRAVITY MEASUREMENTS AT
BROADLANDS GEOTHERMAL FIELD, 1967-1974

‘

by T. M. HONT and S. R. HICKS

ABSTRACT
Measurements at Broadlands Geothermal Field show that there are no
significant gravity (‘ufferences (when corrected for known ground subsidence)
between survey"s in 1967 and 1974 attributable to the withdrawal of 35x 1091:3
of water from the area. Examination of several models for the withdrawal

indicates that at least 75% of the water discharged has been replaced.

INTRODUCTION
Broadlands is situated close to the Waikato River about 25 km north-
east of Wairakel. Resistivity measurements in the Ohaki and Broadlands areas
led to the investigation for geothermal steam in 1967-68 and the finding of

a large avea (10-13 kn?) of low (<58m) resistivity (Risk et al. 1970) imown

as tl'_z'e Broadlands Geothermal Field. Since then 28 bore holes have been
drilled and, up to March 1975, about 35.6 x 109 kg of water (liquid and gé.s
phases) discharged from the bores during testing (G.W. Hitchoock, pers. comm.).
The use of repeat gravity measurements to determine the net mass loss
from, and hence the amount of recharge in, geothermal fields is described by
Hunt (1970). During the mveaugéuons at Broadlands, gravity measurements
were made at a large number of benchmarks in and about the low resistivity
area (Hochstein and Hunt 1970) to determine the geological structure within
the geothermal field. Repeat gravity measurements at 88 selected bench-
marks were made in 1974 to determine any net mass changes associated with

testing of the bores. This report describes and discusses the gravify

differences between the two surveys.
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GRAVITY MEASUREMENTS
Gravity observations were made in August-October 1967 by A. Doone
(nee Cuthbert), I. FPerry, and T. M. Hunt, and in July 1974 by S. R. Hicks.
Values of gravity determined from these observations are given in

Appendix 1, and the locations of the benchmarks used are given in Fig. 1.

Gravity meter and calibiation
Both surveys were made using LaCoste and Romberg grayity meter G106.

For scme stations in the 1967 survey and all stations in the 1974 survey
a looping technique was used to minimise instirument reading errors and to
determine instrument drift; most stations were occupied three times.
Gravity observations were made over the Wellington Calibration
Interval (Cowan and Robertson 1964) after each survey to determine the

calibration correction factor. The manufacturers calibration curve,

adjusted ‘on the basis of this correction factor, was used in the calcula-
. ' \

tion of gravity values.

Gravity bage stationa
During the 1967 survey observations were made at the beginning,

middle, and end of each day at benchmark H346 or H383 within the Broadlands
areca. These stations were later linked to TAUPO FUNDAMENTAL situated on
Taupo Fundamental benchmark. In the 1974 survey TAUPO FUNDAMENTAL was
occupied twice each day for the whole survey. The values of gravity im
the Broadlands area, given in Appendix 1, have been calculated relative

to, and are within 200 uN/kg of that at TAUPO FUNDAMENTAL. The value of
gravity at TAUPO FUNDAMENTAL is 9 799 883.1 uN/kg in the N.Z. Potsdam
System (1959) (Robertson and Reilly 1960) and 9 799 849.0 pN/kg in the

International Gravity Standardisation Net (1971) (Morelli 1974).

Cround noise

The effects of ground. vibrations were observed when meking measure-
ments near the Ohaki and Broadlands thermal areas. However, tests using
the same instrument, in the main productibn borefield at Wairakei, show

(Hunt 1975) that these movements do not cause crosg-counling errors.
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REDUCTION OF MEASUREMENTS

Calculation of gravity values

Gravity values vere computed using the method described by Reilly
{1970); for each day the gravity meter readings were multiplied by the
appropriate scale factor, and the gravitational attraction of the sun and x
moon calculated, using the method of Longman (1959), and subtracted. An
instrument drift correction, derived from least squares fitting of a degree
one or two curve to the gravity differences at repeated stations, was made.

The differences in gravity between the base and field stations were then

obtained by subtracting a base correction.

Accuracy of gravity values
When a gravity station at Broadlands wasoccuplied several times within

a single day the values of gravity, calculated in the manner described above,

generally differed by 0.1 or 0.2 pN/kg. However when the same station was
occupied several times a day, on different days, the mean values of gravity '
for each day differed by up to 0.7 uN/kg, as shown by the observations
made for eight days at benchmark A69, given in Table 1. It is probable

that an accuracy of about ¥0.3 pN/kg can bo expected.

Table 1: Gravity values at Lands and Survey Dept benchmark A69 near
Broadlands. Values determined from observations in July
1974 by S. Hicks using LaCoste and Romberg gravity mete; G106

’

Date £ n 8.e. stability
08 1014.1 3 0.2 Good
10 1014.8 2 0.1 Fair
11 1014.6 3 0.1 Fair
12 1014.3 3 0.1 Good
13 1014.5 2 0.2 Fair
14 1014.7 2 0.1 Fair
15 1014.2 2 0.1 Excellent
24 1014.6 - 2 0.2 Cood
g Mean value of gravity for the day (uli/kg).
n Number of observations.
s.e. Standard ervor.

stability Stability of the reading as explained in Appendix 1.
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DIFFERENCES BETWEEN SURVEYS
Differences between the values of gravity at a benchmark, between
surveys, may be caused by regional gravity changes, topographic changes,
variations in groundwater level, and vertical ground movements, as well
as net mass changes associated with the discharge of water from the geo-

thermal field.

Regional gravity changes
Data given by Hunt (1975) suggest that regional gravity changes

in the Taupo area, between April 1968 and December 1974, are less than
0.5 p/kg. The changes in gravity at benchmarks outside the Broadlands
Geothermal FPield between 1967 and 1574, given in Appendix 1, are generally
less than 0.3 uN/kg, indicating that regional gravity changes in the

Broadlands area can be neglected.

Topographic chanaes
Changes in topography of the Broadlands area between surveys have

ocourred due to road construction along State Highway 5, and drilling

operations in the Ohaki thermal area. The effects of these changes on
nearby gravity stations, estimated using standard topographic correction
tables (Woodward and Ferry 1973), are generally less than 0.2 pN/kg and

have been neglected.

Groundwatexr level changes _

Groundv}ater levels beneath benchmarks used in the surveys are not
kmown, but levels measured at about the time of the surveys, in shallow
monitor holes (/0) adjacent to some deep bores are given in Table 2.
These data suggest that, with the exception of the area near bore BR 4 in
the Ohaki area, there have been no large groundwater level change_s in.the

Broadlands area.



Table 2: Groundwater levels at Broadlands.
| Values given (in metres) are depths below
ground level. Data from G. W. Hitchoock

(pexrs. comm.)

i Boxehole Total depth Ground water level
of hole

August-Sept 1967 August 1

1/0 C 138 4.3 3.8
2/0 30 3.2 6.1
3/0 34 7.6 8.8
4/0 37 10.2 18.0
5/0 32 6.1 5.6
6/0 34 5.7 4.1
1/0 37 10.4 11.0

Yertical ground movement

Level of benchmarks in the Bioadlands area were measured (to 2nd
order standard) by Minisiry of Works and Development in March-June 1968
and in April-May 1974. The differences in elevation of the benchmarks
between these surveys (A. Johnston, M.W.D., pers. comm.) are shown in
Fig. 2. It can be seen from this map that the only significant gmﬁnd
level movements have been in the Ohaki thermal area. This is the area
in which most of the bores are situated and from which most of the mass
discharged has come (Table 3). The gravity effect of vertical ground
movement is about +3.1 pl kg-1 m-1 of subsidence. Most of the water
discharged from the Ohaki area was removed between 1969 and 1971, there-
fore it is assumed that the gravity effects of the vertical ground
movements between March 1968 and April 1974 (times of the levelling

surveys) will be the same as between August 1967 and July 1974 (timea

of the gravity surveys).
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Table 3: Cumlative discharge from bores at Broadlands

Geothermal Field, March 1375. Data from G. Hitchcock

(pers. comm.). Location of the bores is given in Fig. 1.

' * Bore Area Mass discharged Bore Area Mass discharged
x 10° kg x 107 kg
1 15 Ohaki
2 Ohaki T1.66 . 16 " Broadlands
3 Ohaki 4.19 17 Ohaki 1.12
4 Ohaki 0.62 18 Ohaki 0.44
5 19 Ohali 1.70
6 0.42 20 Ohaki 2.02
7 Broadlands 1.04 21 Ohalkd 0.37
8 Ohaki 3.48 22 Ohaki 1.58
9 Ohaki 1.86 23 Ohaki 0.49
10 Broadlands 0.04 24 0.03 .
11 Ohaki 4.45 25 Broadlands 1.64
12 26 Not drilled
13 . Ohaki 2.09 27 Broadlands 0.16
14 0.16 28 Broadlands
29

Net mass loss

Gravity differences in the Broadlands area, corrected for the effects
of vertical ground m§vementa‘, are given in Fig. 3 and in Appendix 2. The
large (-15.4 iN/kg) gravity difference at benchmark H 411 is probably due
to a failure to reoccupyzthe point measured in 1957. The gravity difference
of + 2.1 pN/kg at benchziaafk H }37/1 may be caused partly by topographic .
changes made during construction of the nearby drain from bore BR 3 to the
Waikato River.:

A histoéram showing the frequency distribution of gravity differences,
given in Fig. 4, suggests that the differences have a normal (Gaussian)

distribution about zexo change. The mean of the differences, excluding

‘
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those at benchmarks H 411 and B 337/1, is close to zero (+0.05 pN/kg), and
the frequency distribution has a standard deviation of 0.62 uN/kg. The
distribution of gravity differences (Fig. 4) shows little sign of the
positive skewness which would be expected if a significant number of
differences wexe due t0 a ia:nge net mass loss from the geothermal field.
Measurements by M.W.D. (G. Hitchcock, pers. comm.) show that, of
the total mass of wz;.ter discharged, most (32 x 109 kg) has been drawn from
beneath the Ohaki thermal area, yet the gravity differences in this area
are not consistently negative: there are no differences more. negative
than ~0.5 uN/kg. Larger negative differences (~0.8 to -1.1 p/kg) occur
near the Broadlands thermal area,and between it and the Ohaki area,but it
ias not certain whether these differences are due to net mass lomses or to

random observational errors.

DISCUSSION
The lack of any large negative gravity differences associéted with
the Broadlands Geothermal Field suggests that there has been little or no
net mass lost from the area. Because the differences are small and
variable it was not possible to cc;ntou.r the differences and find the net
mass loss and the amount of recharge, as was done at Wairakei (Hunt 1970).
Instead the gravity effects of complete withdrawal {without reéha:cge) from

the area are examined and estimates of the minimum amount of recharge made.

Models for withdrawal from the Ohaki area

Since most of the mass withdrawn from the Broadlands Geothermal
Field was taken from beneath the Ohaki thermal area, only this region is
examined. In this area the water was drawn mainly from a zone (with-
drawal zone) at a depth of between 600 and 750 m below ground levei; In
order to calculate the effects of the withdrawal several models are con-

sidered:
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Compnlete removal of water from an area about the withdrawal zone

HMeasurements by M.W.D., given in Appendix 3, show that in the withdrawal
zone beneath the Ohaki area, the mean pressure is about 6.33 MPa, and
the temperature is about 265°C. which is close to boiling point for that
pres.eu.re. Boiling water at 'a temperature of 265°C has a density of .
0.78 Ms/m’. and steam at the same temperature and‘pr'esaure has a density
of 0.03 Mg/w® (Bain 1964). If boiling water was extracted from the
withdrawal zone, and replaced by steam, at the same temperature and
pressure, there would be a density change of about -0.75 M&/m’ within
the pore spaces. Measurements by Leopard (1968 a..,b) show that the
porosity of rocks in this zone varies betwsen about 10 e.ﬁd A0%. |
Assuming that the rocks have an average porosity of 20%, the minimun
volume of rock from which the water could be drawn is 2.13 x 10° m.

In order to calculate the gravity effects of withdrawai of water, this
volume is approximated by a cylinder of height 150 m and radius 672 m.
The gravity effects of this cylinder, at the ground surface calculated

using the method of Reilly (1969), are given by curve A in Fig. 5.

Partial removal of water from a large area about the withdrawal gzone.

If (gay) half the water in an area atout the withdrawal zone was removed
(and not replaced) the volume of rock from which 32 x 109 kg is taken
would be 4.27 x 10° n (assuming a density of water of 0.75 Mg/m3 and

a porosity of 20%, as explained above). This model can be approximated
by the removal of water from a cylinder of height 150 m and radius
952 m. The gravity effects of this cylinder, at the ground surface,
calculated using the method of Reilly (1969), are given in curve B in
Fig. 5.

Draining of necar surface water

Hacdonald (1975) suggests that in the Ohaki area the Broadlands geo-
thermal field consiasts of a vertical column of hot (150 - 300°C) water

which is capped by an impermeable layer at a depth of about 150 m. If
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the permeability below this layer is sufficient to allow subgtantial
vertical movement, water removed by the bores from rocks in the with-
drawal zone may be replaced by water from above and lead to a falling-
of the water level beneath the impermeable layer. . If this water is
not réplaced by horizontal inflow a net mass loss will occur just
beneath the impermeable layer. The groundwatex; level measured in the
shallow /0 holes adjacent to some bores is probably that of a perched
groundwater table and will not be affected. Measurements by M.W.D.,
given in Appendix 3, show that the temperature at a depth of 150 m
beneath the Ohaki area, is about 165°C. The density of water at this
temperature will be about 0.90 Mg/m3 (Bain 1964); Assuming that the
area over which the water level falls is about the same as that of the
Ohaki thermal area (approx. 1.76 kn°), the rocks have a porosity of
30% (Leopard 1968 a,b), and the water has a density of 0.90 Mg/ma,
then the volume of rock from which the water has drained will be about
1.19 x 108 ms. This volume can be approximated by a cylinder of
radius 750 m and height 67 m. The gravity effects at the surface of
completely removing the water from & cylinder of these dimensions and

porosity, centred at a depth of 180 m, are given by curve C in Fig. 5.

Interpretation

In all the above cases the gravity effects of withdiawing 32x 109kg

of water from the Ohaki area, without replacement, are about 2 - 6 times
greater than those observed, and much greater than the errors of measure-

ment (approx. 0.5 u.N/‘kg)

If there has been partial replacement of the water the observed

gravity difference will be proportional to the percentage not replaced:

total mass withdrawn - mass replaced

88(observed) ~ Ag(calculated‘ for * total mass withdrawn

no recharge)
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It can be seen from Fig. 3 that all negative gravity differences
in the Ohaki area ave smaller than -0.5 pN/kg, therefore the minimum
amounts of recharge are:

Model A: about 80%

Model B: about 75%

Model C: about 90%.
These values may alter slightly if the adopted values for porosity and
water density are changed, but it is clear that for all likely models, at

least 75% of the water withdrawn from the Broadlands Geothermal Field

since 1967 has been replaced.
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APPENDIX 1

‘Grayity and elevation data, Broadlands Geothermal Field

B Ministry of Works asd Development (Power Division) benchmazk
number,

Bate Date of gravity observaticis.

& Mean value of gravity (uN/kg), calculated from the gravity

observations, relative to TAUFO FUNDAMENTAL having a gravity
value of 1000.00 pK/kg.
n Numbter of gravity observatione.

8.6, Btandard error of the calculated value of gravity.

Stability An indication of the precision of the gravity meter reading,
which is related to ground.noise conditions.
fhcceilent = no ground hoise, readings ¥ 0.01 dial div.
Good

‘intermittent ground noise, readings ¥0.02 dial aiv.

f‘air

contintous ground noige. DBalance position of ihe
gravity meter beam estimated ﬁ-om swings.
Readings f(o.os - 0.5) dial div. Gravity meter
scale factor is approximately 0.7 pN/kg per dial div.
Elevation Elevation (m) of the benchmark. Elevations given for 1967
survey were obtained from 2nd order levélling by M.W.D. assuming
Mihi Pundamental benchmirk to have an alavatiq;;, of 290.492 p.
Elavati’ons»giye’ri for the 1974 wére cbieined frem 2nd order levelling
by M.W.D. assuming benchmark H 3% to have the same elevation as
in the 1967 gurvey (361.378m). A1l elevations are oFthometrie

heizghts.
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H 304
H 305
H 306
H 307
H 308
H 309
H 310

H 3N

H 313/3

H 317
R 318
H 319

y 322

R 324/

H 326/3

H 328

H 328/1

i 332

Date

67 08 31
74 07 22

67 10 16 °

74 07 23

67 10

13

14 07 23

67 10
74 07
67 10
T4 ©F

13
18

13
18

67 09 01

14 01

18

67 09 01

74 07

67 09
T4 07
67 10
74 O
67 10
T4 07
67 10
74 07
67 10
74 67
67 10
T4-07

67 10
14 07
67 10
T4 Q7
67 08
74 07
67 10
T4 ©F

67 08
74 Q7

18

01
23
27
16

12
18

12
23

12
23

12
23
15
18

12

2%
31

18

13

18

31
22
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n D
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WM WM
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Good

Good

Excellent
Good

Ixcellent
Excellent

Excellent
Excellent
Googd
Good
Fair

Good
Excellent
Excellent
Good

Excellent
Good

Excellent
Good
Good
Good
Gaod

Fair

Good

Excellent

Doone |

Hicks

Ferry
Hicks

Ferry
Hicks

Fexrry
Hicks.

Ferzy
Hicks
Doone
Hicks

Doone
Hicks

Doone
Hicks
Ferry
Hicks

Ferry
Hicks

'E“erry
Hicks

Ferry
Hicks

Ferry
Hicks

Forry
Hicks

Ferzy
Hické
Toone
Hicks

Ferxy
Hicks

Doone .
Hicks

8tability Obssrver Elevation

310.912
T 906

322.552
544

34B.362
374

345.858
B35

353268
253

344,766
754

344.624
513

346.925
.923

357999
358.003

340, 270
" L 2B6
303.473

467

310.112
» 105

354.366
-357

350.445
439

349.278
.268
346,868
862

350.439
436

302.911
503
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B 329
H 333
B 334
H 335
H 335/3
H 336
1 337/
B 338
H 338/4
E 339
H 340
H 311
H 343
H 345
H 346,
H 350
H 352
H 353

H 354

Date

67 09
T4 07

67 08
74 07

67 08

74 07

67 08
T4 07

&7 08
74 07
67 08
74 07
67 08
T4 07

67 10
74 o7

67 10
14 07

67 10
74 07

67 09
74 07

67 10
14 07

67 09
74 07
67 10
74 07

67 09
74 0F

67 10
74 07

67 10
74 01

a7 10

T4 07

67 10
74 OT
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18

30
22

30
21

29
20

29
28
20
28

17

17
20

17
20

04
20
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20

19
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19
26
16

26
16

26
16
26
16

E

B75.5
875.6

979.1
979.1

993.3
993.5

101%.0
1019.4

1008.7

1010.0

1041.2
1041.9

1051.2
1053.6

1052.5
1052, 6

1060.5
1060.7

1060.6
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1057.0
1057.0

1068.6
1067.8

1077.2
1077 .1

1064.1
1063.6

1065.6
1066.0

1064,. 2
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1065.5
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Stebility Observer FElevation

Good,
Good
Good
Good
Good
Good
Fair
Good
Good
Excellent
Good
Good
Excellent
Excellent
Good
Excellent
Exosllent
Gooad
Good.
Good
Goad

Bicellent

Doone
Hicks

Doone

‘Hicks

Boone
Hicks

‘Doone

Hicks

Doone
Hicks

Doone
Hicks

Doone
Hicks

FerTy
Hicks

Ferry

Hicks-

Ferry
Hicks

Ferry
Hiocks

Ferry
Hicks

Ferzy

‘Hicks

FerTy
Hicks

Hunt
Bicks

Fexrry
Hicks
Ferry
Hicks

FerTy
Hidks
?ery
Hicks

347:045
040

29%.930
.98

298.366
.335
295.257
. 162

303.957
.B29

293.508

<347

289.734
.643

292,960
642

293.215
095

293.153
013

293.204
io?1

292.163

<094

292,219
-190

293.235
.218

293. 394
379
295.227
.224

295,886
.B85

304.081
084

302.694
.651
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a
A .
%L B Date £ n  s.e. Stability Observer Elevation
by
5 H 355 67 10 27 898.9 1 Forry 350.489
74 0T 16 897.7 3 0.1 Exeellent  Hicks T .485
H 356/3 67 10 27  957.4 1 Ferzy  312.721
% 740718 956.8 3 0.1 Good Hicke .72
B H356/1 67 10 16  849.6 1 ' Perry  349.779
¥ 740718 e8.8 3 0,1  Excellent Hicks 152
H 360 67 10 27 -1031.9 1 Ferry 298,986
& 74 07 19 4031.6 3 0,1  Fair Hicks .972
4
ﬁ;; H36t1 670304 964.9 3 0,2 Ferry  %20.313
x}}-‘% 74 OT 21 965,2 3 0 0.1 Excellent Hicks £ 234
i H362 670901 970.0 3 0.2 Doone  334.815 -
& 740719 970.1 3 0,1 Good Hicks LT99
% . B 362/1 67 09 01 929.0 1 Q.3 Doone 348.189
® 7407 18 929.5 3 0.1  Good Hicks AT
'%3 H 364/1 67 10 16 894.5 1 Ferry  341.063
g 74 0T 19 B89%4.4 3 0.1 Excellent Hicks 012
& H365 670904 1016.5 3 0.2 Ferry  306.395
74 0T 21 1017.4 3 0.2  Pxeellent  Hicks .281
E 366 670904 1072.0 2 0,2 Ferry
¢ 740720 107.2 4 0.1 Good Hicks
i H367 671017 990.6 1 Perry  306.877
& 74 0T 2% 992.2 3 0.1 Excellent Hicks .738
% H 367/2 67 10 17 1002.4 1 Ferzy 308,144
; 74 0T 21 1003.6 2 0,2 Cood Hicks .029
¥ H 369 67 10 18 1004.3 1 Fervy  292.68T
by T4 07 22 1003.7 3 0.1  Good Hicks 679
1
o H 31 67 10 18 1023.8 1 Ferry  291.2%1
g 74 07T 22 1024.2 3 0.t  Good Hicks 197
H372 671018, 1018.0 1 Ferty  291.297
74 0T 22 * 1017.8 3 0.1  Good Hicks 273
H373 671018 1021.5 1 Ferry  290.974
74 0T 22 1021.2 3 0.1  Good Hicks .924
H34 671028 994.9 9 Ferry  291.375
' T4 OF 12 995, 7 3 0.1 Excellent Hieks 369
H 376 67 10 28 1016.3 1 Farry 296.758
74 0T 12 1016.9 3 C.1 Excellent Hicks 756
1378 67 10 28 1011.0 1 Férry
74 07 12 1009.7 3 0.1  Good Hicks
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B Date £ n s.e Stability Observer Elevation
H 379 67 10 28 1025.0 1 Ferry
74 07 24 1025.1 3 0.2 Good Hicks
B 352 67 10 28 1042.3 1 Ferry 296.659
74 07 08 1041.9 3 0.2 Good Hicks .649
H 383 67 09 24 1079.0 3 0.1 Ferry 297.819
74 07 10 1079.5 3 0.1 Good - Hicks .809

