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EXECUTIVE SUMMARY

The goal of this four-year project was to provide a database by which to judge the
utility of the rare earth elements (REE) in the exploration for and exploitation of geothermal
fields in the United States. Geothermal fluids from hot springs and wells have been sampled
from a number of locations, including: 1) the North Island of New Zealand (three sets of
samples from three different years) and the South Island of New Zealand (1 set of samples);
2) the Cascades of Oregon; 3) the Harney, Alvord Desert and Owyhee geothermal areas of
Oregon; 4) the Dixie Valley and Beowawe fields in Nevada; 5) Palinpifion, the Philippines;
6) the Salton Sea and Heber geothermal fields of southern California; and 7) the Dieng field
in Central Java, Indonesia. We have analyzed the samples from all fields for REE except the
last two.

Our results thus far indicate the following: 1) REE contents in geothermal fluids can
range over many orders of magnitude, from below detection (107-10° times chondrite) up
to almost 10° times chondrite (e.g., Mt. Ruapehu); 2) As previously noted in the literature,
PH appears to exert & dominant, first-order control on REE contents, with low-pH, acid-
sulfate waters having the highest measured REE concentrations and near-neutral to alkaline
chloride-bicarbonate waters having lower REE. However, within the latter category, the pH
dependence is not clear, and other factors in addition to pH may play important roles in
determining REE content; 3) In acidic thermal waters, the concentrations of REE in filtered
and unfiltered aliquots are approximately equal, suggesting that most of the REE are present
in solution as dissolved species; 4) Acid-sulfate waters also have a distinctive “gull’s wing”
chondrite-normalized REE pattern that is not seen in near-neutral or alkaline waters; 5) In
many near-neutral to alkaline thermal waters, the REE contents in the unfiltered aliquots can
be considerably higher than those in the filtered aliquots, suggesting that the bulk of the
REE are present in particulate form; 6) Most near-neutral to alkaline chloride-bicarbonate
waters have chondrite-normalized patterns which are generally LREE-enriched (ie.,
negatively sloped), the exceptions being fluids from Taupo-Tauhara and Kamo warm
springs, both in New Zealand, which have HREE-enriched patterns; 7) Among near-neutral
to alkaline waters, some of the ones with higher inferred temperatures at depth have positive
Eu anomalies. This feature is seen, e.g., in fluids from the Champagne Pool, Ngawha, and
Morere in New Zealand, from one well at Dixie Valley, Nevada, and from Heber, California.
Because a positive Eu. anomaly in hydrothermal fluids may reflect maintenance of a high
temperature during flow to the surface, positive Eu anomalies may reflect a favorable
feature of geothermal fluids that may be useful in exploration; 8) In the case of both acid-
sulfate and near-neutral to alkaline chloride-bicarbonate waters, the chondrite-normalized
REE patterns of the waters often parallel the chondrite-normalized patterns of inferred
reservoir rocks. This iraplies that, in many cases, REE are brought into solution in the same
proportion as they existed in the reservoir rock, ie., without significant fractionation.
However, in acid-sulfate fluids, the REE from La to Pr do appear to preferentially remain
behind, and Eu does commonly become fractionated during water-rock interaction. Also,
there are exceptions to the general rule, notably the fluids that show HREE-enriched
patterns; 9) Somewhat surprisingly, even fluids with extremely high concentrations of
carbonate (e.g., those at Te Aroha) do not seem to induce notable fractionation between



fluid and reservoir rock, even though carbonate preferentially forms stronger complexes in
solution with the HREE than with the LREE; 10) We did not see obvious differences in
REE concentrations between geothermal fluids heated by shallow magmatic activity (e.g.,
those in the Taupo Volcanic Zone of New Zealand) vs. those heated by deep circulation
along faults or subduction zones; 11) In many cases there was relatively little variation in
REE content over a period of several years (e.g., fluids from the Champagne Pool were
nearly identical over three years of sampling). On the other hand, based on samples from the
sample library of the Institute for Geological and Nuclear Science at Wairakei, New
Zealand, the REE content of some other geothermal fluids can be highly variable (e.g., fluids
from Mt. Ruapehu and White Island appear to have changed drastically in both absolute
REE content and chondrite-normalized pattern over several years); and 12) There is some
evidence that liquid-vapor phase separation (or boiling) may cause the loss of REE from
solution, and this may explain the very low REE contents measured in some thermal fluids
from producing wells where phase separation has occurred. ‘

Our results inclicate that measurement of the REE content of geothermal fluids can
result in a wealth of information about water-rock interactions in geothermal systems that
we have only just begun to explore. The results also continue to hold promise that such
measurements may one day be a useful, routine tool for exploration for geothermal systems.
However, additional developmental work will be necessary to realize the full power of the
technique.



RELEVANCE OF PROJECT

Geothermal energy development in the U.S. has been hindered by a lack of reliable
techniques for exploration for and evaluation of new resources, and for reservoir
monitoring. The premise of the project described in this report was that the behavior of the
rare earth elements (REE) in geothermal fluids may yield useful information on the state of
the geothermal reservoir. Therefore, a better understanding of the behavior of the REE in
geothermal systems may result in the development of additional tools for the exploration for
and exploitation of geothermal resources.

Until recently, relatively few studies had been conducted on the behavior of the REE
in geothermal fluids. The REE concentrations in these fluids are comparatively low, and
techniques for their analytical determination were either unavailable, or prohibitively
expensive and difficult to carry out. However, with continued improvements in analytical
techniques, the number of studies reporting REE concentrations in both continental and
seafloor geothermal fluids has increased slowly but steadily (cf. Michard et al, 1983;
Piepgras & Wasserburg, 1985; Michard & Albardde, 1986; Michard et al., 1987; Campbell
et al., 1988; Sanjuan et al., 1988; Honda et al.,, 1989a,b; Lepel et al., 1989; Michard, 1989;
Oi et al., 1990; Klinkhammer et al., 1994; Lewis et al., 1994; James et al., 1995; Aggarwal
et al., 1996; van Middlesworth & Wood, 1997). Data on the REE in continental geothermal
fluids from the Salton Sea geothermal system, California (Lepel et al., 1989; Michard,
1989), the Valles Czldera, New Mexico (Michard, 1989), Yellowstone National Park
(Lewis et al., 1994), Larderello, Italy (Michard, 1989), Japan (Honda et al., 1989a,b; Oi et
al., 1990), France (Michard et al, 1987; Sanjuan et al, 1988), Bulgaria (Michard &
Albaréde, 1986), Tibet (Michard & Albar2de, 1986), Dominica (Michard, 1989), Iceland
(Aggarwal et al, 1996) and Idaho (van Middlesworth and Wood, 1997) have been
published. However, prior to this project, the number of studies of REE contents in
geothermal fluids remained too small to fully assess the potential of using REE contents in
geothermal fluids as a potential exploration tool. Moreover, up until the study reported here,
data on REE in geothermal fluids from important geothermal areas in New Zealand, the
Philippines, and the U.S. were unavailable.

OBJECTIVES OF PROJECT

The objectives of the project were the following: 1) establish baseline information on
REE contents in geothermal fluids from around the world to supplement the meager
information that previously existed; 2) determine whether there are any distinctions in REE
contents of fluids from producing or potentially producing geothermal fields on the one
hand, and geothermal fields which are not economically viable on the other; 3) establish any
relationships between REE contents and fluid chemistry and temperature which may exist;
4) establish relationships between REE contents and host (aquifer) rocks; 5) determine
whether there are temporal changes in REE geochemistry of geothermal fluids; 6) ascertain
whether REE geochemistry changes systematically over the ‘production history of a
producing geothermal field; and 7) assess the utility of aqueous REE geochemistry as an
exploration tool. After almost four years of DOE funding, each of these objectives has been
met to some extent. Wiz have amassed a large database of REE contents in geothermal fluids



from a variety of geologic settings (Objective 1). In several cases, particularly geothermal
systems in New Zealand, we have obtained samples during more than one sampling
campaign, which permit some assessment of temporal variations (Objective 5). From this
database, we have been able to make a number of observations regarding the relationship of
REE contents between fluid chemistry and temperature (Objective 3) and host rocks
(Objective 4). Finally, we have made some progress towards Objectives 2, 6 and 7. In brief,
the results of our study do suggest that the measurement of REE concentrations in
geothermal fluids has considerable potential as a geothermal exploration and exploitation
tool, and these results provide a strong basis for further development of this tool. However,
as always in such research projects, a number of questions arose during this study that will
require additional investigation in the future. In the following, we detail the methods used,
results obtained and conclusions derived in our study.