H 384 67 10 31 1099;0
74 07 10 1093.7

H 385 670925 1134.1
74 07 10 1134.2

H 386 67 10 31 1174.0
74 07T 10 1173.2

H387 670930  1126.5
74 07T 15  1126.4

Ferry 299.468
Good Hicks .460

-

Excellent Fexry 300.235
Good Hicks .238

A AN W -
ee @
- N

Ferry 302.971
.1 Excellent Hicke .971

Excellent  Hunt 308.682
Good Hicks .686

NN N =
°o o
- N

H 388 67 10 31 1119.3 1 Ferry 309.846
74 O7 14 1122.3 3 0.1 Good Hicks .851
H 391 67 09 29 1086.4 3 0.2 Good Yerty 302.969
74 07 15 1086.1 3 0.1 PExcellent  Hicks .966
I H 394 67 09 23 1085.4 3 0.1 Good Hunt 301.716
i 74 07 10 1084.7 3 0.1 Good Hicks .667
il
i H 396 6T 09 05 1045.6 2 0.5 Ferry  294.312
: 74 07 08 1046.3 4 0.2  Excellent  Hicks 2265
: .
4 H 396/2 67 09 05 1051.5 1 0.5 Perxy 295.264
ol 74 07 24 1051.5 3 0.2 Good Hicks .219
’l,r H 397 67 09 05 1058.1 2 0.6 . Ferry 293.708
‘ ’i 74 07 08 1058.6 2 0.2  Excellent  Hicks .682
- Ay ’ .
b H 399/1 67 10 31 1053.6 1 Ferry
‘ ‘:.,, . 74 07 08  1053.3 3 0.2 Good Bicks
'ri R 401 67 09 23 1112.4 3 0.1 Excellent  Hunt 301.419
" 74 07T 11 1111.7 3 0.1 Good Hicks <424
H 402 67 09 23 1100.1 3 0.1 Good Hunt 301.072
74 OT M 1099.2 3 0.1 Good Hicks .063
H 403 67 09 23 1081.5 3 0.1 Excellent  Hunt 295.904
74 07 10 1081. 1 3 0.1 Excellent  Hicks .864
H 406 67 09 29 1102.8 4 0.2  Good Ferry 309.543
74 07 15 1102.0 3 0.1 Good Hicks 545
H 407 67 09 29 1099.4 3 0.2 Good Fe‘rry 304.499
74 07 15 1099.0 3 0.1 FExcellent  Hicks .501
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16.659
-649

17.819

.809

19.468
.460

10.235
-238

12.971
971

18.682
-686

19.846
.851

12.969
.966

H:T16
.667

4.312
.265

15.264
.219

3.708
.682

1.419
.424

1.072
.063

5.904
.864

9.543
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4.499
| -501
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£ H 408

9

0 " 410

;

Q H 411
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¢

f; B 412

8 H 414

. I 416

<. H 423

: R 425

’f: H 427

v

+ H 430

&

l{

r E 431

¥

M

: H 432
H 433
H 435

Date

67 09
74 07

67 10
74 07

67 10
74 07

67 10
14 07

67 10
74 07

6T 10
74 07

67 09
74 07

67 09
74 07

67 09
74 07

67 09
74 07

67 09
14 07

67 09
74 07

67 09
74 07

67 09

74 07

29
15

31
4

28
24

28
12

28
12

28
12

25
13

25
13

25
10

28
13

30
14

30
14

30
14

22
14

8

1092.9
1092.4

1171.8
1737

957.4
942.0

" 1022.9

1023.4

1046.4
1046.5

1109.0
1108.7

1142.9
1143.7

1129.4
1129.6

1130.9
1131.5

1089.9
1089.5

1145.9
1146.1

1144.8
1145.2

1148.2
1146.4

1147.2
1147.4
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L b b

Stability

Good
Excellent

Excellent

Good

Good

Good

Good

Excellent
Good

Excellent
Good

Good
Excellent
Good

Good
Excellent

Good
Excellent

Excellent

Excellent

Qbserver

Ferry
Hicks

Ferry
Hicks

Ferry
Hicks

Ferry
Hicks

Ferry
Hicks

Yerry

Hicks '

Ferrxy
Hicks

Ferry
Hicks

Ferry
Hicks

Hunt
Hicks

Runt
Hicks

Hunt
Hicks

Hunt
Hicks

Hunt
Hipks

Elevation

293.492
.489

314.978
.987

299.411
.401

291.412
.408

299.454
451

303.665
.669

303.429
.436

301.330
+334

300.086
.087

298.608
.606

305.302
7

308.405
411

309.823
.829

317.868

874 °
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APPENDIX 2

Calculations of gravity differences, Broadlands Ceothermal Field

BM

Ministry of Works and Development (Power Division) benchmark
number.

Difference in the value of gravity between the 1967 and 1974
gurveys. Values given are gravity value in 1974 minus
gravity value in 1967; negative values indicate that the -
value of gravity at the benchmark decreased between 1967 and
1974.

Difference in elevation between the 1968 and 1974 surveye.
Values given are elevation in 1974 minus elevation in 1968;
negative values indicate subsidence has occurred. Values
marked by an asterisk were not measured and were estimated
from the contour map given in Fig. 2.

The gravity effect of the difference in elevation assuming
a normal free air change of +3.1 pN kg"'1 o ! of sﬁbsideﬁce‘
Difference in gravity corrected for the chat;ge in elevation.

Negative values indicate a decreass between 1967 and 1974.
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BM

H 304
H 305
H 306
H 307
H 308
H 309
R 310
H 311
H 313/3
H 317
H 318
H 319

. H 322

" 324/1
H 326/3
H 328
H 328/1
H 329
H 332
B 333
H 334
H 335
H 335/3
H 336
H 331/1
H 338
H 338/1

bg

(u/kg)

+0.1
+0.2
+0.2
-0.3
]
-0.4
+0.5
+0.4
-1.9
+0.2
-0.2
+0.5
+0.2
-0.2
+0.1
+0.2
<0.1
+0.1
+0.1

+0.2
+0.4
+1.3
+0.7
+2.4
+0.1

+0.2

25.

bh
(m)

~0.006
-0.008
-0.011
-0.023
-0.015
-0.012
-0.011
-0.002
+0.004
-0.004
-0.006
-0.007
-0.009
-0.006
-0.010
~0.006
-3.003
-0.005
-0.008
-0.012
-0.031
-0.095
-0.128
-0.161
-0.091
~0.118

-0.120

.
—t

-

o o o c O O O O o © o o o o‘.3 5 (o] o O

5 o

+0.3
+0.4
+0.5
+0.3
+0.4
+0.4

+0.1

+0.2
40.2
-0.4

-0.1

-0.4
+0.5
4+0.4
-1.9
+0.2
-0.2
+0.5
+0.2
-0.2
+0.1
+0.2
-0.1
+0.1

- 40.1

+0.1
+0.1
+0.9
40.2
+2.1
.-0.3

0.2




H 339
H 340
B 341
H 343
H 345
H 346
H 350
E 352
H 353
H 354
B 355
B 356/3
H 358/1
H 360
H 361
H 362
H 362/1
H 364/1
B 365
H 366
H 367
H 367/2
H 369
H 371
‘B 372
2 373

(u/kg)

+0.2

-0.8
-0.1
-0.5
+0.4
+0.2
+1.1
+0.5
+0.3
-1.2
-0.6

-0.8

26.

|

(m)

-0.134
-0.113
-0.069
-0.022
-0.017
-0.015
-0.003
-0.001
+0.003
+0.003
+0.004
-0.009
~0.027
-0.014
-0.079
-0.016
-0.013
-0.051
-0.114
-0.080*
-0.139
-0.115
-0.008
-0.014
-0.024

-0.050

+0.4
+0.4
+0.2
+0.1
+0.1

+0.1

o

0.5_50:.600000

5 5 %
W o~ N

+0.4

+0.4

+0.1

+0.2

ag - g,

-0.2
-0.4
-1.0
0.2
0.6
40.3
+0.2
+1.1

+0.5

-t.2
-0.6
-0.9
+0.5
+0.1
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H 374
H 376
H 378
H 379
B 382
H 383
I 384
H 385
H 386
0 387
H 388
H 391
H 334
H 396
1 396/2
H 397
H 399/1
H 401
H 402
H 403
H 406
H 407
H 408
H 410
H 414

H 412

bg

(v¥/kg)

+0.6
+0.6
-1.3
+0.1
-0.4
0.5
+0.7
+0.1
+1.1
-0.1

+3.0

-0.8
0.4
.—0.5
+1.9
-15.4
+0.5

ah
(m

~0.006

~r

~0.002
o*
o*
~0.010
-0.010
-0.008

+0.003

+0.004
+0.005
-0.003
-0.049
-0.047
-0.045
-0.026
-0.057*
+0.005
-0.009
-0.040
+0.002
+0.002
-0.003
+0.009
-0.010

-0.004

E
L«%

+0.6
+0.6
-1.3
+0.1
-0.4
+0.5
+0.7
+0.1
+1.1

-0.1

©o o © o © © 0 o O ©o O

+3.0

+0.2 -0.9
+0.2 +0.5
+0.1 -0.1
+0.1 +0.6
+0.2 0.5
0 -0.7

0 ~0.9

-0.8
-0.4
~0.5
+1.9
f15.4
+0.5

o © O o o o
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H 414
H 416
H 423
B 425
H 427
H 430
H 43
R 432
B 433
B 435

bg
(nii/kg)
+0.1
-0.3
+0.8
+0.2
+0.6
~0.6
+0.2
+0.4
+0.2

+0.2

28.

ah

(m)
+0.003
+0.004
+0.007
+0.004
+0.001
~0.002
+0.005
+0.006
+0.006
+0.006

&an

o

o O o O o o o o

4 - 8,

+0.1
-0.3
+0.8
+0.2
+0.6
-0.6
+0.2
+0.4
+0.2

+0.2




Demperatures and pregsures in boreholes im the Chaki area, Broadlands Geothermal Field ’

AFPENDIX 3

{4} 150 m below ground level

absolute = ~gauvge
Run = Ministry of Works and Developnent meagurement run number.,

ARNONMN SN
Ha A A

* -

-l

{

LRV - W I O Y, QA
VN = O P =l

*

.
S

2.45
0.93

A140TR
% 160

33 567

33 378
32 366
33 0N
32 661
33 762
33 838

33718

33 842
33 839

1.80 MPa.

(B) 750 m telow ground level

I

265
260
265
270
278
265
266
272
270
257
217
275
270
275
225

226%

Asterisk indicates well-head pressure due fo gas in

Bore .2 Run
2 188 7 15 126
3 i70 15 224
4 R 186 16 Q70
8 192 - 15 849
9 186 15 530
1 184 16 224
13 126 16 223
15 192 16 293
17 180 15 726
18 118 16 110
19 © - g6 16 275
20 156 16 160
21 133 16 111
22 186 16 106
23 145 16 108

Mean 164%

T = temperature (°C).

P = pressure (MFa).

the bore.
P =P =P

+ 0.10 MPa {1 MPa = 10 §/o? = 145.038 1b£/1n%),

Tata has been taken

‘from those runs which have the longest standing times. ‘Refer to unpublished

M.W.D, Temperature and Pressure Graphs WG 3932/Bore Number,

Bun

15
14

14

15
15
16
16

16

16
16
16
16
16
18
16

168
659

736

169
176
224

223
293,

226

225,

275
228
111
106

371

2 Run
5.90 32 521
6.86 3t 845
7.14 31 866
5,90 32 604
T.14 32 564
5.48 33 714
6.10 33 713
7.83 33 762
6,03 33 716
5.96. 33 115
5.00- 33 153
6.03 33 718
£.03 23 615
6.34 33 842
6.17 "33 B39

6.33 MPa

"6g
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'l'l?*\"alid'it) of the conclusion that the
“lozida Peninsula is diflerentially subsiding,
and the reliability of ph)logcovraph\ and
dant succession as criteria leading 1o this
onclusion depend upon additional radiometric
wita from the eastern and western coasts of
ne state: Substanuation of these inferences
sould underscore the pertinence of Laporte’s
1968, p. 249} statement -emphasizing that
ailure to regard lateral as well as vertical dis-
‘ribution of facies has usually resulted **. . . in
wypotheses of muliiple eustatic  sea-level
ductuations which strain geologic credulity.”
Zonfirmation would also enable application of
he criteria to fossil marine communities.

E I T VL R TIN 1 ¥ UL MR TINS5 T

[ANY
to the shore, and providing both the tempra
succession and geographic distribution ot the
communities < muld be determined, it shoul be
possible to determine the importance of coaal
subsidence  and uplift rclative to  custatic
fluctuations of sea level,
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Gravity Changes at Wairakei
Geothermal Field, New Zealand

ABSTRACT

Mcasurements of the value of gaaviey ag 50
bench marks at Wairnket Geothermal Ficld, New
Zealand, show that differences ol up to1l.3 mgal
have occurred between 1961 and 1907 and up to
0.1 mgal between 1967 and 1968, These dl”erﬂC(\'
corrected lor known changes tn clevation, are in-
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from the aquiter. The net Joss between 1961 and
1967 is determined o be about 2.9 X 104y und
henee onty about 20 pereent of the water deawn off
was replaced, but between 1967 and 1968 there was
litde or no nct loss.

INTRODUCTION .
The Wairakel Geothermal Field is one of the

larger hvdrothermalareasin the active voleanic
belt of New Zealand (Fig. 1). The geothermal
field is underlan by a near-ilac Qnmrmr\.
acid volcanic rock sequence (Grindley, "1963)
and the bulk of the steam production is
obtained from u thick aguifer of pumice bree-
cdas (Waiora Formation) that s capped by
lacustrine shales (Huka Falls Formation).
Since thé opening of the Wairske Geother-
mal Power Scheme in 1930 more than 3.6 %
10Mg of water (both liquid and gas phases) have
been drawn from the t'round {or generating
electricity, neglecting the small amount dlS‘
charged into the atmosphefe from naural
geysers and fumaroles  nearby.  Extensive
ground subsidence in the aren was revealed by
repeated releveling of bench marks and drew
attentton to the conscquences of this substantial
mass loss. -Precise gravity measurements were
made in August 1961, followed by remeasure-
ments in April 1967 and Mav 1968 10 see
whether or not this mass toss could be detected
and, if so, (rom what areas 1t was being drawn
and to \\h.ll extent it was l)Lm" erl.\LLd No
previous micasurcments of gravity changes re-
sulting from the exploiation of a grothermal
field appear to have been m.ldL, although
gravity changes resulting from volcanic crup-

tons (lida and others. 1977) and earthquakes

{Barnes, 1960) have been studicd.
GRAVITY MEASUREMENTS ’

Gra\'i[)’ measurements were m.ulc aon <on-

trete bench marks in and about the Wairakei
—————

Geological Socicty of Amenca Bulleun,

Gueothermal  Ficld using North  American
gravimeter AG1-96 (1961 survey) and La
Coste Romberg gravimeter G-106 (1967 and

1968 surveve). The measurements were made

under optimum giound-noise conditions. and 4

looping lLL]\Hl(]UL {(Neutdeton, 1940) was used
to minimise instrumental drift errors. The
gravimeter readings were corrected for in-
strument drift and for changes in the gravia-
tional attraction of the sun and moon. The
instrupent dnilt correction was obtined from
the quadratic curve of best fit (least-squares
icthod) through the diferences in gravity
measured at repeated stations. The correction
{or changes in the gravitational attraction of
the sun and moon was that of Longman (1939
multiplicd by 1.2 (o account for deformation
of the Earth). Al computations were made by a
digital computer and the measurements were
redduced in werms-of a base station on Taupo
Fundamenta!l beneh mark, 7.2 km [
Wairakel, conndered o be outside the 33:\
affected by mass changes assoviated with the
Wairakei Geothermal Field., Graviey measure-
ments could not be made at beneh marks in the
vicinity of the uncontrolled “rogue” bore
number 204 because of continuous  strong
microscisms.

GRAVITY CHANGES

In many cases there are differences in the
value of gravity at the same point between
1961, 1967, and 1968 that are much greater
than the standard crror ol the measurements.
These differences can result from topographic
changes adjacent to the points of measurement.

v. 81, p. 529-536, 3 figs., February 1970
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terpreted as retlecting the ner mass of water lost”


file://-/nierica
file:///tlantic
file:///Gl-96

Imiles
J

o

1
1
i
\ 4km

® Benchmark

(. ',' Active Thermal Area

L.z Man Roads
Z

I

NORTH
ISLAND

Wairakei
Geothermal

Wellington

SOUTH 1SLAND

Active Volcanic

Belt

Figure 1. Location of Wairakei Geothermal Ficld, New Zealand, and bench marks used in the surv
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acal - hanges in the ground-water level, changes
4 the dlevation of the points of measurement
ate to one another or 1o the base station,
ad .. net Joss of water from the aquifer.

Snull topdgraphic changes assuciated with
sevelopment of the geothermal power scheme
ave occurred adjacent 1o a few points, but in
A cases the resulting gravitational change s
stimated as being less than or equal 10 0.01
gal.

Measurements of water levels in 14 shallow
Il holes 1n the Wairakes area berween 196)
ad 1966 showed that there was no continuous
g o fall of ground-water level, bur local
anations having an average fluctuation of 2 m
aceurred, which might cause variations of about
103 mgal. The bench marks were levelled in
i956. 1961, 1962, and 1966, and graphs of
hange of level with time for cach bench mark
save been drawn from which differences in
devation between 1961, 1967, and 1968 were

“determined (Figs. 2a, 3a). Bench-mark levels

‘or April 1967 and May 1968 had to be ob-
uined by extrapolation of the level-change
craphs. but individual values are unlikely 1o be
n crror by more than 0.03 m. The bench
marks werce levelled in terms of bench mark
A93, which was not a suhiable gravity base
sation, and unfortunatcly Taupo Funda-
mental beneh mark was not'included in these
ievellings. Bench marks close 1o the Taupo
Fundamental gravity base show litde or no
<ange in clevation refative to A93, however,
and it has been assumed that clevation changes
welative 1o Taupo Fundamental are equal 1o
those relative 1o BN A93, ‘
Assuming that no horizontal mass change
ook place in the subsidence, the gravity
change would be approximately 0.3 mgal/m,
the normal “‘frec-air” gradient. Gravity dif-
terences for the periods 1961 to 1967 and 1967
to 1968 corrected for the elevation changes
wang a factor of 0.31 mgal/m are shown in
Figures 2b and 3b. The mean standard crror
of the corrected gravity differences between
Auzust 1961 and April 1967 is 0.04 mgal and
103 mgal hetween April 1967 and May 1968.
Comtouring the gravity differences involved
aqusting individual values by up 1o 0.1 mgal
1 ubtan siooth contours. These corrected
fravitydifferences are likely o represent the
wl mass differences in the aquifer of the
*amakei hydrothermal field for the periods
1] 10 1967 and 1967 10 1968.

The removal of 2 known mass of water from

tiemes

lateloem -
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proximated by a change in density ¢ of
cvhndrical disc for which the caorresponding
gravittional change can b compuied. The
change is given by:

o= m_/r'"/l.

where m = mass of water withdrawn, r =
radius to which withdrawal occurs, and 4 =
thickness of aquifer. This assumes a uniform
high permeability within a radius 7 about a
central point and low permeability bevond..

At Wairakei the Walora Formation has an
average thickness of 0.5 km and over most of
the geothermal field is.at a depth of about 0.2
km. Using the evlindrical disc model and tak-
ing the measured mass loss of 3.6 X 10%g {or
the period August 1961 1o April 1967, T com-
puted the change in gravity at the surface for
various values of 7 (Fig. 4). If the watér drawn
off came solely from that portion of the aquifer
below the main production bore field and was
not replaced. a .maximum gravity change of
about —~2.7 mgal would be expected. If the
water was completely replaced there should be
no gravity change, and if there was partial
replacement or the water was exttacted from a
greater volume there would be corresponding
gravity changes smaller than —2.7 mgal.

The gravity differences between August 1961
and April 1967 corrected for changes in eleva-
tion (Fig. 2b) show that:

(1) in all but one casc there was a decrease in

~ the value of gravity with a maximum
change of —0.51 mgal; S

(2) the greatest decreasc in gravity measured
occurred within the main production
bore field and the gravity differences
become smaller farther away from the
bore field;

(3) the decrease in the value of gravity is
not symmetrical about the main pro-
duction bore ficld but extends in a
westerly  dircction, roughly coincident
with the level changes.

It follows from Gauss's potential theorem
that the total anomalous mass m (in this case
the net Joss of water) can be determined by
ntegrating the gravity anomaly (in this casc
the gravity differences) over the plane of
measurement without assuming or calculating
the shape and depth of the source (Hammer.
1945; Parasnis, 1962). The integration can be
approximated by a summation

l I TN
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and April 1967 (3.6 x 10'g).

where G = universal gravitational constant
and 3g = local gravity anomaly associated
with an areual element As of the pl:ine P.

The sum of the gravity differences between
1961 and 1967, obtained from the contours in
Figure 2b, is abour —12 mgal km?, which cor-

responds to an anomalous mass of —2.9 X

10%g or 80 percent of the mass of water
actually withdrawn. This means thal between
August 1961 and April 1967 about 20 pereent
of the water removed from the aquifer was
replaced. However, this value is only approxi-
mate because of the errors involved in obiain-

g the summation, as discussed by Hammer

1-0
presenting the mass loss between August 1%

(1945). and the uncertainty of the O.I-I;g.
change contour west of the main productio:
bore ficld. .

Despite a mass draw-off of 0.5 % 10Mg
tween April 1967 and Mav 1968, the correcte:
gravity differences (Fig. 3b) are general
small, and no consistent pattern can be see
exeept .for a small arca of decrease in gravie
west of the main production bore field. Tk
suggests that either the water is being draw
from a much greater area than was surveyeda
what 1s morc likelv. the mass inflow equalle
the mass draw-off. Bewween December 1%
and April 1968 about 60 percent of the mst
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Figure 5. (",om‘parimn of gravity difficrences (August 1961 1o April 1967
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aductisis bore field was shw down, and this
aald have assisted recharging.

The a«mmetry of the pravity differences
~iween Auzust 1961 and April 1967 suggests
st the aguifer s not of uniform cflective
~orosity and that cither: g
b water is being drawn from areas west of

ylie main bore ficld in preference 1o the
cast; or

12) the aquifer has high effective porosity in

areas cast of the main bore ficld, ullowing
rapid replacement of water drawn {rom
those arcas.

Measurements made in o drill holes have
own that cast of the main bore ficld - the
wquifer pressures do not respond 1o pressure
sianges originating in the main bore ficld as do
ose Lo the west, indicating low cffective
sorosity 1o the cast. This would suggest that
water has been drawn from western areas at a
creater rate than it has been replaced. There

Juesnot appear to be any geologicalexplanation .

sor this. .

A comparison of a scction AB (Fig. 2b)
through the measured gravity diflerences for
e period 1961 1o 1967 with the theoretical
curves is given in Figure 4. The measured
snomaly profile is dificult to reconcile with
those of the various theorctical models, but a
coser fit is obtained if a double evlinder model
‘Fig. 5) is taken, in which half the mass loss
comes from an inner cylinder of radius 1.5 km
and hal! from an annulus of inner radius 1.5
im and oter radius 3 km. This suggests that in
any one dircction the net amount of waier lost
is an inverse function of the distance from the
cenré of the bore ficld. )

LB

The mean wemperature between 0.3 km
and 0.6 km beneath the geothermal field has |
been averaged for all drill holes at two-monthly .
intervals since 1933, and in the period 1955 to
1962 the wemperature in that zone has re-
mained  within the range 240° 10 230° C
(Grindley, 1963) i which water has a density
of about 0:8 gicm? (Forsythe, 1954). Taking
this value for density, the water lost (net) from
the geothermal system in the period August
1961 o April 1967 would have a volume of
about 4 X 10" cm? The volume of surface
subsidence hetween August 1961 and Apnl™ |
1967, obuined by integrating the clevation
diflerences shown 1 Figure 2a over the area, is.
about 1 % 107 em®, which is only about 3 per-\.
cent of the volume of water lost from the
ecothermal sysiem.

CONCLUSIONS

The gravity method can be used to monitor
the nct mass loss from a geothermal field under
exploitation and can also give an indication of
the area from which the water has been drawn.
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A single-phase simulation model was applied to the hot-water hydrothermatl field at Wairakei, New
Zealand. A two-dimensional areal analysis was made of the production aquifer under steady state and
© transient flow conditions, allowing vertical flow of heat and fluid through an overlying confining bed. ¢
Calculated temperature and pressure patterns correlate well with observed patterns until approximately ‘
1963, when increasing quantities of steam in the production aquifer invalidated the assumption of single-
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. phase flow. For further simulation of the Wairakei reservoir the numerical model will need to be extended S

to incorporate phase change and three-dimensional flow. Preliminary results, however, indicate that the
response of hot-water hydrothermal systems to exploitation can be simulated by using a mathematical

reservoir model based on a Galerkin-finite element approach. .