METHODS

Sampling Methods

Before leaving for the field, all bottles that were to be used for containing acidified
metal samples were cleaned by soaking overnight in 10% nitric acid. Those bottles that were
to receive the unacidified samples for anion and silica analyses were soaked in deionized
water (DIW) overnight. All bottles were then rinsed at least three times with DIW. The
bottles for anion samples were filled with DIW and transported full until emptied in the field
and filled with sample. Many of the hot spring samples from New: Zealand had very high
concentrations of suspended solids. It was decided that sediments and suspended solids
should be excluded from all the cation, anion, and silica samples. For the New Zealand
samples taken in 1993, this was accomplished by decanting an aliquot for analysis after
allowing the well-mixed sample to settle for a few days. All subsequent samples were
filtered in the field directly from a designated sampling bottle into the appropriate sample
containers. At each site the following fluid samples were taken:

1) a 1-liter, unfiltered sample, preserved with 2% Seastar Baseline HNO; for REE analysis
2) a 1-liter, filtered saraple (filtered using a 0.45-jum membrane), preserved with 2% Seastar
Baseline HNO; for REE analysis

3) a 250-mL filtered sample (filtered using a 0.45-pm membrane), preserved with 1% Fisher
trace metal grade HNQ); for alkali, alkaline earth and transition metal analyses

4) a 250-mL filtered sample (filtered using a 0.45-pum membrane), for anion analysis and
alkalinity determinations

5) a 5-mL filtered sample (filtered using a 0.45-um membrane), diluted with 50 mL of DIW
for silica analysis

In all cases, the bottle caps were screwed tightly shut and further sealed with parafilm for
transport back to the laboratory.

The following measurements were made in the field at each site: temperature,
conductivity, and pH. Determinations of pH and conductivity were made at, or as close to as



possible to, the emergence temperature of the fluid. The pH buffers used to calibrate the
electrode were also rnaintained at as close to the emergence temperature of the fluids as
possible. Alkalinity measurements were made by titration as soon as possible after
collection, although in some cases several days elapsed between sample collection and
alkalinity determinaticn. As alkalinity of samples can change on storage, the delay between
sampling and alkalinity determination is likely the main reason for any significant charge-
balance errors in thz analytical data. Emergence temperature, pH, conductivity, and
carbonate and bicarbonate alkalinity (in ppm), silica, and cation concentrations are given for
each of the samples in the appendix.

Analytical Methods

Sample Preparation

REE Preconcentration Method. The REE concentrations in many geothermal fluid
samples were sufficieatly low that preconcentration and separation from the matrix was
required prior to analysis by ICP-MS. We selected ferric hydroxide co-precipitation as the
main preconcentratior. technique in this study. However, development of the analytical
protocol for the REE was complicated by the difficulty of finding a filter medium that had a
low blank value and was also capable of collecting ferric hydroxide precipitate without
immediately clogging. Previously employed membrane filters were found to be unsuitable
for the large number of samples to be processed in this study because they clogged too
quickly. The extraction of samples from high-temperature sources resulted in precipitation
of abundant silica, which reduced the rate of filtration and caused a serious bottleneck in
sample processing. Borosilicate glass-fiber filters have a very high blank for Sc, Y, Zr, REE,
Th, and U, and in addition essentially cannot be cleaned. Quartz-fiber filters were procured
that have adequate blank values after cleaning, combined with minimization of temperature
and exposure time of the sample to the filter media. Two procedural variations and two filter
sizes were tried. Method detection limits were established for each variation. The best
method is described below.