.
" . [N )

. e )
R N

INTRODUCTION _ .

Current interest in geothermal energy has ‘stimulated in-
creased research in the area of heat transport in porous media.
Many of these investigations are concerned with under-
standing the physics and chemistry of both vapor-dominated
and hot-water geothermal systems in order to aid exploration
and help predict exploitation effects. In this study we consider
only hot-water geothermal systems and presént a
mathematical analysis designed to compute the spatial
(horizontal cross section only) and temporal distribution of
pressure and temperature in saturated porous media.

The partial differential equations which describe the flow of
liquid and the transport of Heat in porous media are presented.
Assuming the problem to be two-dimensional, we then use
Galerkin’s criterion to generate approximate integral equa-
tions. These equations are solved temporally by using finite
difference techniques and spatially by using the method of
finite elements. . .

The applicability of this approach to solving field problems
is demonstrated by simulating over a 10-year period
(1953-1962) the response to development of a hot-water
hydrothermal (geothermal) system located at Wairakei, New
Zealand. The Wairakei field was the first hot-water hydrother-
mal system to be utilized for the'generation of electricity. Ex-
ploitation has caused decreased pressures and the formation of
large quantities of steam in the production aquifer. The field,
however, remained a hot-water system for approximately 10
years, and there are sufficient data available to formulate a
numerical model.

Previous Investigations : . R

Investigations of the simultaneous flow of fluid and heat'in

porous media may be classed into three groups: (1) those made
Copyright © 1975 by the American Geophysical Union.
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in hydrological research, (2) those made in research related to
the petroleum industry, and (3) those made in research as-
sociated with geothermal studies. Early work in the first group
was conducted by Philip and DeVries [1957] and DeVries

- {1958}, who developed the differential equations for heat and

moisture transfer in porous media and examined the condi-
tions of steady state heat conduction. More recently, Stallman
(1963] and Bredehoeft and Papadopulos [1965] examined heat
flow in porous media as a means of calculating rates of
groundwater movement, :

In the petroleum industry, most of the work concerned with
heat and fluid flow in porous media is associated with the
secondary recovery of oil by hot fluid injection and in situ
combustion. Although these processes were used in the field as
early as the 1930’s, theoretical studies were not made until the
1950's [e.g., Lauwerier, 1955, Marx and Langenheim, 1959}
Most of the early theoretical studies considered heat flow by
conduction only and ignored liquid flow. More recent studies
consider both conduction and convection. Typical equations
used in this work are given by Shutler {1970]) and Chappelear
and Volek [1968].

Most fluid flow research relating to geothermal studies in-
volves two-dimensional models of a vertical cross section. In
most cases the authors consider such problems as the source of
the hydrothermal liquid and its mechanism of transport. One
early modeling effort by Einarsson (1942] involved the use of a
pipe model to study the hot springs of West Iceland. This work
was extended and further developed by Bodvarsson [1948,
1949, 1950, 1954, 1961). Other authors who have used pipe
models include White (1957, 1961], Elder [1966], and
Donaldson [1968a, 1968b, 1970]. Another popular vertical
model consists of a saturated homogeneous porous medium
heated from below. Examples of this type of model are given
by Wooding [1957, 1958, 1959, 1960a, 1960b, 1962, 1963],

2608
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Donaldson [1962], Elder [1957, 1966], McNabb [1965), Aziz et
al. [1968], and Cady [1969].

Although the above models are useful in understanding
hydrothermal systems, in general they cannot be used to
predict the response of a hydrothermal field to the stresses of

exploitation. An early attempt to do this was made by Whiting °

and Ramey [1969], who used concepts generally applied in
reservoir engineering. to model the Wairakei hydrothermal
field as a lumped parameter system. Another lumped
parameter approach was made by Marshail (1966, 1970} using
a vertical flow model with allowance for latera! inflow. These
types of models are useful in examining the general trends of a
system; however, they do not account for the spatial
dependence of the solution. What is needed is a deterministic
model which treats the hydrothermal ﬁeld as a distributed
parameter system.

Such a model is presented in this paper dnd consists of a .

digital computer program which solves the liquid flow and

- heat transport equations, given appropriate boundary and ini-

tial conditions. The model is currently constrained by

; economic considerations to two dimensions in space and one

in time. The question arises as to which two spatial dimensions

" to consider. The vertical cross section would provide the more

interesting scientific problem, since this model would allow
free convection to be simulated. However, to consider the
practical problem of simulating the response of the hydrother-

mal system to development (including well location and:

withdrawal distribution), it is necessary that we consider an

"+ areal model similar to those used for simulation in

groundwater hydrology [e.g., Pmder and Bredehaeﬁ 1968;
Bredehoeft and Pinder, 1973]. Vo
1oy VAN "‘-lh- LTk

7" 't DESCRIPTION OF NUMERICAL MODEL " -. {,»_;_1
"'A detailed development of the governing equations is given
by Mercer et al. [1975). Only the major assumptions and final
equations are presented here.

('f(ﬁAu]‘hr ey i

Assumptions . sl i »x Y .a’q .

,,tt.}“‘!. [

3

Although there are many assumpuonshnvolved in+ lhrs
development, only the major ones are listed below: = '
1. Density is assumed to be related to temperature and

pressure by a first- order Taylor series. This assumption is only

_valid when there are small density variations about some ini-

tial density distribution p,. Since temperatures, and hence
densities, vary only slightly throughout the early period of ex-
ploitation at the Wairakei field, this assumption appears
reasonable. The problem is to determine accurate initial den-
sities based on initial temperatures and pressures. An examina-
tion of the variation of water density with temperature and
pressure [Meyer et al., 1968, p. 42].shows that density varies
with pressure (1.0 X 10° to 50.0.X 10® N/m*® at various
temperatures) only about 3.0%, whereas density varies with
temperature (0.0° to 250.0°C at various.pressures) approx-
imately 20.0%. Because of the larger temperature dependence;
we decided to use the following empirical formula developed
by I. G. Donaldson (written communication, 1972) which
relates initial density to temperature alone: N

= 1 00606 X lO’ -2 46020 X 107'Ty, "

-2 3l633 X 'io- “To (l)

where T, is the initial temperature in degrees Celsrus and po has

the dimensions kg/m®. This equation is valid for liquid satura-
tion temperatures between 100° and 280°C. _

2. Although viscosity is both temperature--and pressure-

ooy

dependent, it varies with temperature to a much greater extent
than it does with pressure [Meyer et al., 1968, p. 73]. We
therefore assume that viscosity is related to temperature by the’
empirical equation (A. McNabb, written communication,
1967)

1

[ =338X 10° + 3.8 X 10°4 = 2.6 X 10°4° . (2) -

where 4 = (T — 150)/l00 " is in degrees Celsius, and g |s in
kg/m s. This equation is valid in the liquid saturation
temperature range of 0°-300°C.

3. Heat transport is assumed to occur in both the liquid
phase and the solid matrix. Further, it is assumed that thermal
equilibrium between the liquid and solid matrix is achieved in-
stantaneously.

4 Conductive heat flow in the solid phase is given by

¢ == t OKy T/ 0x,y, - )

L e, e

where K, is the thermal diffusion tensor of the solid phase -

and ¢ is the porosity.

5. Heat transfer in the liquid phase is somewhat-more

complicated, since in addition to molecular diffusion; heat
transfer by mechanical dispersion may be important. The heat
flux associated with these mechanisms is given by

P ‘,'. , "‘h[ =-‘_¢KU 6T/3x,

LR AN P T (I

e
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where ,"!_‘:;'. o _". . L . IR v
ey o Ky = Ky + K, - w9

K,, is the hydrodynamlc thermal’ drspersron lensor, K™ is the
mechanica} thermal dispersion tensor, K is the molecular ther-
mal diffusion coefficient, and ¢, is the porous medium’ ‘tor-
tuosity’ tensor.

The hydrodynamic thermal dispersion tensor is ‘analogous
to the hydrodynamic dispersion tensor used in mass transport
work and i$ subject to a similar analysis. Following a develop-

ment analogous to that used by Reddell and Sunada (1970, p

10] for-the hydrodynamic dispersion tensor, we obtain the nine
components of the hydrodynamic thermal dispersion tensor.
The main diagonal terms have the form

U,Ux tvl

K., =K +K|_"+Kl +K¢

' i
where K, dnd K, are the longitudinal and transverse mechanrcal

thermal dispersion coefficients and ¢ is the tortuosity factor. -

The off-diagonal terms are of the form

" K§v= vz—(Kl_K)
s, r) ' ae

6. Heat capacity ¢, vertrcal compressrbrhty a llqu1d com-

L.b ,,\ . st

pressibility 8, liquid thermal volume expansion A, and the solid,

density p, are treated as constants, Although the above
parameters are functions of temperature and pressure, their
variation is relatively small. Consequently, treating these as
constants does not significantly reduce the accuracy of the
model. ' ) .

7. Itis assumed that flow within a confined aquifer can be
considered essentially horizontal, so that only the two horizon-
tal dimensions need be considered. .

8. . Finally, we assume a chemically inert single-phase (hot-
water) system,

e o o

Equations

On the basis of these assumptiens, the Iirquid flow equation

and heat transport equation can be.written

el (@

)
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where the equation parameters have been vertically averaged
between the top of the aquifer z, and the bottom z, and where
b = b(x;) is the saturated thickness of the aquifer. The vertical
bars indicate terms which are evaluated at either the top or the
base of the aquifer. In obtaining. these terms it was assumed

' u‘.‘ T

that the mass and heat flow entering the top and bottom of the*

aquifer are vertical and colinear with the z axis. These terms
depend on observed field conditions and will be evaluated
later. The sink term r in (8) represents a discharging weli or
wells and is defined by , o N

pg = —p 3 (xai G — X =y (10)

k=l

rb =

where ¢ is the discharge from the aquifer, § is the Dirac delta

function, and n is the number of sinks. The source terms @ and

" @, in the heat transport equation also represent point sources

and are assumed to be zero. Ty

The system of (8) ‘and (9) cannot in general be solved
analytically, and a numerical approach is. required. The
numerical scheme chosen for the spatial solution is a combina-

tion of the finite element concepl and the Galerkin method of

weighted residuals. Finite difference techniques are used to ap-
proximate the time derivatives. Details of this approach are
given by Mercer et al. [1975]. General references on the ap-
plication of the Galerkin-finite element method to field equa-
tions include Zrenkrewrcz and Parekh [1970] and Pinder and
Frmd “972] AR ERARS 3

" WAIRAKEI HYDROTHERMAL SYSTEM i e -
r- )

Location and History of Development : N

The Wairakei field is located 8 km north of Lake Taupo and
is situated on the west bank of the Waikato River (see Figure
. 1). At this location the river acts as a groundwater discharge

area. The Wairakei region, generally considered to occupy a:

surface area of approximately 15 km? [Grindley, 1965, p..85),
extends westward from the river approximately 5 km over
relatively flat valleys floored with Taupo pumice alluvium. It is
bordered on the west by hills of Wairakei breccia that rise
90-150 m above the valleys and serve as a groundwater
recharge area.

Centered in an active volcanic belt, Wairakei is one of many
geothermal regions located between the Tongariro and White
Island volcanoes. This volcanic belt appears to be a surface
manifestation of a landward extension of the Pacific trench
system found north of New Zealand. This hypothesis is sup-

" ported by gravity, magnetic, and seismic studies which indicate
that this volcanic belt is a structural depression approximately
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5 km deep filled with broken block structure and penetrated by
rhyolitic complexés [Modriniak and Studt, 1959).

Power generation began at Wairakei in 1958, and by 1968
the power stations at Wairakei were providing 192 MW, or ap-
proximately 18% of the total electrical requirements of New
Zealand’s North Island. Wairakei is considered to have been a
hot-water system prior to exploitation (White et al., 1971, p
76] and to have remained so until approximately 1963. Utiliz-
ing steam (which flashes in the wells) to drive turbines,

- Wairakei became the first hot-water system to be developed

for the purpose of generating electricity. The original hot-
water nature of the field and the documentation of its response
to development make Wairakei a logical choice for
demonstrating the application of the simulation model. Once
tested, this model can be used in research and development of
other hot-water hydrothermal fields, such as those found in
Iceland, Mexico, Japan, USSR EI Salvador. the Phrlrppmes
and the Umted States .

Geohydrology "}L'- !
The Wairakei hydrothermal field is underlain by a nearly
hérizontal; Quaternary acidic volcanic rock sequence con-
sisting of the [ollowing formations (in "ascending order)
[Grindley, 1965, p. 11): Holocene pumice cover, Wairakei brec-
cia, Huka Falls formation, Haparangi rhyolite, Waiora for-
mation, Waiora Valley andesite, Wairakei ignimbrites, and the
Ohakuri group. There are at least two aquifers in the above se-
quence, the Wairakei breccia and the Waiora formation.

Although a deeper third aquifer may also exist in the Ohakuri.

group, it has been found in only one well, and its lateral extent
is unknown. '’

The bulk of steam and hot water discharged by Wairakei
wells comes from the Waiora aquifer. This unit consists of
pumice breccias and vitric tuffs, ranging in thickness from
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about 600 m in the western part of the production zone to
more than 800 m in the eastern part. The permeability of the
Waiora aquifer varies spatially depending on the amount of
brecciation and is highest at fault zones and near a lower-un-
conformable contact. Although productive wells at Wairakei
are nearly always located in zones of locally high permeability

associated with major faults, the reservoir as a whole responds

as a porous medium defined in a continuum sense and is
treated as such in this model. This assumption ledds to a value
of permeability which probably lies between that of the in-
tergranular matrix and. the fracture permeability. While in
general the Waiora aquifer is assigned dn average permeability
of 1.0 X 10-** m®, a value of 1.0 X 107 m? was assigned to the
eastern part of the production area because of fewer fault
zones and generally lower calculated permeabilities. Other
properties of the Waiora aquifer are given in Table i, and as-
sociated fluid properties are given in Table 2. '

The Waiora aquifer is overlain by lacustrine shales of the
Huka Falls formation which range in thickness from 30 to 300
m and act as confining beds. In some locations the shales are
interbedded with breccia. These confining beds are also treated
as a porous medium defined in a continuum sense. Properties
of the Huka Falls formation pertinent to this analysis are
shown in Table |,

The Wairakei ignimbrite, a welded rock of low primary
permeability, underlies the Waiora aquifer. The base of the
Waiora aquifer is not well defined because of secondary
permeablllly afforded by fracture zones and the |rreguldr sur-

'
foe s ! L TR

- TABLE 2,

TABLE 1; Propertiés of the Waiora Aquifer and Huka Falls- Aquitard
Property * Value ' Coh . Reference *
Aquifer permeability ' Ky = Ky = 1.0 x 10-13 p? Elder [1966, p.:12] '
(horizontal) . v :
Aquifer porosity C : ¢ = 0.20 ) McNabb (written,communication, 1967)
Vertical compress- Teae a = 2.90 x 10-10 n2/N Jacob [1950, p.!334]*
ibility of aquifer' : s _ )
Heat capacity of T T e,g = 0.22 kcal/kg ° ! Qonaldson (oral commuriication, 1972)
solid phase ' X . .t ' Sy
Density of solid ! ' Py = 2187 kg/m3 . Banwell [1955, p. 46])* - '
hase. ¢
Thgrmal diffusion ’ Co Kg =5.2 x 10-" kcal/m s °C Co McNabb (written communication, 1967)
coefficient of e ' : '
solid phase i . £ .
Confining bed perme- - . , .« .| R = 1.0 x .10'.,‘.", mZ s RO R TR Wooding [1963 P 530]' ,
. ability (vertical) ) N o vhe '
" Confining bed porosity ¢ FI 7' " 4' = 0,25 ' A N * McNabb (written communicatxon, 1967)
Confining bed specific | . .+ 4§52 1.0 x 10-3/m e, P Ty Dome_ng.co and -Mifflin (1965,:p. 566]*
storage, . : ) . i, ,
' H . . R e ot [RI it [ [ oy ! u; N : V'i‘. ’
Estimated from given reference. . A s ’ ' ! P
T L e S IO I R oL e i ' g et e

face of the unconformity between the ignimbrites and the
aquifer. The problem of determining the base of the aquifer is
further complicated in the south and southwest, where rhyolite
overlies the ignimbrite and progressively cuts out the Waiora
aquifer from below. The rhyolite also displays secondary
permeability in its upper layers [Studt, 1958, p. 708).

" The stratified volcanic sequence at Wairdkei is complexly
faulted and draped over a basement horst. Most of the major
fault zones are well-defined through drilling and strike in a
southwest-northeast direction [Bolton, 1970). It is generally
thought that such fault zones in the underlying ignimbrites are
the source of the hot water in the Waiora aquifer.

Heal and Mass Flows and Teniperatures at Wairakei

The natural “heat ﬂow at” Wairakei has been measured
several times beginning in 1951. Fisher [1964] gives a summary
of results obtained by various authors over the period from
1951-1959, and his tabulations are shown in Table 3. As may
be seen, the values range from 82,000 kcal/s [Ellis and Wilson,
1955] obtained by using chemical methods to 163,000 kcal/s
[Thompson et al., 1961] measured by using physical methods.
Elder (1966, p. 68, 1965, p. 224] interpreting data from Elfis
and Wilson [1955] and Thompson et al. [1961}] estimates that -
the preexploitation heat flow-at Wairakei was 252,000 kcal/s.

One common coriclusion of all the heat flow surveys is that
the majority of the natural heat flow is due to convection and
is thus associdted with a natural mass discharge. Although the
total mass discharge was not measured, it can be estimated

oy N - -
. k- o f rot e + i .- Lt

Properties of the Liquid - L.

‘Property

Value Reference

<y Yo

Compressibility coefficient of the '

B =4,78 x 10710 m2/N;

Jacob [1950, p. 334]% -

liquid phase e e P :
‘Coefficient of thermal volume expan- ‘1 2 [V = 5.0 x 10°%/°C . - i ¥ o N Harlow and Pracht [1972, p..7044)
sion for the liquid phase- AR R ) : N
" Heat capacity of the liquid phase ey = 1.0 kcal/kg ° + Weber et al. [1959, p. 206] ,
Thermal diffusion coefficient (thermal ' -  kd = 1.553 x 10-* kcal/s m °C Elder [1966, p. 26] .. ' -

conductivity of the liquid phase) "

*Estimated from given reference. - .. . V4

R PR | NTRE N PR S
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clude terms which account for vertical mass and heat flows at  Falls formation, and p is the pressure in the Wairoa formation. b
the top and base of the aquifer (these are sometimes referred to It is assumed that transient low in the Huka Falls formation is

as leakage terms). These terms need to be evaluated in order to  due to a stepwise change in pressure in the Waiora aquifer and . '_
model the Wairakei system. : for the transient case ¢’ may be approxnmated by [Bredehoefl '
The conceptual model of Wairakei consists of a layered . and Pinder, 1970] s B . o
system as shown in the idealized geologic cross section in ‘K’ A o
Figure 4. Mass and heat are allowed to flow vertically through ¢’ -= (p, — p) TS ,“ ‘ - C e
the confining beds (i.e., the Huka Falls formation). The direc- ' pgb ‘™ K'f/267S,) ' oo .
tion of flow'is determined by the potential and thermal at T
gradients across the confining beds and may vary spatially and B 1+ 2 n}; exp [ (K't'/2b'2S )]} , '

temporally. To determine the direction and magnitude of thesé
" flows, the pressure and temperature distributions at the top of
the Huka Falls formation are required. To obtain the pressure
distribution, the Wairakei breccia and the Holocene pumice : .
are treated as a single aquifer ranging in thickness from 520 m  where K’ = k'pg/u is the hydraulic conductivity and S, = pg(a
in the west to [60 m in the east, where they are cut by the + ¢'A) is the specific storage of the Huka Falls formation and
Waikato River. It'is assumed that recharge (rainfall) is suffi- S T T
cient in this upper aquifer to maintain a water table near land
surface. Head values in this upper aquifer can be estimated by
using a topographic map of the Wairakei region, and pressures
at the top of the Huka Falls formation can be calculated. The
temperature distribution far the top of the Huka Falis forma-
tion was obtained from data of Grindley [1965 Table 1, p. 109]
and is presented in Figure .
Using these assumptions, we can evaluate the vertical flow
terms in (8) and (9) for the top of the aqunfer For the flow
equation, ' ! .

4
P

A . ‘

! CEETEN k.. {9

oL (—p + pg)
' 1]

t

: + ( -Pn)+K" R ay

1 7.

-

EAST.
WAIKATO RIVER

L, d

T=p "D

12

where ¢’ represents vertical liquid flow through the Huka Falls
formation. For the steady state case, ¢' becomes

L g = (K/ubYp = p + pgh') (12)

where k' is the permeability and b’ is the thickness of the Huka »
Falls formation, p' is the pressure distribution above the Huka  Fig. 4.

Idealized geologic cross section of Wairakei, New Ze.aland.";, A
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Pois the initial pressure in the Waiora aquifer. As was in-
dicated in Table 1, the Huka Falls formation is considered to
have an average vertical permeability’of 1.0 X 10~ m* except
under the Waikato River, where it is estimated to be 5.0 X
10-** m2. Although this increase in permeability under the
Waikato River was required to obtain a satisfactory pressure
solution, the increase may be justified physically, since in the
Wairakei area the Waikato River trends in the same direction
as the regional faults and may be fracture-controlled.

For the heat transport equation (9) there are two vcrtncal

flow terms which must be evaluated at the top of the aquxfer,»

one for conduction and one for convection. These terms are

] EIR IR

]

[¢'Kll + (l— ¢)Ku.] -a_]: ‘ ' . "‘i’« + l." )
= [¢'K.. + (1 —¢)K..1 > .T.. C(14)

el T = Ty = pg'c T=T')’ (15)

where K’ and K,’ are the vertical components of the liquid

thermal dispersion and solid thermal diffusion coefficient for-
the Huka Falls formation, T is the temperature distribution
above the Huka Falls formation, and T is the temperature dis-

tribution in the. Waiora aquifer. As can be seen, convective .

. heat flow depends on g¢' as defined earlier. For conductive heat
flow a Fourier-type equation is used for both steady state and

transient conditions. An approach similar to that used for .

pressure could have been used for calculating temperatures un-
der transient conditions, but for the Wairakei system,
temperature changes are small, anu lhe - simpler approximation
is considered adequate.

Vertical flow at the base of the aquifer (through the
Wairakei ignimbrites) is not well understood. As was stated
earlier, it is assumed that the Wairakei ignimbrites are
impermeable relative to the Waiora formation. Consequently,
liquid flow and convective heat flow are assumed not to cccur

at the base of the aquifer. Since only the heat flow at the sur- -+~

Fig. $. Temperature dlstrlbuklon in degrees Cels;us above the Huka Falls formation; contour mterval is 25°C :

»

TR o

face of the Wairakei area is known, a spatially distributed
(conductive) heat function is used in the steady state model to
reproduce the observed temperature distribution. Applying a
trial and error approach, we adjust the distributed heat func-

tion until the calculated temperature distribution matches the -

observed temperature distribution and the calculated heat flow
leaving the top of the model reproduces that measured at the
Wairakei field. The vertical low terms in (8) and (9) for the
bottom of the Waiora aquifer are ~ * *

ok (op ) _
(62+p.g ~-.—"0

N SRR
oT| =,
32 ’ = —-Q (17)

(16)

WKL (1 - KIS,

0 yew(T = T |, = (18)

where Q' is an areally distributed (conductive) heat source.
Y !

T

i Initial, Conditions ** "

The Wairakei hydrothermal system is considered to have
been at steady state prior to exploitation. The first step in
modeling the Wairakei system is therefore the reproduction of
the observed virgin or steady state conditions. These results
will be used as the initial conditions for the transient model of
exploitation. Inasmuch as wells drilled in the early 1950's had
little discharge, temperature and pressure measurements made

. in these original wells are considered representative of steady

+ state conditions. Figure 6, taken from Studt [1958, p. 712),is a
1955 potentiometric surface of the main production area. The
early wells were shallow, and an upper datum of 1524 m
above sea level was chosen, since more data are available for
this level. Nevertheless, the observed potentiometric surface is
limited in extent, and few data are left on which to calibrate a
simulation model. : '

Studt’s head values were calculated from welthead pressures

~
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Fig. 6. Wairakei measured steady siate potentiometric surface,
1955 [dflcr Studt, 1958). Dalum |s 152.4 m above sea level contour in-
“terval is 20 m. .

\“‘

" " isoparametric element is demonstrated in the definition of the ..
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be used because the problem is treated as two-dimensional in
‘the areal plane. These average temperatures are based on data
collected from wells which penetrate the top and bottom of the

"+ Waiora aquifer [Grindley, 1965, pp. 123, 109).

The finite element configuration selected for modeling the -
Wairakei system is illustrated in ‘Figure 3 and consists of 41
elements and 109 nodes. The flexibility of the irregular

Waikato River, where increased vertical flow is permitted
through the stream bed. The advantage of using mixed ele-

. ments is apparent through an examination of elements in the

main production area as contrasted with those located away
from the main field. It is important to have higher-order ele-
ments and their associated higher-order basis functions in and
around the main production area in order to approximate bet-

, - ter the more pronounced changes which_will occur there dur-
-, ing exploitation. On the other hand, since very little change is

ranticipated farther from the main production area, linear ele-

.. ments should be adequate.

and downhole temperature measurements made at 30.48-m in-
tervals. By assuming that each density value calculated from
the recorded temperatures could be considered constant over
an interval of I'5.24 m above and below where the temperature
was measured, he was able to estimate pressures from which he
calculated equivalent or ‘cold water’ head values.

The observed steady state temperature distribution is shown
in Figure 7. This surface is more-extensive than the observed
steady state potentiometric surface because it is based not only
on measurements made in the early 1950’s but also on recent
temperature measurements. These recent values were utilized
in preparing Figure 7 because temperatures have changed only
slightly since exploitation began and the recent measurements
still represent near steady state conditions. It should be
pointed out that although temperatures vary with depth in the -
Waiora aquifer, ‘vertically averaged temperature values.must

The steady state model consists of solving the equations of
flow and heat transport, omitting the time-dependent terms. A
solution is obtained by iterating between the temperature and
pressure equations and using updated densities and viscosities.
Although temperature and pressure are obtained (or each
node, corresponding head values can also be calculated, since
the average densities are constant in the vertical direction. The
‘simulated potentiometric surface with datum 152.4 m above
sea level is shown in Figure 8, where the insert is the main
production area and is shown in Figure 9. To facilitate com-
paring the observed and calculated surfaces, Figure 9 has the
same border as the observed potentiometric surface in Figure
6. The calculated temperature distribution is shown in Figure
10 and is based on a dispersivity coefficient of 10 m in both the
X and the Y direction.:

,» Comparison of the.calculated potentiometric surface in

e

1000 1000 METERS

Fig. 7

S I

Measured Wairakei steady state (verucally averaged) temperature dlsmbuuon in degrces Celsms contour m&erval
1)
e : is 25°C.
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Figure 9 with the measured surface in Figure 6 reveals that
both surfaces show a flow pattern which is basically from west
to east. The observed potentiometric surface shows a distinct
‘ridge’ and ‘valley' which is less pronounced in the calculated
surface. This could possibly be the effect of 3 years of dis-
charge from the field or the result of treating the Wairakei field
~ as a porous medium and negiecting fault zones. The existence
“of a fault or an implied fault in the axes of both the valley and
the ridge supports this latter hypothesis. Whatever the case,
the surfaces still compare well, and the general trends are the
same. v )

The computed temperature distribution in Figure 10 com-
pares favorably with the observed temperature distribution in
Figure 7. The most difficult task in obtaining a satisfactory
temperature solution was adjusting the unknown heat source

"at the base of the aquifer. Another difficulty involved
the selection of the element configuration. As was indicated
earlier, the element configuration used in’ this problem was

. designed for the pressure solution, and consequently high
nodal density and higher-order elements do not necessarily
coincide with regions having large temperature gradients.

_ To test the accuracy of the model, mass and heat balances,
were made on the steady state results, and the ‘mass out’ com-

-pared to the *mass in' of the model had a 0.023% error, while
the heat difference had a 0.003% error. Since the boundaries of
the model are impermeable, the balances weré made on the
vertical low of fluid and heat entering and leaving the aquifer.

The heat flow calculated in the model was 214,700 kcal/s by

convection and 18,380 kcal/s by conduction. As can be seen,
convective heat flow is approximately an order of magnitude
larger than conductive flow, which is consistent with what is
observed at Wairakei [Fisher, 1964, p. 173]: The total
calculated heat flow is 233,000 .kcal/s -(using a reference
temperature of 0°C), which is higher than most of the
observed values discussed earlier. Examination of Figures 2
and 3 suggests that the larger calculated value may be due to
the larger area considered in the model. Further, using a con-

Wairakei calculated steady state polenuomelnc surface Datum is 1524 m above sea level; contour mlerval
S o o is 20 m.,

stant heat capacity of 1.0 kcal/kg °C (Table 2) may have caused
the calculated value to be high. The mass discharge calculated
in the model amounted to 1,133 kg/s, which is higher than the
estimated values. The estimated values, however, are generally
based.on a single mean enthalpy and consequently a single
mean lemperature, whereas the model considers the wide
range of temperatures shown in Figure 10. If the assumed
mean enthalpy is high, then the observed mass flux will be un-
derestimated, Using an average enthalpy instead of an areally
distributed one could account in part for the difference in mass
flows. The larger area used in the model may also have con-
tributed to the.larger calculated mass flux.

" A sensitivity analysis was performed on selected parameters
-in the stcady state model. One of the parameters varied was the
permeability of the Huka Falls confining bed. Reducing only
the permeability of the confining bed produced a decrease in

1000 METERS

Fig. 9. Wairakei calculated steady state potentiometric surface of
the producuon area. Datum is 152.4 m abovc sea lcvcl contour inter-
val is 20 ms FER
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mass discharge through-the confining: bed and an jncrease in

_ the temperatures in the agquifer, wﬁ_i]g'i,ncrggéinggpq;mt}ab’ihty
" of the confining bed produced ithesopposite effect, It -appears

that for’ this particular applicition the confining bed.

permeability has a considerable.effect on-the temperatire: dis-
tiibution. ' ‘ .

The dispersivity coefficient-was also varied in an attemipt to ~

examine the sensitivity -of the temperature sclution to this
parameter, When this coefficient was increased from 10 to (00
m, the temperature changes were ifisignificant. ' When the dis-
persivity cogfficient” was increased o’ t000. m, témperature
chariges were usually less than. I0°C. Thus- it appears that in
contrast to point source problems whiere the dispersivity coefl-
tient plays an:important role, for this areal simulation the'dis-
persivity influences the temperature distribution only slightly.

TR | -

- Transient Simulation

" - By using the steady-staté temperature and préssire-solutions -

as’ initial conditions, well dischargé rdtes were incorporated
into the model and the. transient -effects of exploitation
simulated. Discharge rates were -averaged for each well over
- 30-duy intervals, Since the locations of the nodes in the model
“do not correspa ndr'l;x'a_cfl y with the locations of the wells in ‘}f}.!.c

emperature digtl"jbulion_‘in degrees ‘Celgius; ‘contour interial is 25°C
K - LT PR a7 » LR T T e )

. b

ﬁeid, the lemparally-averaged dischafge rates were distributed
1o adjacent nodes using linear ingerp,oltalion‘ For example,:a
well located in an element with {0 nodes would have its dis-

charge distributed to those 10 hodes, the nearest node having, .

the largest fraction of the-discharge. The discharge for the en-
tiré field may be.obtained by summing the discharge. for each
well and is presented.in Figure 11. A§'may e seen, littlg dis-
charge took- place before power genération bégan in 1958 By
estimating.the enthalpy of the mass-discharged, the approx-

imate heat-output may be caleulated:and is.also presented in

Figure. 11. - . .

Since the simulation i§ over an ‘exténded- period of time, a°

time step of 1 tionth was'utilized. The [-month time step in
conjunction witli a backward differénce scheme was [dund to
provide.a satisfactory solution. :

Measured potentibmetric surfaces of thesmain production
tively. The 1958 surface [after Siudt, 1958,.p. 709) was con-
. structed-in the same. fashion as Figure 6. The. 1962 surface was
» contoured by using data from Griadley [1965; p. 124, Table
" 20). Grindley gives downhole pressure values ai sea, level

datum for several wells: These pressure values-were converted

to lead values at a datum.of 152.4.m above sea level by using.
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' Fig. 11:  Mass and.heat"discharged through Wairakei wells, 1953-1962; 200 series wélls excluded [after Grindley, 1965]: §

area are:shown in Figures 12 and 13-for 1958.and 1962, respec-
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Fig. 12. W.nr.ikc; measured potcnlmmelrlc surface; 1958 [al'ter
Studt, I9SS] D.:lum IS 1524.m. ahove sea” leveli-conlour interyal i
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dcn’sity’ values computed from the average tem perafure dalain

Figure 7. As is indicated by the dashéd lines, there is a can-
siderable amount of uncertainty in the 1962 potentiometric
surface. As.explaitdlion C{)ntmues,v pressures decrease suﬂi-

-ciently to cause the formation.of ‘steam in ihe aqwfer Thtq
" leads to inaccurate calculation of densities, and witer levéls i in

the wells can no longer be-accurately measured. Thus. potén-
tiometric surfaces for periods affer 1958 ire -difficill 1o
calculale‘ and: no conmured surfaces could be found in the
publ:shed literature. Sincé the observed' tempcraturc distribu-
tions for 1958 and 1962 are: approxlmately the sdme as the ane

The compuled potentiometric surfaces of the main produc-
tion ar¢a for August 1958 and December 1962-are presented in

RS

Figures 14 .and 15, rcspectwely Computed temperatures-

" showed u slight decrease throughout- the field, a maximum

decrease of approxlmatc]y 4°C in December 1962 coinciding

with the¢ mdximum drawdown. Singe the change in the.

caleulated temperature distribution is.very small, once agam
PR . s

The majorchanges in the potentiometri¢.sutface acéur in Lhe
wcnmly of the main producuon area and consist of a general

dc:.lme in head due- {0 the w:thdrawal of water and heal A
e ' U e w1 (T *‘h‘#,"-(\, -

Fig. 13, Wairakei' measured potenuometnc surf.ice, 1962 [data
ltom Grmdi’ey. 1965] D.num is 1524m above sea ]eve] comour inler-

.‘ 1-..(m T ]

Fig. 14. - Wairakei'calculated 1958 potentjometric surface of the -
produclion-area, Datum'is 152. 4m above sea levcl conlour mlerval is
. Ju w‘d”.. ’}..1,‘ m']l

S P

o ,v|,, Vo, “"‘

-comparison’of computed and observed surfaces for 1his ared

can be made for 1958 by using Flgures 12°and 14 and for 1962
by using Figures 13,and 15, “The.maximium drawdown has in-
creased lrom approximately.40 m in 1958 to approximately 80

‘m'by 1962, 1n general, flow is still from west to gast with ex-

ploitation effects causing @ local flow toward the production
area, Possible’'causes for difterences between the observed and
computed surl’accs include:the way'in which the discharge data:
wis distributed to the:nodes, sleam I"ormmg in ‘the. aquifer.
causing errors in either the madél. {(which is:single phase) or the
observed data, error in the original steady siate’ conditions, ers
ror.in nof gwmg, fault"zénes special attention, and error in
treating u lhrec-dnmensnonal problem as two-dimensional,
‘“The; single-phase -model was rot adeguate to reproduce
historical ‘data alter 1962 because of the.considerable quantity
of steam that, had formcd in the Waiora formation [Grindley,
1965; Balton, 1970, 1973]. Results of simulations'frém 1953 to
1562, however, indicate-that hot-wates hydsothermal systems
can be madéled and evaluated. In the: «case of the Wairakei
model the mass and heat outputs due to explonauon weie
knowi. This infofniation was used to- cahbratc ihe. simulation
maodel by comparing observed and computcd temperature.and
pctenuometnc surfaces To apply this basnc mcdel to- forecast

oot - -

Fig. 13. Walmke1 caléulatéd 1962 potentiometric surface. of the
groducuon -area..Dalum js 152 4 m above sed Ievel cofitour jriterval is
Ome yg

I
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the performance of other hot-water systems, mass outputs will
need to be assumed, perhaps using economic considerations.
Such a model will indicate, within the accuracy of the descrip-
tion of the geothermal system, the amount and rate at which
mass may be withdrawn and if the enthalpy of the mass is

known, will permit the heat output to be estimated. .
’ ' (S W
) K

' . 1
CONCLUSIONS v Lo

A two-dimensional (areal) model has been developed in .

which the groundwater flow equation. and the heat transport
equation are solved by using finite difference approximations
for the time derivatives and Galerkin-finite element approx-
imations for the space derivatives. The approach is flexible and
efficient, and once developed, the basic program can be reused,.
possibly with some modification, for a variety of groundwater
problems involving heat transport.

The study of the Wairakei hydrothermal system described in
this paper illustrates the potential of this approach for
simulating both the predevelopment conditions (assumed

“steady state) of a hot-water geothermal system and its response .

over a development period (assuming that steam within the
aquifer plays-a relatively minor role in the field behavior). It
has been shown that the initial patterns of, and changes in,
temperature and pressure in such a system can be reproduced
using basic field and well information. Thus the amount of
heat energy available in a field and the rate at which it can be
removed can be estimated using numerical modeling tech-
niques. Since most hydrothermal systems are hot-water
dominated [ White, 1970], such a predictive tool could be very
helpful in the economic evaluation and management of such
systems. '

The limitations of the present model preclude a full assess-
ment of the Wairakei field, since it can'no longer be considered
a hot-water system after 1962. A more complete investigation
of geothermal systems using a three-dimensional numerical
model incorporating the behavior of steam-water interactions
is now, underway..» . e by e e e
T Y Notamon BT ”',"."',J

_ b, saturated thickness of the aquifer, L. et
" &', saturated thickness of the confining bed, L.
:,,c.,’ heat capacity .at. constant volume per umt mass,

L’ S3T-1 , L PO
: 2 gravnauonal constant, Lr-2. R
‘. hy,  heat flux assoc:ated with dlﬂusmn and/or disper-

T sion, Mt .
‘ ,K,,, hydrodynamic thcrmal dlspersmn tensor (K., ver-

© w.tical component), ML{=°T-".

i

ta. i

K" ,} mechanical thermal dispersion tensor, ML1=T-1., |

K¢, - molecular thermal diffusion coefficient, ML¢~*T-1,

.. K. thermal diffusion tensor of the solid phase (K,,, .
! .svertical component), MLt-*T-", 1 :

K,,iK,, “transverse and longitudinal mechanical thermal
, dispersion coefficients, MLi~°T-?, :
K', hydraulic conductivity of the conﬁning'bed L.
ky, local intrinsic permeability tensor (k;,, vertical
. . component), L. s
{k', permeability of the confining bed, L2 % " !
. p, - pressure, ML-t-?, '
«p'," pressure dlslnbuuon above the. confining bed
: ML-"t-2, o . L

. @, heat source term per unit mass, L%~

i @', .areally distributed heat source, Mt~ - o

g, strength of a point mass source funcuon Lt '

q', vertical mass flow term, Lt-*.
" r, time rate of supply of mass per unit volume,
ML,

. 'Sy specific storage of confining bed, L '
+ T, temperature, T.
. T', temperature distribution at the top (or bottom) of
' "=, the aquifer (in practice the temperature distribu-
i " tion above the conﬁnmg bed is uscd) T. '
H {, time,t

“ ¢, length of pumping period, 1.
Yy, velocity (v,, vertical component), Lt~
I« vertical compressibility, Li*M~!,
; B, compressibility coetﬁcnent “of the liquid phase,
t

+
v

LM~

v, mass density on a bulk volume basis where ¥ = p¢,
ML"3

)\.I ‘coefficient of thermal volume expansnon for the I|q-
uid phase, T-1. ' o000

u, viscosity, ML~}
p, average densily. ML-%,
. .. @, porosity, dimensionless.
\l/u» porous medium tortuosity tensor, dimensionless. .
¥, lortuosity factor, dimensionless. . . AR
( ), refers to the solid phase.
( ). refers to the z direction (vertical).
(), . indicates properties associated with confining beds.
(. )o. refers to a reference or initial quanlily'.
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INTRODUCTION .. extent that

. the Ministt

Kawerau Borough lies it an elevation of about 30 metres (m) ‘on the " demands
flat land bordermg the Tarawera River, approx:mate]y 19 kildmetres (Lm] these three-
south of the Bay of Plenty and 29 km south-west of Whakatane (Fig. 1). * bided (Talh
Four km south:east of Kawerau. is Mount Ldgecumbe a yauthful {less thap b ;
10,000 years) volcamc cone that rises tg an elevation '6f 822 m. - o 1‘9,;?8; :lf:i
In the aearly 19505, “Pasman Pulp and Paper CmnpanyA started planmng ‘_ - Jined at de.
"thé construction of an integrated mill to produce; anually some 75,000 | + developme
tons of néwsprint, 90,000 tons-of Kraft paper, and 23 ‘milljon board feet & aréas and
of sawn timber. The existence. of thermal activity throughout the Kawerau ' Accn}d{‘11g|
“red suggested that the mill m:ght be located so s to make use of matural 196970 .

"stéam in the 'prodaction- of paper. Accardmg[y, geophysncal and éeologica
stadies (Studt 1952, 1958; Beck.1952; Healy 1951, 1962} were made in
the vicinity of the major hot:spring area. of the region, Onepu’ Springs,
‘approximiately .2:5. ki ndrth of Kawerau. The -results of -these studies'were 37
sufficiently: encouraging -for the Ministry of Woiks fo éirry out an investi- -5 -
sgational drilling, programme-in order to évaluate:the praductivity of the field, -

Befween August 1952 add Névembér 1955 the Ministry of Works drilled .
three holes: to depth of about 3 km. Testing of these hdles demonstraied

field at d
results of
of the geu

Sniface G

The K
that production of stéam cold be obtained from intermediate depfhs 1 comp]ex ,
(Table 1). Production. dfillifig ‘was theh coménced by a private Contractor * §~ Xsland Tr
in April 1956 and by Eebruary 1957 an additional 7 halés had been drilled. - ‘“’, (Healy ¢
'to ‘depths of about 600 fn. By the end of 1960 output had dwindied to the: £ ~qiaaies
greywach
surface !
west-of I
Whice 1 * In the
) associabe
racks.ar
pumice |
- cumbg,
. Healy (
Fia. 1—Location of Kawe-. "
Tiu Gredihefinal Field I
: in Bay of Pleé'!ly area,
Fai North  Islan Ncw
9 Waiotapu Zealand.
Date
9% Broadlands i
0020 40 : L s
Kilometres 1957
0 20 40 L
HH 17— 0
Miles
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extent that holes 74, 8, 12, and 14 had t¢ be deepened torabout 900 m. by
the Ministey of Works. The resultum; inqreased oulput was-sufficient (o meet
demands until 1967, when borei 3, 1(, and 17 wete drilled. The ontput of -

these, three: holes was approximately quivilent to the rest of the field com-
bined (Table 1).

"The. techmques available in the early Seophysical studies (Studt 1952,
1958) did nét pétmit the Kawerau Gevthermal Field to be accurately out-
iined at’ depth. During the 19 years since the earIy survey, however; extensive
developments have been made’in the use of electrical methods.in. geothermal
argas, and. fir more sensitive equipment is ‘available today than in 1951.
Accordmgly, electrical surveys of the Kaweran field were, made "during ‘the
1969-70 field season, in- otder to' déterming the extent-of the geothermal
field at depth and to estimate the amount of stored heat. In this report the
results of these electrical surveys® afe presented, together with a summary
of the geoloé,y, and a reappraisal of the €arlier geophys;cal Wwork.

’ GEOLOGIC SETTING
Surface Geology

The Kawerau Geothermat ¥ield lies. riear the axis of a north-east-trending.
complex graben that continues north-eastward: out to sea t& form the White

“Island Trench-and exténds south-westward ag the Taupo Volcanic. Depressmn
{(Healy ef al. 1964). Interpretation of gravﬁy data (Studt- 1958, p. 240) .

indicates that. the minimum depth to nonvolcanic. basemeiit (presumably
5reywacke) beneath Kawerau is about:1+5 km. Greywacke is expiosed on the
sirface 12.km east of Kawerau in the Raun‘gachc Ringe and 22 km..aorth-
west of Kawerau near Otamarakau Va]ley

In the vicinity of ‘Kawerau this graben is filled with voleanic: racks and

sassociated  sedindentary” focks composed of volcanic' détritus, The: volcanic

Tocks are primarily of rhyolitic composmon and include Rows, tuff breccias,
pumité breccias, and ignimbrites” There are'a. few andesitic rockg (Mt Ldge-
cumbe, Manawahe;, Whale Island, and at depth in the Kawerat borefieldy.
Healy (l%x,, P- 7, Section 3) ewpressed uneertainty concerning the' nature’

R Lo TARLE 1—Kawerau Borefield Data

Ay

" Produttioft. (ke 513 Av.  Maximum Ay
Datg Steam‘ i Water  Pressure 'Iemp Depth

- (Bursgivge) (°6)  (m) Bores Used
1933, A 83. 240 460 ,1 4!
1957 125-9 36 250 600 , 3, 7A, 8, 1D,

ot . I[ 12, 13 14

1861 §2? 100-% 8-4 250 915 7A_ & 14
1967 68:9 23843, 86 25% 05 3, 'f'A 8, 14, 16,
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of the bedrock exposed in the young extrusions which form the Ongpu
Hills (seeFig. 55. Specimens from four localities were collécted dnd studied
By ‘us. Thése specimens pioved ta be fléw. rocks of dacité composition and
fiot rhyolite. No ignimbrite was.identified.

All four specimei§ fromi the Onepu Hill aié rich in- large (1-10 mm)
plagicclase phenoceysts, with' subordinate quartz phengerysis, Petrographic
study of sample 70Mpi3 (From hill 560"} and 70Mpi6 (from hill 6007)
showed both specimens to be ‘fresh Aow rocks containipg 20-259 plagio:
¢lagé pherocrysts (andesinie t6 labfadorite), 3-5% q’ﬁ'zi';tg_ phmoéryﬂé, and
minor amphibole, pyraxenc, biotite, and magnetite, Groundmass material
in both specimens is devitrified; 70Mpl6 displays conspicious irregular Aow
folidtion, whereas in 70Mp13 the foliation has been obscured by spherulitic
crystallisation of the groundmass. Partial chemical analysisiof these $peci-
‘B R. L. Browne)

mens by the N.Z. Geological Sirvéy (¢éurtesy .6f M
gave thie following results: B .

Samplé No. ‘Weight ‘peicent
K.,O SiO,
TOMp13, 199, 70:83
70Mplé 186 65732

Comparison of these figures with. the analyses. given in Lewis {1968} and
Ewart” (1960) indicites that the two analysed éampl’e"s are-dacites,

All of the rocks in the Taupo Volcanic Depression: except the oldest
two ighimbrites are normally magnetised -and are convincingly ‘interpreted
by Cox (1969} as younger than thé 07 iy, Matiyama-Brunhies boundary.
Although the nearest putcrop of eithier of these two: reversely magnetised
ignimbrites is over 40 miles north of Kawerau, one cannot.preclude the
“presence: of reversely magrctised old ignimbrites at depth in the® Kawerau
area.. - o ' )

The. surface géology dt Kawerau Has' been sumniarised by Heéaly (1962,

pp. 2-3) and, depicted on figure 1 of his report. Allhough .geologic rela-
tions are tenuous because of the-thick, obscuring mantle of Holotene tephra,
it appéirs that these dacite. hills “are extrusive domes that are-youriger than
all rocks jin the area excepting the Holocene tephra. The domes probably
were extruded oh the. ground sdrface ifter pushing their way up through
the sequence of volcanic:and sedimentacy rocks that underlje-the geothermal
area,
Most faalts in the Kawerau region s_tr;ke‘i,-nqrt‘h-cgstcri}g, parallel ‘o, the
regional structural grain (Healy ef al. 1964). "There is vety little éxpiession
of faulting aréond Kawerdil exfept 4t thE borefield, wheré a.linear dorth-
west-facing ‘scarp forming, thie steep north-west slope of the tephra-covered
low ridge. just north-west of bores- 16 and 17 may represent a- fault. In
addition, the différence in elevition 0f thé -ahdesite. between. bore 17 and
bore 3 -(Fig. 27 mdy be due to faulting. -
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Stratigraphy in Bores

The stratigraphic information available in 1962 has been summarised by
Healy (1962, pp. 8-9) and by Steiner (1962). Since then, bores 3, 16, and
17 have been drilled and carefully sampled throughout. Cuttings and cores
from these bores were logged by J. Healy, and the available stratigraphic
data for all the Kawerau bores were summarised by G. W. Grindley in a

_ set of drill logs (written comm. 1970). The generalised geoldgical sections.

shown in Fig. 2 were prepared by us from these logs, supplemented by
additional study of samples and thin sections in the petrology collection of
the N.Z. Geological Survey. Samples from bores 2, 9, 11, and 13 are not
available (see Healy 1962, p. 3) -

- We have divided the stratigraphic section of the Kawerau borefield into
five major units. From top to bottom, these are: o

Unit 1: Alluvium and pumice breccia (45 to 100 m thick).

Unit 2: Rhyolite, with subordinate tuff breccia, ash, sandstone and silt-
stone (535 to 720 m thick). .

Unit 3: Andesite (85 to greater than 251 m thick).

Unit 4: Ignimbrite, with intercalated tuff breccia and sandstone (315m
thick in bore 3). :

Unit 5: Rhyolite (greater than 15 m thick at the bottom of bore 3).

Only Unit 1 outcrops at the surface.

The various rock types in Unit 2 can readily.be discriminated in any
single bore, but it has pot yet been possible to correlate sub-units among
the various bores except between bores 16 and 17. This failure is due to
(a) poor sampling in the pre-1961 bores, (b) pervasive hydrothermal altera-
tion that has obscured much of the original textures and (c) lateral strati-
graphic variation- in Unit 2 throughout the borefield. Details of lateral
stratigraphic variation are not clear in the older bores, but are evident in
bores 16, 17, and 3. In bores 16 and 17 breccias and clastic rocks make up
about 40 percent of Unit 2, whereas in bore 3 nearly the entire unit is
rhyolite. Furthermore, Unit 2 is considerably thinner and the andesite -(unit
3) higher in bore 3 than in bores 16 and 17, suggesting fault movement
during the extrusion and deposition of the rocks in Unit 2.

The andesite (Unit 3) is a conspicuous stratigraphic marker readily identi-
fied in cuttings or core. It is greenish grey, with conspicuous plagioclase
phenoccrysts, and is intensely altered. Figures 3 and 4 show that, compared to
other rocks of the borefield, the andesite is consistéently more dense and less
porous.

Unit 4 characterised by the presence of ignimbrite and the absence of
rhyolite. Many specimens of ignimbrité and of pumice breccia display glass
shards and aligned pumice fragments suggesting emplacement by ash flow;
compaction foliation was seen in a few ignimbrite specimens. In bore 10,
Unit 4 displays a regulac increase in density and a neacly regular decrease
in porosity with depth, suggesting increasing compaction and welding of a
single ash-flow cooling unit (Ross and Smith 1961). The surface correlative

~of Unit 4 is not known. Petrographic criteria preclude correlation with the

No. 3

Matahn
to the «

Unit
thyolite
sample

Produc

The
bores |
(Healy
three y
field by

< 14) an

deeper
Tem;
varying
cisely.
cated o
Con.
bore 1+
the de
in borc
underl
the iy
that t}
meabi!
It i
bores 1
least |
the v
sugges
andesi’
encout
to sup
porouy
bore 1
are nt
sustair

Stu
the K
survey
In ad.
the p
intrus


http://readily.be

No. 3 MACDONALD & MUFFLER — KAWERAU GEOTHERMAL FIELD 309

Matahina Ignimbrite, the prominent ignimbrite exposed on the plateaus
to the east and north-west of Kawerau (A. Steiner, quoted in Healy 1962).
Unit 5 was encountered only in bore 3, the deepest bore to date. This

rhyolite is characterised by abundant quartz phenocrysts, and the available
samples are not intensely altered.

Production Zones

The Kawerau bores have produced from two general levels. The earlier
bores produced from breccias and sediments at depths of about 600 m
(Healy 1962, p. 5), but falling discharges and temperatures occurred within
three years and were attributed by Banwell (1962, p. 1) to invasion of the
field by marginal cool water. The bores deepened in 1961 (7A, 8, 12, and
14) and the bores subsequently drilled (3, 16, and 17) produce from a
deeper zone (760 m to 910 m).

Temperature runs made during injection of cold water into bores at
varying injection rates allow permeable zones to be identified rather pre-
cisely. The permeable zones deduced from these temperature runs are indi-
cated on Fig. 2, 3, and 4.

Comparison of temperature data taken at two injection rates in both
bore 16 and 17 indicates that the major permeable zone in these bores is
the deeper one, in the Jower part of the andesite. The most permeable zone
in bore 8 appears to be at the base of the andesite and in the immediately
underlying ignimbrite. In bore 10, the permeable zone is entirely within
the ignimbrite. For bore 3, the water injection temperature runs indicate
that there are no well-defined major permeable zones, but that the per-
meability is rather uniformly distributed in the bore below the casing.

It is perhaps significant that production from the three best Kawerau
bores (16, 8, and 17) comes from the andesite, consistently the densest and
least porous rock encountered (see Fig. 4). This correlation, coupled with
the very limited vertical extent of the permeable zones in bores 16 and 17,
suggests that the production from these bores is from fissures in the
andesite. Apparently for a bore at Kawerau to be a major producer, it must
encounter fractures-in the andesite or hard ignimbrite, rocks dense enough
to support extensive fracture systems. The units which appear to be most
porous in hand- specimen apparently cannot supply sufficient fluid to the
bore to become major production zones. Perhaps these stratigraphic units
are not competent -enough to allow major fractures to be developed and
sustained. :

., 'PREVIOUS GEOPHYSICAL INVESTIGATION
Studt (1952, 1958) used a number of geophysical techniques to study
the Kawerau area. Perhaps the most informative of these was the gravity
survey, which gave a minimum depth-of 1-5km to basement greywacke.
In addition the survey defined a local gravity high over an area that includes
the present borefield. Studt interpreted this high as due either to a rhyolite
intrusion or’ to.dénsification caused by hydrothermal alteration of the rocks.
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Studt’s ground magnetic survey of the Kawerau area showed a negative
anomaly just to the west of the present borefield. Studt (1958) interpreted
the anomaly as caused by the hydrothermal. alteration of magnetic munerals
to nonmagnetic ones.

Seismic refraction studies at Kawerau (Studt 1958) identified a strongly
refracting horizon at a depth of from 60 to 150 m, which appdrently corre-
lates with the top of Unit 2 (dominantly rhyolite) of this paper. No con-
sistently deeper refracting horizon could be identified, Seismic refraction
methods are of minimal use in this type of geothermal atéa because, the high
level of ground noise and high attenuation of the signal make recording
difficult, and velocity reversals often prevent the detection of layers de/eper
than the shallowest high velocity layer. T

Several resistivity profiles aregiven by Studt (1958). The electrode spacing
used (30 m and 60 m) gave only a shallow penctration, and the work was
hindered by instrumental inadequacies. The apparent resistivity values thus
determined are considerably higher than those found in recent years in
other New Zealand geothermal areas. '

The geophysical investigations reported by Studt (1958) also include
temperature data from 24 drillholes in the 30 to 60 m depth range. These
data do little to outline the Kawerau field, but are of use when compared
with the results of our electromagnetic sutvey.

Magnetic Survey

The vertical force ground magnetic survey of Studt (1958, fig. 10) is
included here in Fig. 5. The two striking features of the magnetic map are
the extensive magnetic high in the north-west and the elongated magnetic
low trending north-east through the centre of the map. We assume that the
magnetic high is caused by buried volcanic material, probably andesite, but
any such rocks in the area of the high are obscured by the thick blanket of
Rotoiti Breccia and by alluvium (Healy et a/. 1964). The magnetic low, on
the other hand, is probably best explained as partly a peripheral feature
complementary to the magnetic high and partly a feature caused by hydro-
thermal alteration of magnetic materials to nonmagnetic ones.

To illustrate this point, the vertical magnetic field of a magnetic body,
similar in area to the magnetic body in the north-west, has been calculated.
This body consists of two vertical prisms, one from the surface to 150 m
_(outlined by the dashed line on Fig. 5) and the other from 150 to 60O m
(outlined by the solid line on Fig. 5). The susceptibility used is 25,000 X
10-% SI units (2,000 X 107 cgs units), the average value for New Zealand
andesite, and the direction of magnetisation is assumed to be that of the
present-day field. :

Although these calculations (see brown contours, Fig. 5) do not give a
perfect fit with the observed magnetic field, they do demonstrate hat the
shape and magnitude of the measured negative anomaly could be caused
by the magnetic high to the north-west. However, Fig. 4 shows that the
susceptibilities of the core samples are much lower than expected of un-
altered rock, and accordingly part of the magnetic low must be caused
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by hydrothermal alteration of the magnetic minerals to nonmagnetic ones.
Hence interpretation of the Kawerau magnetic map is ambiguous, and the
magnetic anomalies are of little use in delineating the boundaries of the
Kawerau Geothermal Field or in the siting of drillholes.

Grdvity Survey

The residual gravity map (Fig. 6) is based on the field data used by
Studt (1958) and on 12 additional stations occupied by D..J. Woodward
in 1970. The raw field data were reduced using a computer programme
(GP-48) that corrects for latitude, elevation, terrain (to 167 km), and
earth tides. A density of 2:67 Mg m™ is used in the Bouguer and terrain
corrections. The Bouguer anomalies thus calculated were further reduced
by subtracting the regional Bouguer anomaly. The regional Bouguer anomaly
used is the same as that depicted on fig. 8 of Studt (1958), except 5 mgal
has been added to take into account the change of datum from the New.

Zealand Provisional System to the New Zealand Potsdam System (1959)
(Robertson and Reilly 1960). '

The residual gravity anomaly map thus produced (Fig. 6) is almost
identical to fig. 8 of Studt (1958). A positive anomaly of about 2 mgal
is located over the borefield and extends to the south toward Kawerau
Borough. Studt (1958, fig. 9) analysed this high by matching the cbserved
anomalies with computed profiles of two-dimensional models, and concluded
that the anomaly over the borefield is due to an anomalous mass within the
volcanic and sedimentary cover and probably not connected with changes in
the basement greywacke surface. Without drillhole data from outside the
anomaly we cannot discriminate between Studt's two alternative interpreta-
tions : rhyolite intrusion or hydrothermal alteration to denser rock. It should
be noted, however, that at the Broadlands geothermal field a similar positive
residual anomaly of up to 10 mgal could be resolved into an anomaly of
2myal due to the subsurface rhyolite domes and an anomaly of up to
8 mgal due to increased density brought about by hydrothermal alteration
of the volcanic overburden (Hochstein and Hunt 1970).

]

GEOPHYSICAL INVESTIGATIONS IN 1970

The resistivity.of ground is primarily dependent on four parameters:
(1) The temperature;

(2) The salinity of the pore water;

(3) The“amount of interconnected pores (effective porosity); and,

(4) The amount of minerals of high ion-exchange capacity (mainly clays
and zeolites). :

Increasing any one of these factors decreases the resistivity. Above 170°C
the rate of decrease of resistivity with increasing temperature becomes
slight, and above 330°C may even reverse, with resistivity increasing at
higher temperatures. Geothermal fields of the hot-water type like Kawerau
are characterised by temperatures above 200°c, increased salinity relative
to pore water outside the field, and local concentrations of clay and zeolites.

Geology—2




5 vt 2 o Sk

- i . e At : B
PR ITR L PR e aou . .M( .

312 N.Z. JourNAL OF GEOLOGY AND GEOPHYSICS VoL. 15
Therefore the resistivity inside such a geothermal field will be lower than
the resistivity outside the field.

The spatial distribution of resistivity beneath a measuring point is usually
complex and cannot be specified from a single measurement. Consequently,
the quantity actually determined in an electrical survey is the “Apparent
resistivity”, which is the resistivity calculated from Ohm'’s Law assaming a
homogeneous medium. In a layered earth, apparent resistivity can be thought
of as a weighted average of the resistivity of the various layers-beneath the
measuring point. { i .

_ Resistivities at shallow depths (15 to 45 m) are best investigated by a
rapid electromagnetic technique, whereas resistivities at intermediate depths
(150 to 1000 m) are most easily studied by direct current methods that use
a linear array of four electrodes. Once the boundary of the field is roughly
established, . greater- depths can be investigated by dipole-dipole methods.

Therefore, by using different techniques and geometric factors it is possible
to calculate the apparent resistivity within and around a geothermal feld
at various depths, and thus to develop a three-dimensional picture of, the
geothermal system. .

Electromagnetic Gun Survey

The electromagnetic gun survey (Lumb and Macdonald 1970) is a rapid,
inexpensive means of measuring the apparent resistivity .of ground at depths
of approximately 15-to 45 m. The device consists of a’ vertical transmitting
coil connected by a screen cable to a similar vertical receiving coil, in this
survey, 50 m away. The apparent resistivity is calculated from the com-
parison of the magnetic field detected by the second coil and that of the
reference signal fed along the cable.

Apparent resistivity contours of the electromagnetic survey are shown on
Fig. 7. The intense electrical interference caused by power lines, fences,
etc., east of the Tarawera River precluded use of the electromagnetic.gun
except along a line 915 m east of Fentons Mill Road. :

These results are compared with measured ground temperatures in the
insert to Fig. 7. These temperatures are taken from Studt (1958, p. 233)
and Studt (1952). Holes” with high temperatures along the section corres-
pond to stations with low apparent resistivity. From this comparison one
can predict that within the 50 ohm-meter contour, ground temperature will
be above normal, and that within the 10 ohm-meter contour temperatures
greater than 100°C will be encountered’ within 50 m of the surface.

DC Resistivity Survey

Measurement of apparent resistivity by DC methods has become a stan-
dard technique for outlining geothermal fields (Risk ef 4/. 1970; Hatherton
et al. 1966; Banwell and Macdonald 1965). In the Kawerau survey, spot
measurements of apparent resistivity were made using a Schlumberger array,
with the current electrodes 914 m apart (AB/2 = 457-m) and the potential
clectrodes 30 m apart (MN/2 = 15m). At additional ‘stations, current
electrodes spacings (AB/2) up to 915 m were used. At stations with difficult
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access, such as in the Onepu Hills, Schlumberger arrays could not be used.
Dipole-dipole arrays were substituted at 6 stations, using electrode spacings
approximately equivalent to the Schlumberger AB/2 = 457 m.

The apparent resistivity values measured' with a symmetric Schlumberger
array. at AB/2 = 457 m probably represent an average of thé true resis-
tivities for depths ranging from about 150 to 900 m. :

The results of the Schlumberger DC resistivity survey are shown in Fig. 8
as contours of equal apparent resistivity interpolated from the values
measured at the data points. The stations along Fentons Mill Road, near the
Onepu Mill, and in the town of Kawerau are of low reliability owing to
the presence -of electrical noise, underground cables, railway tracks, and
wire fences.

These resistivity measurements are bulk measurements that are influenced
by a hemisphere of ground of radius approximately half the distance between
the current - electrodes (i.e., 450 m). Therefore, as the electrode system is
moved over a vertical boundary between ground of differing resistivity, the
measured values will be influenced by the resistivity on both sides of the
boundary, and the measured apparent resistivity values will be different
from the values on either side of the boundary. Although this boundary
will be approximately parallel to the apparent resistivity contours, it need
not coincide with any particular contour value.

Figure 9 (derived from Fig. 8), shows the area between the 10 and 20
ohm-metre contours as a’ shaded band, modified slightly by taking into
account the reliability of individual measurements. Where the shaded band
is narrow, the boundary of the field should be sharp and well defined;
where the shaded zone is wide, the boundary is diffuse. The area of the
Kawerau field lies between 2 minimum of 6 km?® enclosed by the inner edge
of the boundary zone and a maximum of 10 km? enclosed by the outer edge.

Ten measurements within the low resistivity area with current electrode
half spacings (AB/2) of up to 915 m showed only slight increase in resis-
tivity at the greater spacings. Drilling at Kawerau shows that high tem-
peratures exist to depths of at least 1km. Both drilling and resistivity
measurements in’the geothermal fields at Wairakei and Broadlands have
shown that these fields have approximately vertical boundaries to depths
of at least 2 km. The available evidence indicates that similar consideration
apply also at Kawerau. )

There are minor ¥ariations in the values of apparent resistivity within the
resistivity Jow, with*some values as low as 1 ohm-metre. Inasmuch as the
salinity of the pore water at depth in the Kawerau field is essentially constant
(W. A. J. Mahon, pers. comm. 1971) and the rate of change in resistivity
is very small"at temperatures greater than 170°c, this change in resistivity
within the field is likely to represent either a change in effective porosity or
variation in clay and zeolite content.

It is tempting to site drillholes on these areas of very low apparent resis-
tivity with the field. But in the present Kawerau borefield production comes

" mostly from fissures within the andesite, the rock of lowest hand-specimen

porosity. Also, the production level is well below the effective penetration
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depth of the AB/2 = 457 m Schlumberger array. Accordingly, the lows
inside the - resistivity boundary zone cannot be used to site driltholes. The
boundary zone, however, does outline the area of probable production.

Ground Permeability

Within the boundary determined by the DC Schlumberger survey tem-
perature at depth will almost certainly be sufficiently high for industrial use.
But although high temperature is a necessary condition for geothermal
power production, it is not a sufficient one. Productive bores must intersect
zones that are sufficiently permeable for the heat available in the water and
rock to be efficiently extracted.

Although there is some debate on the subject, it is becoming increasingly
accepted that good geothermal bores are fed from fissures rather than from
strata having high intergranular porosity. At Kawerau this certainly seems
to be so, for best production is from the andesite, the least porous rock
unit in the field (Fig. 4).

Unfortunately, there are as yet no good geophysical techniques for identi-
fying fissured zones within the geothermal field as defined by the resistivity
boundary, we therefore must fall back on geological interference. Fissures
can be produced by faulting, and the fault pattern can be predicted some-
times, if sufficient surface and drillhole data are available. At Kawerau
the evidence for faulting is tenuous (see p. 306), and predictions of faults,
and hence of related fissures at depth, cannot be made with confidence.

Fissures and fractured” ground can also be produced around a body of
viscous magma as it forces its way to the surface. The dacite hills west of
the Tarawera River are very young extrusions that appear to have been
pushed up from depth through the older volcanic and sedimentary rocks
of the area. The ground beneath and in the vicinity of the dacite hills is
likely to have been extensively fractured during emplacement of the dacite,
and consequently, bores drilled on the flanks of the hills within the resis-
tivity boundary are’ likely to encounter fractured ground.

ENERGY STORED IN THE KAWEKAU GEOTHERMAL SYSTEM

The minimum total heat stored in the Kawerau geothermal system above
a temperature of 1100°C can be calculated from the following assumptions:
(1) The system has a cross-sectional area of between 6 and 10 km?, as
suggested by the DC resistivity survey;
(2) the system 'has a depth of 2km (thé minimum depth proved by
drilling-at Wairakei and Broadlands) ;
(3) the average porosity to a depth of 2km is 159 (the mean value
suggested by the data of Fig. 4); -
(4) the dry density of the rock is 2°4 Mg m-3;
(5) the specific heat of the rock is 0-83 kJ kg °¢-;
(6) the specific heat of water is 418 k] kg™t °oc™?;
(7) the temperatures are at boiling point for all depths until a temperature
of 250°c is reached, and the temperatures remain at 250°C to a depth
of 2 km.
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Using these assumptions and appropriate stcam tables (Keenan et al.
1969), we calculate that the minimum total heat stored in the Kawerau
geothermal field above 100°C is 3:9 X 10" to 6:5 X 10'8 joules (]), depend-
ing on the cross sectional area chosen.

Only part of this heat can be economically extracted. If we assume that
all the heat between 200°C and 250°C can be used, then between 1-1 X 10
and 1'9 X 10'® J are available at depth. But the actual energy that can’ be
brought to the surface will be less than these values, because of inefficiencies
in extraction, impermeable zones, insufhicient dnllholes etc. If we-assume
a 50% recovery, then only 055 X 10'® to 0-95 X 10# ] can be Brought to
the surface. This heat is about one-seventh of the minimum total heat above
100°c stored at depth in the Kawerau geothermal system.

Kawerau is a hot-water geothermal system; the reservoir ﬂmd at depth
is entirely liquid, and the wells produce a mixture of hot water and steam.
Under present technology, only the steam can be used to gencrate electricity,
and the hot water is rejected. If we assume a turbine inlet pressure of
50 psig (following James 1970), we can calculate that only 469 of the
energy in the geothermal fluids delivered to the surface is in the steam phase

and thus available for electrical generation. For Kawerau, this amounts to

0:24 X 10'¢ J to 044 X 10'8 ], depending on the cross-sectional area chosen
for the field.

Not all this energy can be converted to electricity. Using fig. 1 of James
(1970), at 50 psig turbine inlet pressure, 1 kwh of electricity can be gener-
ated from 181b of steam. From Keenan et al. (1969) the enthalpy of
saturated steam at. 50 psig is 27439 Jg'. We can thus calculate that it
takes 224 X 10% J of heat to generate 1 kWh of electricity. If the conversion
was 1009% cfficient, it would take only 3-6 X 10" J to generate 1 kWh, and
thus the actual eficiency of electrical generation in this situation is only
16:19. Accordingly, for Kawerau only 0-04 X 108 to 0:07 X 10'8] of
electrical energy can be produced from the 0-25 X 10’8 to 0-44 X 10'8 J of
heat delivered in steam to the turbines. This electrical energy (11 X 10
to 19.X 10" kWh) is equivalent to about 19% of the minimum total heat
stored in the Kawerau geothermal field above 100°c.
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o Introduction

{ I -l

% % % The development of exploration for naturally occurring steam

E = ol and hot water in New Zealand provides an interesting case history in
6.

Ll

geophysical prospecting. In 1949 the New Zealand Government decided
that the use of geothermal steam in the North Island volcanic region
for power production must be investigated. An intensive geological
and geophysical study of the region was started, adopting the thesis
that the transmission of heéat from the primary source to the Earth's
“surface is « structurally controlled ». Some vears were spent in geo-
physical investigation from the structural point of view in the hope
that it would assist the location of the primary sources of the heat.
The methods used in these years were those developed principally for
) oil prospecting, i.e., gravity, magnetic and seismic.
. When the initial, structural approach proved to be relatively un-
. rewarding in delineating the steam and hot water svstem a change
o was gradually made to the « geothermal » approach in which a study
of the properties of the « mineral » itself, rather than the attitude and
nature of the host rocks, is important. Thus temperature, and the
physical property which changes most with temiperature, i.e., resistivity,
_ have been the two parameters studied. Resistivity surveys appear to
be particularly rewarding in delineating hot water. systems.
There is now growing optimism that the results of the «geo-
thermal » approach can be: fed back into the « structural » picture
to improve the interpretation of the latter.
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_* Paper read at the TAV International Symposium on Volcanology (New Zealand), )
scientific session of Nov. 29, 1965, . ’{
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Structural (Gravity, Magnetic and Seismic) Studies

Conventional gravity, magnetic and seismic studies of the National
Park-White Island depression were made during 1949-52. Plate 1 shows
the residual Bouguer anomaly map of the area, compiled from stations
at about 3 km intervals. Local surveys with stations about Y km

spacings have also been made. Geosynclinal greywackes of great.

thickness and uniform density occur on both sides of the volcanic
area so a «basement-value » regional gravity gradient has been
removed from the preferred density Bouguer anomaly values to give
the residual anomalv map of Plate 1. This map has been interpreted
by various authors (e.g., Beck and RoBeRTSON, 1955; MODRINIAK and
StupT, 1959) in terms of a depressed greywacke basement of density
2.62 gm/cm’, covered by lighter volcanics of assumed density 2.12
gm/cm’. One such interpretation is illustrated in Fig. 1. It is now
considered that the densitv assumed for the volcanic fll may be too
low, and that depths to greywacke basement will be greater than those
indicated in Fig. 1. Further, much of the gravity relief within the
depressed area may not be indicative of structure but rather due to
varying densities of volcanic rocks. - . '

The entire volcanic region was flown with an airborne total force
magnetometer with flight lines at about 3 km spacing and a flight
elevation of 5000 ft (~ 1600 m). Little formal interpretation of the
total-force anomaly map (Fig. 2) has been done, because of the pro-
fusion of volcanic rocks. Complexity of form and magnetisation makes
simple models impossible to postulate. High permanent magnetisation
produces differences in magnetic intensity between fragmental and
massive rocks, even where rocks are of similar composition. The past
hvdrothermal history of the rocks may be reflected by replacement
of magnetite by pyrite, with subsequent low magnetic intensities, but
this concept has never been used to predict hot areas. '

Seismic velocities have been measured at Wairakei and Waiotapu.
Such studies in the thermal region are complicated by high absorption,
high noise levels and strong surface waves. Nevertheless MopRIN1AK
and Stupt (1959) have published a velocity section (Fig. 3) which
shows very low velocities (4,500 ft/sec) underlying normal velocities
(12,000-13,000 ft/sec). Modriniak and Studt attribute the low velocities
to high-temperature, porous rocks with high stcam content.
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Mineral (Temperature and Electrical Resistiyity) Studies

Temperature and heat discharge have not been entirely satisfac-
tory parameters for prospecting methods. In a purely conductive
system measurements of geothermal gradients and heat flux could
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be treated in a manner analogous to the other « potential » methods
(gravity and magnetic). But the cffects of mobile waters in the frag-
mented and permeable covering rocks of the- geothermal belt have
rendered temperature-based methods relatively incffective in prospect- -
ing for steam and hot water. ’




ﬁmmﬁs:;«wmm:ax&?&éﬁﬁmﬁr BN W e e -

ot et i —mbrh 4 hnimAs St S rbain ant oo ptlh e

— 490 —

An early requirement in geothermal power utilisation was the
assessment of total natural heat discharged from an area. Geysers,
fumaroles and hot springs were quickly locatéd, and their individual
heat discharges totalled, but it was apparent that a considerable
amount of heat loss was occurring by means of conduction from
surrounding areas of lesser intensity, and indeed from some arcas
where there was no sign of natural surface heat. A technique was
evolved (THomPsoN, 1960) which measured the temperature at a
depth of 1 metre. The « metre-probe » survey has proved useful in
several ways. It allowed the conduction contribution to heat loss to
be accounted for, improving the calculation of minimum- power po-

tential ; it provided a suitable method of monitoring changes in the.

geothermal fields as exploitation proceeded, and boundaries obtained
from the initial surveys are now relocated annually; and it has been
applied to a wide range of unrelated problems where more specific
details of ground temperatures are required. Fig. 4 shows the 1 metre
depth temperatures of the Wairakei hydrothermal field in 1958. Fig. 5
compares temperatures from the 1 metre isotherm map, across part
of the Wairakei field with a section compiled from drilled holes.
While the metre-probe is capable of defining the boundaries of hot
areas and (as Fig. 5 shows) displaying their near-surface morphology

it will not give indications of the prospects of steam production -

at depth.

During the late 1950's Geophysical Survey, DSIR, was preoccupied
by IGY investigations. It was not until 1961 that a serious start was
made on electrical resistivity surveys of the thermal regions, although
their importance had been recognised for some years previously. The
very high contact resistances in the dry pumice, resulting in low
current input, together with the very low resistivity of hot chloride
waters, resulting in low potentials to be measured in a high resistance
circuit, were the technical difliculties which had to be resolved. The
use of a switched D.C. system with a vacuum tube voltmeter enabled

_electrical soundings to be made to a Wenner system electrode sep-

aration of 5000 ft (~ 1600 m) even under the'worst conditions, that
is surface resistivities ~ 10,000 @m and resistivities at depth of
< 5 Qm.

It was decided to produce, in the first instance, a constant spacing
contour map of the thermal region. The thermal region divides phys-
iographically into two parts, the southern one from Lake Taupo to
Waiotapu and the northern part from Waiotapu to the Bay of Plenty
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coast. A resistivity contour map of the southern part is a}most8(c)8|1f1;
plete and is reproduced in Fig. 6. The fixed electrode spacing, 1 ) n.
(~ 600 m) was chosen to compromise a numbex‘ of.factors, ]Chl(i \
the logistic problems of handling cables which required as short a
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Fic. 4 - Shallow {l-metre) temperature survey of
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Wairakei hyvdrothermal ficld. (From

spread as possible, and the knowledge that the production of steam
at Wairakei power station was from depths of less than 2000 ft

The resistivity of a rock is a function of the porosity and _lhe
resistivity of the porewater: The resistivity of the porewater is mainly -
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dependent upon its chloride content and temperature. From meas.
urements made on the waters of the New Zcaland thermal regions
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it has been found that the chloride content of the hot waters east
of the Paeroa block, ranges from 1200 to 1500 parts per million. A
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series of curves of ‘porosity, temperature and resistivity has been
drawn (Fig. 7) using the well-logging relationship

F = 1/
resistivity of saturated rock
where F = formation factor (=
‘ resistivity of saturating fluid
® = porosity

m = cementation factor.

The higher boundary of the chloride values (1500 ppm) has been
taken to make temperature estimates conservative. m has been taken
as 2.2. From. Fig. 7 it can be seen that in rock of porosity 25-33 %
temperatures of porewater within the 5 Om contour can be expected
to be greater than 200°C.

The resistivity data from the Wairakei field has been compared
with the temperatures at different levels in the bores. From this com-
parison it appears that the 1800 ft electrode spacing resistivities are
reflecting conditions between 1000 ft (~ 300 m) and 1500 ft (~ 430 m)
in depth. Thus Fig. 6 may be expected to be a map of temperature
conditions between 1000 and 1500 ft at depth. All holes so far drilled
within the 5 Qm areas have been hot at these depths, though some
have not been good producers of steam. Satisfactory holes have been
drilled within the 10 Qm boundary, and this is not inconsistent with
Fig. 4. It seems justifiable to expect that all holes drilled within the
5 Qm contour should be hot and that most should be satisfactory
producers.

Fig. 6 indicates that in addition to the Waual\u field there are

five areas of low resistivity and, therefore, high temperatures. These
are, from south to north

(1) The area south-east of Wairakei, the Tauhara ficld.
(ii) The area north of Rotokawa, the Rotokawa field.
(1ii) The area south-east of Ohaki Springs, the Broadlands field.
(iv) The area south of Waiotapu, the Wharepaina field.
(v) The Waiotapu field.

In the southern part of the geothermal region which is covered by
this map the total-area bounded by.a 5 @m contour is about 42.5 km’.
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cables, up to 25 miles (40 km) long, suspended from lines of poles,
as well as the extension of the fixed spread profiling northwards of
Waiotapu.

Conclusions

The electrical resistivity method appears to be the most appro-
priate method of delineating geothermal waters in the New Zealand
Volcanic Region. The early concept of structural control of heat loss
(within reasonable drilling distance from the surface) appears invalid
except in isolated instances. The prospecting methods used to delin-

eate structure have failed to prove profitable in discovering heat
sources.
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Discussion

C. J. BanweLL: Does not the measurement of ground noise level in thermal
areas represent a possibly very useful survey method for detecting active hy-
drothermal system?

T. E. HatuertoN: The seismic noise in the New Zealand Thermal Region
ranges from that of surficial origin to that of the Earthquake Swarm Type.
Whilst it might be, and indeed would be, desirable to know the noise dis-
tribution in the thermal area, such a project. would practically be very difficult
to carry out. .

R. Catawpr: Temperature surveys for geothermal prospecting purposes were
systematically carried out in the Monte Amiata region (Italy) all over imper-
meable formations where no hvdrothermal surface manifestations occur. In
this region, the scasonal thermal excursions get out at a depth of about 10 m.
Accordingly tempdrature measurcments have been carried out within 1530 m
of depth.‘I would ask at what depth do you measure temperatures when the
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prospecting wells are sitéd in localized impermeable formaimns where there
are no surface evidentes of hot manifestations?

T. Hatiierron -and €. J. BanwrLL: No bores. have been locatéd in New
Zedland on the results: of temperature measurements along. Qur témperature
work has been concerned with: 1} 1 mefre temperaiure probe measurements
which gquickly: define thermal boundaries (se¢ réprint « Shatlow Temperamrc
Surveymg in Wairakei-Taupo Arca» — THoMpsoN, N. Z. Jour. Geol. & Geaph\s}
1) Measurement of temperzdture at depth intervals of ID feet (= 3 m) in holes
drilled to a depth of 100 feet (= 33 m) (see, D.S;_I.R". Bulletin No. 153 .« Waiotapu
Geotherimal Eield »).

The bores at Broadlands and Rotokawa to which [ referred were located
on electrical resistivity work. Both are in aréas:of léss “than 10 Ohm-metres
as mapped by our survey using the Wenner configuration with. elecirode sep-
aration of 1800 feet (& 600 m) which gives a peneiration of 10001300 feet
(e 330-500 m}). However at-Ngawha some temperature holes have been drilled
afid measured and it was found that pure conductive gradiénts were rot en-
countered until depths of. greater than 100 feet (33 mi).

G. W. GrixpLEY: Dr Hatherton has illustrated an extremely effective method
of detecting sha!low reservoirs of heat by electrical resistivity survevs I would
like o mention that géothermal prospecting in this region (Wa:rakel) is far
removed from throwing arrows at a dartboard. We have a!uays baén well
awaré. of the importarce of, thermal detectlon methods such as shallow -drilling.
and metre probe surveys as a guide to the location of shallow Kot aguifers.

The other principle method of investigation has been by locating the faults

and fissure zones that transect and feed these .dquifers. Our wells have nor-
mally been’ located along such faults {as found by geo!oglcal and phatogeolog-
ical studies) to give optimum production. [ would like to know whether there

s any eéléctrical meéthod of detecting these faults, pamcular!y those. feading

the shallow aquifers from greater depth.- This could be-of particuldr intereést

in connection wnh the deep drilling programme $oon to be conductéd in this.
-region.
“T. Hatugrion: I was referring to geophvsu:'\t darts. Geologists have euphe-

rmsms for this word.

Whilst in somne -conditions electrical methods can be used to detect faults,
the dominance of-water temperature and chloride content in the. New Zealand
géothermal areas ‘precludes the inference of faults from eléctrical measur-
ements: In Flg 6 it can be seen that the individual Jow resistivity arcas are
more circular in nature than would be expected from a fault controlled source.
However these circular « 10\vf-3 » lie on a line Wwhich may be a structural feature

at depth.
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Fission-track age and trace element geochemistry of some Minden
Rhyolite obsidians

NEiL F. RUTHERFORD

Department of Geology, University of Auckland, New Zealand*

ABSTRACT

Fission‘track age determinations on obsidians from Mt. Young on Great Barrier Island, Hahei
near Whitianga, Bowentown, and Mt. Maunganui give ages of 8-32, 7-80, 2-29, and 434 million
years respectively. An approximate age of 7-8 mitlion yedrs has been estimated for Paku Island at

Tairua.

X-ray, fluorescence analyses of trace elements of obsidian from the above localities and from the
Alderman Islands show some distinct differences from rhyolites of the Taupo Volcanic Zone, namely
a relative enrichment in the light rare earths, especially La, Ce, and Nd. Ce is strongly enriched;
Rb is more, and Sr less abundant. The differences may be indicative of a different genesis.

INTRODUCTION

The Minden Rhyolites (Thompson 1966) are a group
of upper Miocene-Pliocene dome and flow rhyolites and
welded pumice breccias which outcrop on Great Barrier
Island, on the eastern side of Coromandel Peninsula,
and on a few islands offshore from Coromandel (Fig. 1).

Petrological and geochemical work published on the
group is limited. Sollas & McKay (1906) give 2 number
of thin section descriptions of rocks from Paku Island,
and Fraser & Adams (1907), Bell & Fraser (1912), and
Henderson’ & Bartrum (1913) describe some regional
aspects of| the rhyolites. Harvey (1967) describes the
geology a[l'ld petrology of the rhyolites from the Whiti-
anga arez, Johnston (1970) the rhyolites from the
Maunganui area, and Rutherford (1970) rhyolites from
Paku Island, Whiritoa, Minden, and Bowentown.

The Minden Rhyolites overlie extensive andesitic
eruptives (Beesons Island Volcanics) which have K-Ar
ages ranging from about 16 m.y. to 7 m.y. In some areas
the rhyélites are locally intruded and overlain by small
andesite’ (Omahia andesite) and dacite (Waitawheta
dacite)/domes and flows with K-Ar ages ranging from
about 4:0-3:75 m.y. (Stipp 1968; Richards &7 al. 1966;
Adams 1975).

_ Hayward (1974; pers. comm.) indicates that, on
limited palynological evidence from Great Barrier Istand,
Whitianga, and Table Mountain areas, the eacly Minden

Rhyollite eruptives are probably of Tongaporutuan~.

Waipipian age (Upper Miocene~Lower Pliocene).
!

The age determinations on -the andesites from Coro-
marl{del suggest that volcanism began about 16 m.y. ago
throughout the region, then ceased in the north, but
COr}tinued in the south up to about 7 m.y. ago.

Renewed andesitic and dacitic volcanism began about
4{n.y. ago in the Paeroa—Thames area and continued
until about 2-54 m.y. ago (K-Ar age, Stipp 1968) in
tl"le Te Puke area. Fission-track age determinations on an
ignimbrite “owharoite” and “‘tridymite rhyolite” from
Waikino give ages of 2-89 % 0-38 and 1'5 % 0-23
my. respectively (Kohn 1973). The ignimbrite and

Received 18 April 1977, revised 1 November 1977

rhyolite are considered by Rabone (1975) on strati-
graphic grounds to be younger than the Minden Rhyo-
lites of that area.

On geomorphic and stratigraphic evidence, the Minden
Rhyolites appear to show younging southward which
parallels the younging to the south noted for the ande-
sitic volcanism.

The age relations outlined suggest that the age of the
rhyolites should lie between about 7-10 my. and 3-4
m.y. with the youngest ages to the south.

F1ssioN-TRACK AGE DETERMINATIONS

Obsidian samples from rhyolite domes and flows on
Great Barcier Island (Mt. Young), Hahei near Whiti-
anga, Paku Island at Tairua, Bowentown, and Mt.
Maunganui were selected for dating by the fission-track
method.

The procedures essentially follow the standard methods
used by other workers, e.g., Fleischer et al. (1964;
1965), Naeser (1967; 1969), and Seward (1974) and
the reader is referred to these and Rutherford (1976)
for details of the method.

The age equation used in the calculations was:

Ps
A=6-168 —.g X 10°°
p1
which is a reduction of the general equation below by
substitution of the constant values, but disregarding the
total decay constant for ®*U, (Ap), which for relatively
young rocks is not a significant factor.

1 pshoayd
A= —1n]tl + —n
Ao pr Ar
where

A = total decay constant for **'U (= 1-54 X 107"
y(-l) »

o = thermal neutron X-section for *U fission (=
5-82 X 107 cm®)

*Present address: Union Corporation (Australia) Pty Ltd, 55 Macquarie Street, Sydney, Australia.
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development of a perlitic fracture, After etching it was
not found possible to use the obsidian for accurate dating
and an age was estimated by counting a few small areas
of a number of obsidian pieces which were most free of
perlitic cracks and devitrification to determine the
approximate ratio of spontaneous to induced fssion
tracks from which an age could be calculated. However,
as the obsidian was not of an acceptable standard—
there was evidence of track facing or annealing (spon-
taneous track size smaller than induced track size), and
the area counted not large—the age is considered un-
reliable. The age is consistent with that determined for
the Whitianga sample and the inferred age based on
stratigraphy.

The samples were irradiated by the Isotope Division
of the Australian Atomic Energy Commission in their
thermal neutron facility at Lucas Heights, New South
Wales. The total thermal neutron dose received by the
samples was estimated using National Bureau of
Standards (N.B.S.). Washingten, fission-track glass
(1 p.p.m. uranium) standards. In order to check the
N.B.S. glass standards dose estimate, a sample of Bor-
chers Ash was included with the obsidians sent for
irradiation. The age calculated for the Borchers Ash
sample using the dose determined from the glass
standards was 1-94 * 0-23my. which is consistent
with that found by other workers (e.g., Boellstorff &
Te Punga 1977, p. 48).

The glass standards were placed at the top and bottom
of the irradiation can containing the samples to check
for possible flux gradient. None was noted and the dose
estimate was calculated from the mean of the counts
determined from the glasses at the top and bottom of
the can. The dose was calibrated against pre-irradiated
glasses supplied by the N.B.S. using their Au-foil
determined dosage. Tracks were counted duetﬂy from
the glass standards after etching for 12 seconds in 48%
hydrofluoric acid.

After etching, all samples were cleaned in nitric
acid (this enhances track rendition by “cleaning out”
etch pits), washed in dilute ammonia, and finally washed
in distilled water. Counting of tracks was done under
reflected light at 450 X magnification using a grid
eyepicce (for area determination) in conjunction with a
point count stage (to move sample).

Track densities were not recalculated to a basis of
tracks per cm® but tracks per equal area which is

Fic. 1—Locality map, with ages of the dated Samplesm«;uxvalent The ratio of spontaneous to induced tracks

(in million years) in parentheses.

¢ = thermal neutron dose (n cm™*)

¢ = isotopic ratio ®U/™U (= 7-26 X 107)

Ar = fission decay constant for U (= 6-85 X 107"
yr™)

ps = spontancous or natural **U fission-track density
p1 = induced ®*'U fission-track density (per unit area).

Pieces of obsidian from each locality were examined
and those which showed least evidence of devitrification
were selected; those pieces with a cloudy appearance,
abundant mitrolites, perlitic cracks, etc. were rejected.

This was not possible for Paku Island obsidian, where
all material| examined was cloudy and showed strong

is used in the age equation and, thus, it is necessary only
to determine track density for spontaneous and induced
tracks over some arbitrary but known area, for example,
in this case track density per number of grid squares.

Sample localities, track densities, and ages determined
are given in Table 1.

»  DISCUSSION OF AGES

As with most volcanic glasses, in particular older
glasses, there is the possibility of track loss through
annealing. There is a noticesble reduction in spon-
taneous track size compared with the induced track size,
especially in the older samples dated here. Thus, there

-~
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TaBLE l—Fission-track age data for Minden Rhyolite obsidians. Ar = 6-85 X 1077 yr?; ¢ =
15-755 X 10" ncm™. Induced track density is total measured density minus spontaneous track

density.

Sample Locality Spontaneous tracks Induced tracks Agc.

nuzber (Grid reference) Counted Per unit area Counted Per unit area (w.y. B.P.)

AU, 17466 Bowentown 133 52 2244 2192 2729 £ 0.21
(N53/473859)

AU, 17472 Mount Maunganui 164 46 1064 1018 4.34 £ 0.38
(N58/647658)

A.U. 10261 Hahei, ¥hitianga 227 1 955 884 7.80 & 0.60

‘ (N44/283632)

A.U. 475 DblFlt Young, 217 217 2753 2536 8.32 £ 0.62
Great Barrier Island

AU 17413 ) Paku Island,

AU, 17401 ) Tai;rua Sce text Estimate 7 to 8 m.y.
(N44/355425)

|
l TaBLE 2—Trace element contents and some potassium to trace element ratios for Minden Rhyolite
| obsidians.
1
| Gu;:;:::t ter I‘h}:f'ienln.ga 1::::(! Axlsdfaﬁ: Boweatown Ka:::;ui. Voleanis 2‘;'5‘-’
! .
! Ba 842 955 895 1345 1012 1058 870
. Rb 220 172 195 259 167 187 150
i St 19 79 57 106 9% 73 125
‘ Y 70 60 30 57 4 82 25
: ze 2s 185 144 139 161 136 180
Nb 19 18 16 1 24 10 10
ta s 40 38 32 36 29 30
!; Ce 17 103 59 65 n 59 40
: N 45 38 17 17 22 1 15
. m 2 | 29 19 20 32 2t 20
'. Zn 70 55 34 38 7 28 as
€a 1 39 20 20 30 24 20
L 1168 ‘ 1550 1025 520 1015 1505 -
s 186 221 252 1616 “us - 202 -
X/Rb - ' 154.4 148.9 - 144.1 168.6 -
X/Ba - 7.8 32.45 - 23,78 29.89 -
Rb/Sr 11.08 2.18 3.42 2.44 1.74 2.8% .

!
*from Ewart e¢ al, (1968) and Rutherford (1976).
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Fis. 2—Summary of trace
element data from Table
2. Valugs in parts per
million.
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could. have beén|some spontaneous track loss. This, in
‘effect, means that the ages given in Table 1 should be
regardcd ‘g5 minimum ages.

The Hahei and Greit Barrier Islind ages and the

inferred age for Paku Island are consistent with the age
brackets 1mposed’ by ‘the K-Ar ages, on the andesites and
dacites and alse with the inferred palynological ages.

The Bowentown age is similarto that determined by -

Kohn (19?3) folr the ignimbrite and “chyolite” at Wai-
kino (2-89 ¥ 0 38 and 1+5 * 0-23my.) and to the
K-Ar ages on andesites from the Te Puke area (2-93

Hihei, Whitianja; p—szu
Islahd: a—aAlderman lslands:
h—’Bowenmu o5 m—Mountk
Maunginui.

Pb Zn Ga

aid 2-54 my.; Stipp 1968). Geomorphically the domies

at Bowentown are the most, youthful of the Minden

Rhyolites. The young age for these domes suggests that
they should be séparated from the considerably older
rhyolite;}to the north and placed in. a new group ilong

with-the ignimbrites and rhyolites of the Waikino area.

The Mount Maunganui age is similar to that of the
younger andesite- and dacite eruptives of the Thames—
Paerpa area and to the inferred main period of alteration
in the Tul Mine ares, Te Archa {(Adams 1975). The

v
f

A

RUTHEREORD — F1s85

dome at Mount Maur
morphic grounds - wo
than those at Bowentc

TrRaCE ¥

Trace element .an
flucrescence OfL press
the domes fssion-tra
Isiands. The results a
in Fig. 2. Details «
found in Rutherford |

Discu

Séveral authors, fc
Ewart e al. (1968),
pased from. trace ele
and dacitic volcanics
the Mesozoic greyw:
Zealand, that the "aci
derived by various.
wackes. The notion
from more basic ar
has not been favour
gmunds Fér exampl
for large quantitiés
Volcanic Zone from
fractionated or for €
and more basic rack:
ancient, much erode
in the world, there
affiliates from which
detived, which sugg!
sary for the productit

In the Coromande
developiment of andt
of rhyolitic velcanic
the basement- rocks a

Unfortunately, the
able for the andes
between 2 fraction?
canics} and ‘a crusta
thyolites, There are
Coromandel, &g, 8
Cuvier [sland.

Comparison of th
study- with average '
Taupe Volcanic Zo!
lites” are more enric
La, Ce, and Nd; €
{1:5-3X). The ele
tively enriched and
average Taupo Vald

If the Minden
crustal fusion of b?
posed for the. acid
then théy must [
account for the ent
rare earths relative



o
&

[«]
o . i
‘
RUTHERFORD — EtssioN TRACK AGES, MINDEN RHYOQLITE 447

dome at Mount Mlaunganui is much eroded and on geo-
morphic grounds would be considered somewhat older

than those at Bowentown. Fission-track ages support this.

TRACE ELEMENT ANALYSES

Trace element lanalyses were performed by X-ray
fluorescence on pressed powder plates of obsidians from
the domes fission-track dated and from the Alderman
Islands. The results are given in Table 2 and summarised
in Fig. 2. Details of the anmalytical methods can be
found in Rutherford (1976).

DiscussioN oF RESULTS

Several authors, {for example, Ewart & Stipp (1968),
Ewart et al. (1968), and Rutherford (1976), have pro-
posed from trace element characteristics of the rhyolitic
and dacitic volcanics of the Taupo Volcanic Zone and
the Mesozoic greywackes of the North Island of New
Zealand, that the acid volcanics of that area have been
derived by various degrees of fusion from the grey-
wackes. The notion of the acid volcanics being derived
from more basic andesitic or basaltic parent magmas
has not been favmfred on geochemical and geophysical
grounds. For example, there is no geophysical evidence
for large quantities of basic magma within the Taupo
Volcanic Zone from which the acid magmas could have
fractionated or for chemical continuity between the acid
and more basic rocks of the volcanic zone. Similarly, in
ancient, much eroded, acid volcanic terrains elsewhere
in the world, there is no evidence of extensive basic
affiliates from which the acid volcanics could have been
derived, which sugéests that basic melts were not neces-
sary for the production of acid magma.

In the Coromandfl area there is a relatively extensive
development of andlesitic volcanics with lesser quantities
of rhyolitic volcanics. As in the Taupo Volcanic Zone,

the basement rocks are Mesozoic greywackes.

Unfortunately, there are no trace element data avail-
able for the andesitic volcanics to allow comparison
between a fractionation model (from more basic vol-
canics) and a crustal fusion model for the origin of the
rhyolites. There are| plutonic intrusions in the north of
Coromandel, e.g., granodiorite plutonics at Paritu and
Cuvier Island.

Comparison of the trace element data presented in this
study with average vl'alues of the acid volcanics from the
Taupo Volcanic Zone show that the Coromandel rhyo-
lites are more enriched in the light rare earth elements
La, Ce, and Nd; Ce in particular is strongly enriched
(1:5-3X). The elelf'nents Ba, Rb, and Y are also rela-
tively enriched and Sr is depleted, when compared with
average Taupo Volcahic rocks.

If the Minden Rhyolites have been derived from
crustal fusion of basement greywackes as has been pro-
posed for the acid rocks of the Taupo Volcanic Zone,
then they must represent early formed fractions to
account for the enrichment of Ba, Rb, Y, and the light
rare earths relative (to their Taupo Zone equivalents.

The relative depletion of Sr would also tend to support
this proposal. In general, under conditions of partial
melting, Sr tends to become more abundant as melting
proceeds, and Ba, Rb, Y, and the light rare earths become
more dilute because they tend to associate with the early
melt fractions, i.e., compatible and incompatible elements.

Because little is known of the trace element character-
istics of the andesites and dacites which are associated
with the Minden Rhyolites in Coromandel, it is not
possible to assess, on the basis of trace elements, the
possibility that the rhyolites represent part of a typical
cale-alkalic suite and are not pruducts of crustal fusion.

The andesites and dacites in Coromandel are pro-
portionately far more abundant than in the Taupo Zone
and the presence of plutonics in Coromandel suggests
that the rhyolites and the more basic rocks may be
associated with plutonism in the area.
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INTRODUCTION

The Te Rake and Waipahirere masses comprise the
more easterly of the several inliers of Cretaceous
Whangakea Basalt that form the rugged headlands of
northernmost New Zealand (Fig. 1). They are sur-
rounded mainly by Tertiary and Quaternary sedimentary
material and are locally intruded by middle Tertiary
microdiorite bodies. I have previously described the
geology of the masses and the adjacent strata (Leitch
1970). Both the Te Rake and Waipahirere masses are
formed of pillowed and unpillowed basaltic flows
intruded by sills and dykes of dolerite. Minor inter-
calations of autoclastic breccia and rare radiolarian chert
occur within the dominantlv extrusive piles.

This paper is concerned with the nature, origin, and
significance of the alteration of the Whangakea Basalt
ip the two masses. Phases have been identified optically
and by X-ray diffraction. Plagioclase compositions were
determined with the universal stage using the curves of
Slemmons (1962), and by refractive index measure-
ments. Except where otherwise noted, zeolite identifica-
tions have been confirmed by X-.ray diffraction.
Refractive indices are believed accurate to %+ 0-003
(£ 0-002 for zeolites), and optic axial angles to + 2°,
Specimen numbers are those of the petrology collection,
Department of Geology, University of Auckland.

IGNEOUS PETROGRAPHY

All of the rocks are altered, those of the Waipahirere
mass almost pervasively, and those of the Te Rake mass
mainly in and adjacent to veins that seam all outcrops.
The following descriptions are based largely on material
fm{n the latter mass; texturally comparable rocks,
believed to have had initially similar compositions, form
the Waipahirere mass.

\"\—
Received 17 February 1977, revised 31 October 1977

Hydrothermal metamorphism of the Whangakea Basalt, New Zealand
Evan C. LEITCH
Department of Geology & Geophysics, University of Sydney, Sydney, Australia

ABSTRACT

The Cretaceous Whangakea Basalt has undergone two episodes of alteration. The earlier one
pervasively affected part of the formation and produced greenschist mineral facies assemblages
of the type quartz-albite-chlorite~epidote~actinolite-sphenc. The later episode gave rise to zeolites,
including stilbite, analcime, thomsonite, epistilbite, heulandite~clinoptilolite, and laumontite, none
of which co-exist stably wth quartz. Products of the zeolitic alteration are widespread, but occur
predominantly in and adjacent to veins. Calcite crystallised at a late stage in this episode.
Greenschist alteration probably occurred at temperatures in excess of 320°C, whereas zeolite
alteration is believed to have taken place below 165-180°c.

The Whangakea Basalt, together with an associated gabbro-peridotite body, constitute an
ophiolite complex. The localised development of the greenschist alteration, the presence of relic
magmatic phases, the lack of preferred orientation of the secondary minerals, and their common
pseudomorphous habit suggest that this alteration resulted from hydrothermal metamorphism. -
Zeolitic alteration may have occurred late in this metamorphism, or may have occurred while the
basaltic rocks were buried bencath some 3000 m of Tertiary strata.
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BasALT: Textures vary from perhyaline with only
scattered phenocrysts of plagioclase and augite set in a
dark glassy groundmass, to intersertal where glass, now
usually replaced by secondary phases, occurs in inter-
stices between subophitically intergrown augite and
plagioclase. Some pillows bhave a variolitic texture
resulting  from 2 radial arrangement of slender
labradorite laths scattered between which are small
augite granules set in glass. Comb-like and aborescent
clinopyroxene intergrowths with interstitial glass occur
in pillow selvedges.

In most rocks plagioclase averaging about Angg is
the most abundant magmatic phase. Phenocrysts show
normal zoning from cores as calcic as Angs to rims of
Angg. The phenocrysts of one specimen (9087) are
spongy cores of oligoclase (Ans;), with clear rims of
labradorite, set in a hyaline groundmass containing
euhedral augite phenocrysts and small clear labradorite
laths. Another (9088) consists of calcic oligoclase and
augite phenocrysts surrounded by an  intergranular
groundmass of plagioclase laths, augite granules, and
opaque oxide.

Colourless clinopyroxene occurs in all little-altered
basalts, typically in subhedral grains smaller than the
associated  plagioclase. Optical data (2V.50-53°,
B 1-684-1-696) indicate it is a normal augite. Specimen
9092 contains scattered microphenocrysts of bronzite
(2V, 98°, B8 < 1-70).

Small needles and equant grains of opaque oxide
occur in most basalts and rare brown amphibole is
found in the core of a variolitic pillow (9091).

DoteriTe: The dolerites, holocrystalline rocks with a
hypidiomorphic-granular  texture, contain the same
simple primary mineral assemblage as the basalts:
plagioclase, augite, and opaque oxide. Plagioclase is the
most abundant phase, constituting about 60% of the
rocks. The bulk of this feldspar is labradorite, with
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LOCATION MAP

Cape Reinga

Whangakea Basalt

Waipahirere mass

B Kerr Pluton
gabbro-peridotite

body

Fi16. 1—Northernmost New Zealand showing

most crystals normally zoned from cores occasionally as
calcic as Anzg to margins as sodic as Angg. Subhedral
augite (2V. 48-52°, B 1-691-1-697) is colourless or
sometimes very pale pink. Opaque oxide occurs in
amounts of up to 5%, in some rocks as well-formed
crystals and in others in large skeletal units. Apatite is
a minor but widespread phase. Bronzite (2V. 115°,
B <1-72), forms slender pale-orange to colourless
pleochroic rods and constitutes 2% of specimen 9100.

Neither magmatic quartz nor olivine were found in
the dolerites or basalts.

ALTERATION

Two distinct episodes of alteration of the Whangakea
Basalt are recognised. The earlier episode affected only
rocks of the Waipahirere mass, especially those along
the northern coast of North Cape headland. It resulted
in the crystallisation of typical grecnschist mineral facies
assemblages, and most rocks affected show few relic
magmatic phases. Augite persists occasionally, and
calcic plagioclase rarely. The textures of the rocks have,
bowever, been little modified, except in zones of
tectonic brecciation and shearing, or along major vein
systems where epidosites have formed. The rocks lack
schistosity or cleavage, and no preferred orientation of
secondary phases has been discerned.

location of Te Rake and Waipahirere masses.

The second episode affected rocks of both masses.
Alteration was confined largely to ramifying vein
systems that criss-ccoss the rocks, although there was
also some replacement of earlier phases found in the
body of the rocks. The main products of this alteration
are zeolites and calcite.

Overprinting of the zeolitic altcration on the green-
schist event is clearly demonstrated by the replacement
of greenschist phases, especially quartz and albite, by
zeolites, and by zeolite veins cutting earlier greenschist
facies veins.

Greenschist facies alteration

Typically, the products of this alteration are green
rocks, composed mainly of chlorite, epidote, and
actinolite. Pillow lavas frequently show a zonal arrange-
ment of these phases, .with chlorite concentrated in the
cores of the pillows and epidote in the selvedges and
inter-pillow interstices. In other pillows actinolite is
concentrated in the outer zones.

The wgreenschist facies mineralogy is described below :

QuarTz, typically in clear unstrained grains, occurs in
nearly all rocks, although it has been replaced to varying
degrees by zeolites during later alteration. It occupies
amygdules and veins as well as being disseminated
through the fabric of the rocks.
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LEITCH — METALIORFHISM, WHANGAKEA BasALT

ALBITE has widely, though not completely, replaced
caléium-bearing plagioclase. It has not been identified
in jveins or amygdules.

CHLORITE is present in most specimens, Occupying
amygdules and veins as well as replacing much of the
bulk of the original rocks. This phase is optically
ne'gau've and shows anomalous interference colours.
Njex ranges from 1-605 to 1-612, suggesting a variation
in" Fe (Fe+Mg) of between about 0-28 and 0-35.

EriooTe occurs in all rocks. It is most common in
v‘eins, but also occupies amygdules and interpillow
interstices, and occurs scattered throughout the rocks.
(jpticnl and X-ray measurements indicate it is iron-
n'ch (PS::—PS::)).

AcTINOLITE is found only in the main fabric of the
tocks, where it has replaced ferromagnesium phases and
glass. It is commonly intergrown with chlorite. Refrac-
tive indices (a 1-619~1-626, ¥ 1-646-1-650) indicate a
magnesium-rich actinolite.

SPHENE is found in all rocks, generally in dark irrsgular
agsregates.

PYRITE is a widespread, although minor, phase in veins
and amygdules. It is occasionally accompanied by small
amounts of chalcopyrite, the latter showing marginal
replacement by digenite and chalcocite.

HEMATITE occurs mainly in narrow veins, frequently
associated with pyrite.

The most common mineral assemblages, quartz~
albite-chlorite-actinolitc-epidote-sphene and  quartz-
albite—chlorite—epidote~sphene, are typical products of
the greenschist facies alteration of basic igneous rocks.
Alteration has mainly involved hydration of the parent
rocks. The development of widespread mono-, bi-, and
polymineralic veins and segregations was also undoubt-
edly aided by abundant hydrous fluids. Although calcite
is present in some rocks, it occurs only in veins formed
during or after zeolitic alteration, and the greenschist
episode fluids probably contained little COo.

All of the greenschist phases are stable over a wide
pressure interval. Only the temperature of alteration
can be estimated. Replacement of calcium-bearing
plagioclase by albite rather than analcime suggests
temperatures exceeded 200°c (Liou 1971a). Epidote
normally occurs in geothermal systems at temperatures
in excess of 230°c (Muffler & White 1969; Browne
& Ellis 1970; Tomasson & Kristmannsdottir 1972),
although epidote in basaltic rocks from the hydro-
thermal system at Reykajavik is kelieved to have formed
at temperatures as low as 135°c (Sigvaldason 1663).
Keith es al (1968) recorded the assemblage quartz-
tremolite-epidote at about 320°c in the Salton Sea
geothermal  system, and Browne (1969) found an
amphibole he tentatively suggested was tremolite in the
Broadlands field at about 275°c. The absence of
prehnite and pumpellyite may be indicative of tempera-
tures in excess of 350°c, according to the analysis of
Nitsch (1571). A tentative minimum temperature of
320-350°c is thus suggested for the greenschist facies
alteration.

~.. §

Zeolitic alteration

The formation of zeolites and calcite are grouped
together as products of zeolitic alteration, although the
status of the latter phase is unclear. Calcite veins
frequently cut zeolite-bearing ones, and textural relation-
Ships in calcite-zeolite veins and segregations often
suggest that calcite is teplacing zeolite. Thus, the
crystallisation of calcite may have resulted from a third
separate alteration episode, or may have occurred at a
late stage during zeolitic alteration, attendant upon an
increase in the mole proportions of COo in the vein
fluid.

Phases formed during this alteration episode are
desccibed below :

STILBITE is the most abundant zeolite and occurs both
in veins and amygdules and in the fabric of the rocks.
Refractive indices vary, suggesting some compositional
variation (@ 1-479-1-486, y 1-487-1'497). Associated
minerals are analcime, epistilbite, thomsonite, natrolite,
and calcite.

ANALCIME is a common phase in amygdules and veins,
and replaces earlier minerals, especially calcic
plagioclase. It frequently shows low birefringence and
repeated lamellar twinning. Refractive index is rela-
tively constant (n 1-486-1-488). Associated minerals
are stilbite, thomsonite, gonnardite, and calcite.

THOMSONITE is 2 minor, but widespread, phase. It has
been found together with stilbite, analcime, gonnardite,
and calcite.

GONNARDITE has been tentatively identified in specimen
9098 as a low-birefringent fibrous zeolite (« 1-499,
Y 1-503) associated with analcime and thomsonite.
Insufficient material was available for X-ray diffraction
study.

2EPisTILBITE has been identified only from the Waipahi-
rere mass, where an inclusion-charged zeolite replacing
quartz in amygdules yields X-ray diffraction patterns
appropriate to this phase. Optical properties generally
support the identification, although the bifringence (&
1-492, y 1-495) is lower than typical of epistilbite
(Deer er al 1963, p. 377). Epistilbite is associated with
heulandite—clinoptilolite and stitbite.

HEULANDITE-CLINOPTILOLITE. A zeolite yielding a
diffraction pattern similar to that tabulated by Mumpton
(1960) for clinoptilolite occurs occasionally in both the
Te Rake and Waipahirere masses. Refractive indices
(@ 1-490, B 1-491, y 1-495) are higher than those for
typical clinoptilolite, and the mineral is probably an
intermediate member of the heulandite—clinoptilolite
series (Boles 1972). It is found associated with
analcime, epistilbite, and calcite.

NatroLITE, found at only one locality, is intergrown
with stilbite.

LAuMONTITE cements brecciated igneous material in
both masses; it is not associated with other zeolites.
Refractive indices show a small range (a 1-506-1-510,
B 1-517-1-518, y 1-519-1-521).

GREEN PHYLLOSILICATES. Moderately birefringent green
and green-brown phyllosilicates are associated with othec
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zeolitic phases, and have partially replaced ferro-
magnesium silicates. They have not been conclusively
identified, but probably include oxidised chlorite and
celadonite.

CALCITE is probably the most widespread and common

.secondary mineral in the Whangakea Basalt. Tt is found
in amygdules and veins and in the fabric of the rocks

replacing almost all other phases. Refractive indices
indicate a composition close to pure CaCOg.

Physical conditions of the zeolitic alteration are
difficult to establish. Experimental data for the reaction
analcime+ quartz=albite are not applicable, for quartz
is not a stable phase in analcime-bearing assemblages,
and in silica-deficient environments analcime may exist
stably to 600°c (Liou 1971a). Widespread stilbite
indicates that temperatures of 165-180°C were generally
not attained, for in this range stilbite dehydrates to
laumontite plus quartz and water (Liou 1971b).
Laumontite in the Whangakea Basalt is not associated
with quartz, and the crystallisation of this phase or
stilbite was probably conditioned by the activity of silica
in the fluid phase present during alteration. Although
these fluids appear to have been undersaturated in silica,
as indicated by the instability of quartz, the presence of
thomsonite, formation of which is favoured by a silica-
deficient environment, and stilbite, epistilbite, and
heulandite—clinoptilolite, which commonly occur asso-
ciated with quartz (Coombts et ol 1959), suggests
variations in silica activity. Neither epistilbite nor
heulandite~clinoptilolite have been found associated with
thomsonite in the Whangakea Basalt.

Few data are available to set a minimum temperature
for zeolitic alteration. The zeolite distributions found
by Walker (19602; b), in which intensity of zeolitisa-
tion decreases towards the top of thick lava piles,
indicate that some elevation of temperature is necessary
for the widespread development of these minerals in
basaltic rocks. The distribution of laumontite in thick
stratified sequences and geothermal drill holes suggests
this phase forms only at temperatures above those at
the Earth's surface or corresponding to shallow burial
(Hay 1966).

Evidence outlined in the next section suggests that
zeolitic alteration may have occurred subsequent to the
Early Miocene. The lithostatic load on now-exposed
Whangakea Basalt at this time is unlikely to have
exceeded 0-8kb, assuming an average density of
2-7 g/cm’® for the overlying strata.

Discussion

The restricted extent of the greenschist metamorphism,
the absence of a tectonic fabric, and the commonly
pseudomorphous habit of secondary minerals, suggest the
greenschist facies assemblages were produced by hydro-
thermal metamorphism in a region of highly variable
heat Aux. Secondary mineral assemblages very similar
to those in thc Whangakea Basalt have been reported
from geothermal helds in California (Keith es al 1968)
and lIceland (Sigvaldason 1963). ldentical assemblages
to those produced by the greenschist alteration have
been recorded in rocks from the Mid-Atlantic Ridge

and spreading ridges in the Indian Ocean (Bonatti ez
al. 1971; Aumeato et al. 1971; Cann 1969; Melscn &
van Ande! 1966). The latter are considered the result
of hydrothermal alteration under a high geothermal
gradient (Spooner & Fyfe 1973; Cann 1974).

Immediately east of the Waipahirere mass a grabbro—
peridotite body shows a sequence from serpentinised
peridotite, through layered gabbro and peridotite, to
gabbro and, in its uppermost levels, sheeted dykes
(Leitch 1970). This body closely resembles the well-
documented Tethyan ophiolites and, although it is now
in fault with Whangakea Basalt, these latter rocks
would complete an ophiolite sequence (Bennett 1975).
Bennett suggested that alteration of the ultramafic~-mafic
complex might have resulted from ocean-floor meta-
morphism, and drew attention to the possibility that
this alteration continued up into the Whangakea Basalt.
This interpretation accords with the prevalent opinion
on the origin of ophiolites and is supported by the
similarity of the greenschist facies assembliges to those
in ocean-floor basalts and in the Lower Pillow Lavas of
the Troodos Massif (Gass & Smewing 1973). However,
interpretation of the Whangakea Basalt and associated
mafic and ultramafic rocks as the products of early island
arc magmatic activily is not precluded by the presence
of hydrothermal metamorphism. Indeed, such alteration
would proceed in any pervious igneous pile erupted in
a marine environment, provided a heat flux sufficient
to initiate and maintain convective circulation existed.

Zeolite assemblages similar to those in the Whanga-
kea Basalt occur in basic rocks dredged from the
ocean floor (Miyashiro et al. 1971; Aumento et al.
1971). It is tempting to seek the origin of the zeolitic
alteration in the same hydrothermal system, with. these
phases forming first in the upper levels of the accreting
igneous pile, and migrating deeper as the heat flux
decreased. However, both analcime and laumontite
occur in Miocene rocks close to the Te Rake mass,
laumontite in laumontite—calcite~pyrite veins in a small
microdiorite body, and analcime replacing clastic
plagioclase in Lower Miocene rocks close to the edge
of a similar microdiorite dyke. The zeolites may thus
be the products of local phenomena arising from the
cooling of the microdiorite intrusions, or alternatively
may be the result of burial of the Whangakea Basalt
beneath some 3000m of sedimentary rocks in the
Miocene (Leitch 1970).

CONCLUSIONS

1. The Whangakea Basalt has been affected by two
episodes of alteration, the earlier producing mineral
assemblages of the greenschist facies and the latter
mainly zeolites and calcite.

2. Greenschist alteration occurred in a water-
saturated environment at a minimum temperature of
320-350°c.

3. »#Zeolitic alteration took place at a temperature
below 165-180°c. The accompanying fluid was under-
saturated with silica, although variations occurred in
the chemical potential of silica in the fluid. The mole
proportion of COs2 in the fluid remained low until
towards the end of alteration.
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Abstract—A study has been made of the interaction of a New Zealand greywacke and hot water
at temperatures up to S00°C. Comparisons are drawn between the trace element content of the reaction
solutions and the composition of New Zealand thermal waters with particular reference to the Broad-

lands geothermal field.

The experiments have demonstrated that hot water can extract significant quantities of As, Sb,

¢

Se and S at temperatures below the maximum temperatures recorded for the major geothermal fields

in New Zealand.

The amount of Tl and Co leached up to S00°C was below the limits of detection and data could

not be obtained for Au, Ag, Te and Bi.

INTRODUCTION

ELLis and MaHON (1964, 1967), ELuis (1968) and
MaHoON (1967) investigated the compositions of solu-
tions obtained from hot water-rock interactions.
They described experiments in which volcanic and
sedimentary rocks common to the Taupo Volcanic
Zone in the North Island of New Zealand, were
reacted with water at temperatures varying from 100
to 600°C and pressures ranging from 500 to 1500
bars. They demonstrated that appreciable quantities
of constituents such as K, Na, Li, Rb, Ca, Mg, SiO,,
Cl, F, B and NH, were readily taken into solution
along with trace amounts of Fe, Mn, Cu and Pb.
Their studies indicated that the compositions of
waters in natural hydrothermal systems could be
approached by the interaction of hot water and rock,
without requiring a contribution from a magmatic
fluid rich in these elements. CrAIG (1965) concluded
from isotopic investigations that geothermal waters
are generally meteoric and in this regard New Zea-
land geothermal waters appear to be no exception
(GIGGENBACH, 1971; GRINDLEY, 1965).

In the present study, a series of hot water-rock
leaching, experiments were undertaken to ascertain
whether trace elements not previously investigated
were readily available for solution at temperatures
and pressures likely to be encountered in natural hyd-
rothermal systems.

EXPERIMENTAL TECHNIQUES

(a) Procedure

All reactions were conducted in sealed, high purity silica
ampoules at temperatures up to 500°C. The rock fragments
(0.4-0.7 mm, about 210 mg) were contained in a perforated

* Present address: Bureau of Mineral Resources, P.O.
Box 378. Canberra City, A.C.T. 2601, Australia.
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gold capsule crimped almost closed at each end. The
charge was loaded into a silica tube (10 mm o.d., 7mm
i.d.) sealed at one end and a slight constriction was made
about 4 cm from that end. After streaming high purity dry
N, through the tube for 15 min to expel as much air as
possible, 1.4 ml of distilled water (previously boiled to
remove dissolved CO,) were pipetted into the tube and
the streaming of N, was continued. After the contents of
the tube had been frozen in a dry ice-alcohol bath, the
tube was then sealed about 4cm above the constriction
to give an 8 cm long ampoule.

The ampoule was loaded into a stainless steel pressure
vessel which was suspended vertically inside a tube furnace.
Water was added to the pressure vessel to balance the
pressures generated within the ampoule. Pressure vessel
temperatures were measured twice daily using chromel-
alumel thermocouples connected to.a potentiometer. Vari-
ations were controlled within +3°C.

The volume of liquid contained in each ampoule was
sufficient to maintain a two-phase system up to the critical
point of water (374°C). Hence pressures could be accu-
rately determined (rom tables of the vapour pressure of
water. Above the critical point (to 500°C) pressures were
calculated less accurately using the Law of Corresponding
States (Kauzmann, 1966).

On the completion of an experiment, the furnace was
tilted and the pressure vessel and its contents withdrawn
in an inverted position. In the process the solution ran
through the constriction, thus becoming isolated from the
rock fragments, preventing any back reaction during cool-
ing. The ampoule was removed and its contents {rozen
with a dry ice-alcohol bath prior to being broken open.
The gold capsule and its contents were recovered and the
solution retained for analysis if required. The gold capsule
was forced open at each end and the rock fragments were
flushed on to a watch glass with distilled water. After
several washings, the fragments were air dried and retained
for analysis.

(b) Analytical methods

Analyses were carried out using neutron activation
analysis. A flow chart outlining the procedure used to
determine As, Sb, Tl Bi, Se, Te and Co is given in Fig.
1. The Bi and T! methods were developed by HUGHEs
(1976), while the Se and Te methods were adapted from
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let)2 =~ NaOH FUSION
OF SAMPLE & CARRIERS
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_—_———— RETAIN SOLUTION ALIQUOT FOR
ACIDIPY WITR HC1 COUNTING Co.
l NOT ADSORBED
ADSORBED OR ELUTED
ADSORB ON ANION RESIN
Bi, Tl As, 5b, Se, Te

!

RETAINED ELUTE RESIN ELUTED PRECIPITATE

WITH 1N HZSDC N
I SATURATE WITH HZS

Tl
ELUTE T1 WITH
v "ZSOI/SOZ
ADD HOLDBACKS
AND PURIPY BY

2
PURIFY BY SCAVENGING
AND EXTRACTING
CONTAMINANTS WITH
METHYL 1S0-BUTYL
KETONE. EXTRACT Bi

PRECIPITATION INTO CHLORCFORM

AND SCAVENGING. PRECIPITATE AS BH’O!
PRECIPITATE

AS TRL

1

As, Sb SULPHIDES
DISSOLVE IN NaOH
AND uzoz AND ACIDIPY

PRECIPITATE 1 -
2P0,

[—_ ADD Na
As°

ADD

]

SOLUTION

l

e, Te
PRECIPITATE Se, Te DY EVAPORATING
WITH $03/HUTHEN ADDING 108

SnClz/GNHCl DISSOLVE IR lm(’)J AND
ADSORB ON ANION RESIN IN CONC

HCl/NIClO’.
RETAINED l ELUTED
r—— ELUTE RESIN WITH 3N HCl——l
Te Se

ELUTE WITH 0.JN HCl SCAVENGE WITH

SOLUTION
PURIFY FURTHER BY Fe(O1l) y ADD
ADDITION TO ANION
RESIN, ELUTION WITH eSO, TO

0.3N HCl. ADD NIHSOJ PRECIPITATE Se°

TO PRECIPITATE Te®

OXALIC ACID AND

SATURATE WITH H,S§
PRECIPITATE 5b,S;.

Fig. 1. Flow chart of analytical scheme used for As, Sb, Se, Te, Bi, Tl and Co.

those of Morris and KiLLICK (1963). The methods used
for As and Sb draw substantially from-the work of FoucHg
and SMALES (1967) and HAMAGUCHI et al. (1969). Au and
Ag were determined by a procedure modified after that
of Keays et al. (1974). Samples and standards were irra-
diated for 6 days in a thermal neutron flux of 6 x 102
neutrons/cm?/sec and cooled for 3 days before processing.
Bi and Ti were counted on a Beckman Widebeta detector
and the remaining elements were y-counted on a 45cm?
Canberra Industries Ge(Li) detector. Sulphur determina-
tions were made with a Leco automatic sulphur titrator
(model 532).

Table 1. Analyses for U.S.G.S. standards, DTS-1 and

BCR-1
ELREIT DTS-1 BCR-1
Ag (pm) 0.043, 0.059 0.031, 0.032
As (pmo) 0.036, 0.026 0.55, 0.53
Au (ppb) 0.75, 0.73 0.66
Bi (ppa) < 0,010, < 0.010 0.050, o.oz.s. .
Co (ppm) 159, 153 $1.8, 41.1
15k, 147 40.5, 38.9
Sb (ppm) 0.64, 0.53 0.76,.0.76
Se (ppm) < 0.005, <0.005 0.082, 0.084
Te (ppm) < 0.05;<0.05 € 0.05, £ 0.05
T (pm) 0,003, 0.002 0.285, 0.280

The analytical methods have been assessed by analysing
the U.S.G.S. standards BCR-I and DTS-I. The values
obtained are quoted in Table 1 and are consistent with
the published data in FLANAGAN (1969) and LauL et al.
(19702, b, c).

Analyses were made on the rock fragments before and
after leaching rather than the leaching solutions for several
reasons. It was considered that with the anticipated low
trace element concentrations in the solutions, the presence
of some fine suspended material might have contributed
significantly to these values giving erroneous results. It was
also not possible to irradiate liquids in the reactor HIFAR
and the risks of losses through volatilization and contami-
nation when evaporating the liquid on to powdered silica
for irradiation were considered to be too great. The rock
fragments recovered from each experiment were divided
into two approximately equal portions for duplicate analy-
ses.

" SELECTION OF ROCK TYPE

For the following reasons, a greywacke was chosen
as the most suitable starting material. First, Mesozoic
greywackes and argillites are likely source rocks for
metals found in New Zealand geothermal waters since
they flank both sides of the Taupo Volcanic Zone
and are thought to.underlie it extensively. Second,
analyses for a selection of greywackes, argillites and
acid volcanics (seemingly unaffected by hydrothermal
fluids and collected from various localities in the
North Island ¢f New Zealand) indicated that those
elements being considered were more abundant in the
sediments (EWERs, 1975). Although the greywackes
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Table 2. Analyses for unaltered greywacke, P 23556

As Y T BL Se Te Aa ag Co s
(ppm) {ppb) {ppd) (ppd) (ppd) {ppb) (ppb) (ppd) (ppa) {pm)
8.02 320 395 170 66 n.f. 1.9? <20 5.99 490
10.54 300 420 190 .66 B.f, 2.46 22 7.26 510
9.95 230 380 220 ) n.f. - - ?.17 2: 3]
9.85 330 420 130 72 n.2, 1.63 <20 6.10 500
AVERAGE 9.59 310 405 177 70 - 2.02 <20 6.63 495"
STANDARD
DEVIATION 1,09 22 20 65 13 - 0.62 - 0.68 13
% .
STANDARD
DEVIATION 11458 2.% 4.9% 3.5 5.7 - 20.8% - 10.%  2.6%
nf. = not found.
and argillites in the North Island have been divided RESULTS

into three distinct lithological groups, depending
upon their provenance (EWART and Stirp, 1968), the
trace element concentrations were similar in the two
types most intimately associated with the geothermal
areas (i.e. greywackes of andesitic and granitic deriva-
tion). _

The greywacke selected (P 23556) came from an out-
crop about 70 km south of Lake Taupo and accord-
ing to EWART and Stipp (1968) was derived from a
granitic plutonic terraine. It was a coherent, fine-
grained rock with a uniform texture and was com-
posed of angular to sub-rounded quartz fragments,
acidic plagioclase, alkali feldspar, muscovite, iron
oxides, minor biotite and some secondary chlorite.
Calcite veining was also quite common. In polished
thin section, a number of small rounded pyrite grains
were found to be randomly distributed throughout
the rock.

Table 3. Experimental and analytical data for

To establish the elemental concentrations in
P 23556 with more precision, the rock fragments used
in the leaching experiments were analysed in quad-
ruplicate and the resuits are presented in Table 2.
Included in the table are average concentrations, stan-
dard deviations and percentage standard deviations
for each element. While the As, Sb, Tl, Se, S and
Co analyses for each sample deviate little from the
mean, the Bi and Au analyses have a wider spread
and consequently much larger standard deviations.
The Ag and Te contents are generally below the limits
of detection. Since leaching was anticipated to be
minor for low temperature experiments, the standard
deviations for Bi and Au were considered to be too
large and might have obscured whether leaching had
in fact occurred. For these reasons only the elements
As, Sb, Tl, Se, Co and S are dealt with further.

hydrothermally leached greywacke, P 23556

AVERAGE CONCENTRATION (1t UNREACTED GREYMACKE

RN T TERPERATURE PRESSURE c:g N s n Se o

R ER (hours) %) (bare) R (opn) (9pb) {500} (ppb) (pps)

. 3.8 120 430 93 8.17

1 £3] 7 0 2 100 STROM 3, 1s 160 58 6.86
9% m 450 68

H 3 152 85 = 0.5 - 8,12 165 90 62 a.d.
9.5 150 A0 n

1 \“ 153 8.5 ° 0.5 - 9.68 200 W0 3 nd,
8,38 160 MO0 "

U 99 151 65 2 0.5 - .00 180 M5 6 nd,
1,92 180 A0 P

5 ug 151 6.5 = 0.5 - 9.99 £ )] ® 0.d.

1.00 1" 00 51 1.2

8 » W 1522 SLIGHT 112 "s “o 61 697

.06 110 k) 58 6.59

1 2 2 152 2 2 SLIGHT 138 180 50 n 8.80

- 8.02 % %5 69 1.58

8 m n 162 = 2 SLIGHT 8.7 % M5 6 9.13

8.8 90 410 179 1.63

¢ m ne 1% 2 SLIGHT 8.6 106 o 59 1.6

10,3 20 A5 6 1.08

10 n 108 25 2 6.5 - 9.00 260 20 ] (%)

8.32 1% 50 n 8.28

11 n 168 16 + 0.5 - 9.9 190 5 59 6.88

112 g 0 0 6.63

7 n 8 "y SLIGHT 8.7 130 x5 58 R

% 15 00 56 6.20

n n 187 M0 & 80 STRON 8.0 ) NS 52 6.99

15 100 160 0 6.83

kL3 12 AgA 780 5 100 STRORG 2.4 120 10 A0 5,98

9.5 e I ) 6.63

nd. = not determined.
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Table 4. Experimental data and sulphur analyses for hydrothermally
leached, greywacke, P 23556

RUN TIHE ERATURE FRESSURE K,5 s
HUMBER (hours) i) (bars) oBur (pm)
i 48 w2 5.52 0,5 - 370

460
16 18 295 8224 SLIGHE . 2%
340
17 48 510 830 2 100 STRONG 110

210

Table 3 summarizes the run data and analytical
results for As, Sb, Tl, Se and Co alfter leaching for
periods of up to 449 hr and temperatures in the range
100-484°C. Since only small quantities of the rock
fragments could be leached at one time, there was
insufficient sample to analyse for these elements and
S simultaneously. Consequently, a number of exper-
iments were repeated for the S determinations, the
results of which are given in Table 4.

Having ascertained in the first run that hot water
at a temperature of 467°C was capable of leaching
at least some of the elements (i.e. As, Sb and Se)
within 53 hr, a series of runs was conducted at con-
stant temperatures to establish the minimum time for
optimum leaching. The first series of runs (nos. 2--5)
was carried out at about 150°C with times varying
from 23 to 449 hr and indicated that Sb was the only
element to be significantly leached. For each run, the
concentration of Sb in the rock fragments was consis-
tently depleted by about 130ppb (approximately
40%). The results of a second series of experiments
at about 350°C (run nos. 6-9), where the duration
of each run varied from 24 to 278 hr, have been pre-
sented diagrammatically in Fig. 2. Although As, Sb
and possibly Se (percentage leaching generally <10%)
were the only elements leached at this temperature,
it would appear that they were substantially taken
into solution in less than 24 hr.

In the remaining experiments (run nos. 10-14) the
duration of each run was kept constant at 72 hr while

100

(14 3

the temperatures were increased from 100 to 500°C
in 100°C intervals. The results of these experiments
have been summarized in Fig. 3. Also included in
this diagram are the results for S determinations on
the leached rock fragments from a series of 48 hr ex-
periments (run nos. 15-17). The data indicates that
while As, Sb, Se and S are appreciably leached at

temperatures up to 500°C, there is no perceptible de--
- pletion in the T1 or Co contents of the rock fragments,

Examination of polished thin sections of rock frag-
ments that had been leached showed there were no
signs of alteration at temperatures up to 200°C. How-
ever, above 200°C, it was evident that the fragments
were more heavily stained with iron oxides, due prob-
ably to slight oxidation of the matrix and the break-
down of pyrite. On breaking open the ampoules used
in experiments above 200°C, the smell of H,S was
noticeable. '

It was noted that the solutions recovered after
leaching in the higher temperature experiments
(>200°C) developed a gelatinous white precipitate on
standing. This was later identified as amorphous
silica. Since the silica ampoules showed signs of hav-
ing been etched (especially at high temperatures), it
was concluded that this was the main source of silica
with some also being derived from the quartz in the
greywacke. From data on the solubility of amorphous
silica and quartz in water (KENNEDY, 1950), concen-
trations of up to 2000 ppm could be anticipated in
the reaction solutions at 300°C.

T. 350°C

Sb

40|

% LEACHING

20|
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n M
140 200 240 280 320
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Fig. 2. Variation with time in the percentage of constituents. leached from greywacke, P 23556.
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Fig 3. Variation with temperature in the percentage of constituents leached from greywacke, P 23556.

Although no pH measurements were made on the
reaction solutions, measurements by MAHON (1967)
for solutions recovered after leaching greywackes with
hot water indicate that they should be near neutral
to slightly acid. 4

DISCUSSION

(a) General considerations

While the experimental data demonstrate that
appreciable quantities of some elements were readily
leached from the greywacke, the exact amounts are
not of great significance. The ratios of rock to water
in natural hydrothermal systems would be much
higher than the 0.14 ratio used in the present exper-
iments, ELLis and MaHON (1964) have concluded from
porosity measurements that ratios of ten to twelve
appear reasonable for recent volcanic areas and these
may be higher in sedimentary or metamorphic rocks.
It follows that elemental concentrations in geothermal
waters could be at least a factor of 70 higher than
in the experimeéntal solutions providing concen-
trations are not held at lower levels by solubility
product relationships involving any of the elements.
There is also the possibility that since the trace ele-
ments considered are not all extracted with the same
ease (e.g. As and Sb in Fig. 3), then the trace element
content of geothermal waters would probably show
variations over the lifetime of the hydrothermal sys-
tem. Although estimates have been made of the
duration of hydrothermal activity in some New Zea-
land geothermal fields (GRINDLEY, 1965), there are no
reliable estimates for the total volume of water which
has passed through a given system or its rate of turn-
over. It could be expected that as the water in the
System is recharged and recirculated, those rocks
already leached would tend to release progressively
lower amounts of the trace elements for solution. On
the other hand, trace element concentrations could
be maintained if fracturing (through fault movement)
€xposed fresh rocks for leaching, while pre-existing
Channelways were closed by mineral deposition.

It should also be emphasized that the reaction
times for the experiments were very short in compari-
son to those available in natural systems. While signi-
ficant concentrations of As, Sb, Se and S were
released to the solutions in 72 hr at 300°C (Fig. 3),
it is doubtful whether chemical equilibrium was estab-
lished. With much longer reaction times and the
opportunity for greater hydrothermal alteration an
increased portion of those elements bound up in sili-
cate and sulphide structures would probably be liber-
ated.

(b) Individual constituents

Arsenic. It is evident from Fig. 3 that appreciable
quantities of As were leached from the greywacke at
temperatures greater than 250°C and that at about
480°C more than 70%, or 7 ppm of the As was liber-
ated to the solution. It is also apparent that the As
was taken into solution rapidly (Fig. 2). These results
supplement the data obtained by ELLis and MAHON

.(1964), who observed that hot water contained trace

amounts of As (< 1 ppm) after leaching acid volcanics
for up to 480 hr at 300-350°C.

The results indicate that the source of As found
in geothermal waters need not be magmatic as ONISHI
and SanDELL (1955) have proposed. If the assump-
tions are made that (1) the As contents of natural
waters are not depressed by either solubility product
relationships or adsorption on to thé surface of
minerals (such as clays) and (2) the rock to water
ratio is ten, then concentrations of 25-30 ppm As in
the fluid phase could be anticipated for solutions at
300°C in contact with a greywacke (such as P 23556)
containing 10 ppm As. Applying the same boundary
conditions, ELLis and MAHON (1964) have concluded
that concentrations of at least 6-8 ppm As could be
expected in thermal waters percolating through ande-
sites or rhyolitic pumice. Since the drillhole waters
in many New Zealand geothermal fields attain maxi-
mum temperatures approaching 300°C at depth and
generally contain less than 6 ppm As (ELris and
MaHoN, 1964), the volcanics and sediments of the
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Taupo Volcanic Zone may act as source materials.

The fact that appreciable quantities of As were not
readily available for solution at <200°C may indicate
that it is mainly contained within mineral lattices
rather than being held adsorbed on to mineral sur-
faces within the greywacke. The leaching profiles
for As and S (Fig. 3) indicate that the As is possibly
being liberated from pyrite” as it breaks down to
release S.

Antimony. The form of the Sb leaching profile
differs significantly from that of As (Fig. 3). At 100°C,
about 20% of the Sb was in solution and at 200°C,
40% had been leached. In contrast, the As content

"of the greywacke had been depleted by less than 10%,

at 200°C. In addition to this, the percentage of Sb
leached between 350 and 500°C remained reasonably
constant, while the depletion of As over the same tem-
perature interval almost doubled.

The explanation of these differences may lie in the
availability of each element for extraction by water.
Although it is likely that pyrite in the greywacke
would contain Sb, it is also possible that some Sb
may be present either in other submicroscopic sul-
phide phases (e.g. stibnite, tetrahedrite) or adsorbed
on to crystal surfaces and the walls of microfissures.
Low temperature leaching experiments of short
duration would probably produce negligible hydro-
thermal alteration and liberate very little Sb from the
pyrite. However, these reaction times and tempera-
tures may be sufficient to readily dissolve more solu-
ble Sb-bearing sulphides andfor any adsorbed Sb.
Ellis and Mahon have concluded from their exper-

-imental studies that a proportion of constituents such

as chloride, boric acid and ammonia is held adsorbed
on surfaces in rocks and is readily available for solu-
tion by water. The importance of adsorption pheno-
mena has also been verified by Gont and GUILLEMIN
(1968) for a wide range of trace elements.
* Calculations of the likely Sb contents of thermal
waters, using the experimental leaching data and
applying the same assumptions made for As, suggest
that at 300°C the solutions in contact with the grey-
wacke P 23556 would contain up to 2 ppm Sb. Higher
Sb concentrations in solution could be anticipated,
as some greywackes and acid volcanics analysed con-
tained greater Sb concentrations than P 23556. How-
ever, since the rate at which Sb would be liberated
from a rock depends on the way in which the Sb
is held and the rate of reaction between the rock and
the solution, no quantitative estimates can be made.
It would appear though from the above calculation
that with the Sb concentrations of the Broadlands
waters no more than 2ppm (WEISSBERG, 1969;
BROWNE, 1971) and the Sb contents of New Zealand
thermal waters generally less than 0.3 ppm (RITCHIE,
1961), the elements may originate from the sediments
and acid volcanics of the Taupo Volcanic Zone
through leaching.

Selenium. Only traces of Se were leached from the
rock fragments up to 300°C. In view of the ability

Se has to substitute for S in sulphides, there is a
strong possibility that it is mainly contained in pyrite
and that as the pyrite dissociates, Se is liberated to
the solution.

Extrapolating the experimental data as before, it
can be calculated that in a natural hydrothermal sys-
tem at least 100 ppb Se could be released to a solution
at 300°C in contact with this greywacke. ‘Unfortuna-
tely, there are no data for the Se concentrations in
thermal waters from which comparisons can be made.
However, if Se is to be derived by leaching, the argil-
lites and greywackes are more likely source rocks
than the acid volcanics which generally contain less
than 10 ppb Se (Ewers, 1975).

Sulphur. Insufficient S determinations were made
on the leached samples to enable many conclusions
to be drawn. Analyses for the New Zealand grey-
wackes and argillites indicate that S concentrations
are typically in the range 500-2500 ppm. GIGGENBACH
(in preparation) has shown that this sulphur is a mix-
ture of sulphide and sulphate, though it is present
mainly as pyrite. The efficient extraction of S from
P 23556 by hot water as leaching temperatures were
increased (see Fig. 3), illustrates the potential for these
sediments to act as source material.

ELLis and MAHON (1964) have stated that sulphides
in contact with hot water containing oxygen would
hydrolyse to H,S and then the latter would partly
oxidize to sulphate. Although the present experiments
were carried out in a nitrogen atmosphere and the
distilled water was boiled, it is probable that some
air trapped between rock fragments and along micro-
fractures produced appreciable quantities of sulphate.
This may explain why H,S was not detected at 150°C
even though almost 209 of the S in the greywacke
had been leached.

Of further significance is the fact that the grey-
wacke is a suitable source rock for As and Sb as
well as S. Since it is known that As and Sb form
very stable thio complexes (WEISSBERG et al., 1966;
BRrOOKINS, 1972; NORTON, 1964), the availability of
S in a reduced form could play an important role
in their transport. '

Thallium. The fact that large amounts of Tl were
not readily liberated on leaching suggests that Tl is
incorporated into silicate lattices (substituting for K
in K-feldspars and K-micas). With prolonged leaching
(such as in natural hydrothermal systems) these sili-
cates would alter and small quantities of Tl would
be released for solution. However, under the exper-
imental conditions, reaction times were too short for
silicate alteration to take place. If T1 were in the pyr-
ite or adsorbed on to crystal surfaces, some leaching
should have occurred below 500°C as was the case
for As, Sb, Se and S.

Although the data suggest that Tl was not leached
to a significant extent from the greywacke up to
500°C, it would be inappropriate to assume that some
other source must therefore be invoked. Analyses for
Broadlands drillhole waters indicate that T] concen-
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trations are leéss than 10ppb (WEISSBERG, 1969;
BROWNE, 1971). For these concentrations to be
obtained by 'the interaction. of greywacke P 23556
with hot water (assuming a rock to. water rafio of
ten) less than 1% leaching would be required.
Obviously, at such low levels of leaching, the preci-
sion of the analytical technique and variations in the
Tl content of the starfing materials would mmake it
difficult to .establish whether leaching had occurred.

Cobalt. The absence of signifiéant Co leaching was.
perhaps_surprising dn view of the probable high Co
cantent of the pyrite in the greywacke. It might be
expected that as the pyrite breaks down, Co would
be released to the solution. The. fact that this was
not the case suggests that most of the Co is either
incorporated in the lattices of the new hydrothermal
minerals (e:g. iron oxides) or retained in the unaltered
Fe-bearing silicates (such as biotite) anid is not readily
available for solution.

Gold, silver, bismuth and tellurium. For reasoss.
already stated, leaching data was not obtained. for.
these elements. However, for a rock to water ratio
of ten, only minor leaching would be necessary to
produce the low concentrations of these elements
found in the Broadlands waters [Au 0.1-1ppb, Ag
2ppb and Bi 0.3 ppb, according to BrownE (1569)].
WessseRG (1969) has shown that waters from the
Broadlands drillhole, BR 2 contain only 0.04 ppb Au
‘and 0.6 ppb Ag, even though discharge precipitates
with 55 ppin Au and 200 ppm Ag aré forming from
‘them. Data collected by GOTTERIED- ét al. (1972) have
indicdted that the thermal watets of Yellowstone
National Park' generally contain 0.004-0.04 ppt Au,
though the sinters deposited from them contain up
to. 5 ppm Au. They have concluded that above aver-
age Au concentrations in the country rocks are not
required for them to serve as a -possible source for
the Au, ‘
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