The procedure below does not involve drying the precipitate nor exposing the filter
medium to heat or hot acid. The first samples processed were from New Zealand and they
had high dissolved silica contents. These have a larger volume of precipitate upon ferric
hydroxide co-precipitation than anticipated, probably due to the formation of silica gel
which hardens to translucent silica on drying. When the procedure was first developed, for
low dissolved silica waters, these precipitates were dried after filtration to eliminate dilution
errors from moisture in the precipitate. The hardened silica gel from high-dissolved silica
samples remained insoluble when the attempt was made to redissolve the precipitate. It was
necessary to warm the precipitate in the acid solution (see below) to get the iron hydroxides
and REE to dissolve or leach out from the insoluble silica. This raised the REE method
blank and method detection limits owing to leaching of REE from the filters. Although the
detection limit was adequate for those samples, a comparison between the REE contents of
the concentrated extracts and the undiluted samples run at a 1X dilution directly by ICP-MS
showed that recovery was more variable than it should have been at 17 times the method



detection limit. We modified the procedure to eliminate drying the precipitate. This also
eliminated the need to heat the samples after the acid solution had been reintroduced to
encourage the ferric aydroxides to redissolve. This resulted in lower method blanks and
method detection limits.

Quartz-fiber filters were prewashed by assembling the filtration apparatus and
aspirating two or more successive aliquots of hot 50% aqua regia through a stack of several
filters. The filters were then rinsed with deionized water. The cleaned filters were allowed to
dry in a clean, enclosed container for later use.

The REE were concentrated for analysis by addition of ferric iron to the sample
container such that thz final concentration of ferric iron in the sample was about 60 mg/L
(ppm). A 50-mL aliquot of each REE sample was saved for direct analysis in case a more
sensitive ICP-MS (which would obviate the need for sample preconcentration) became
available in the future (in fact, as discussed below, a more sensitive instrument did become
available). The remaining sample was weighed to determine the concentration factor and 50
ml of 22% trace-metal-grade ammonia were added to neutralize the 2% acid and raise the
pH to between 8 and 9. The sample was mixed and a pronounced color change was
observed as the iron precipitated as a gelatinous flocculate. The sample was allowed to stand
for at least an hour and the reddish ferric hydroxide precipitate settled to the bottom of the
sample bottle.

The next step was vacuum-filtration of the sample through a 55- to 90-mm quartz-
fiber filter. The filter assembly was prewashed and soaked in an acid bath, then rinsed with
>17.6-MegOhm-cm deionized water (DIW) immediately prior to filtration. The apparatus
was assembled and rinsed successively with 10% (v/v) trace-metal-grade hydrochloric acid
solution, which is particularly good for redissolving trace amounts of iron hydroxides. This
was immediately followed by rising with DIW, and finally a rinse with a 2% solution of
trace-metal-grade ammonia to remove all traces of acid and bring the pH into the same
range as the sample about to be filtered. The filtrate was discarded and the sample filtration
proceeded. The sampl: was poured through the filter being careful to decant as much as
possible of the clear supernatant, so as to speed up the filtering process before the settled
precipitate clogged the filter. The final portion with most of the suspended precipitate was
then placed on the filter and allowed to filter to near dryness. The sample container was then
rinsed with the 2% trace-metal-grade ammonia solution and this was added onto the filter.
The 2% trace-metal-grade ammonia solution was then used to rinse down the sides of the
filter holder and the filter surface. The vacuum filtration was allowed to proceed to near
dryness. The filter was extracted with the assistance of tweezers but primarily manipulated
directly with acid-cleaned latex gloves. The folded filter was used to wipe any precipitate
clinging to the support surface of the filtration assembly.

The filter and moist precipitate were placed into a 50-mL pre-labeled polypropylene
centrifuge tube and set aside for no more than two hours prior to the next step. When a
batch of 4 to 6 processed samples had accumulated, then a calibrated repippetor was used to
add 40 mL of Seastar Baseline 4% nitric-1% hydrochloric acid solution. The centrifuge
tubes were tightly capped, and rocked gently to disaggregate the precipitate into the solution
without doing the sarne to the glass-fiber filter. The batch was allowed to stand with
periodic agitation for one to two hours so that the ferric hydroxide and co-precipitated REE
redissolved. Low temperature and minimization of exposure time were critical to keeping



the REE blanks to acceptable values. The samples were then centrifuged for one hour to
separate the liquid from the quartz fibers. The liquid was decanted into a clean
polypropylene centrifage tube and capped until analysis.

Previously, van Middlesworth and Wood (1998) showed that, when pH was adjusted
to between 8 and 9 in the co-precipitation step, recovery of the REE was better than 90%.
We have made further improvements to their method over time. Method detection limits and
spike recoveries were demonstrated with 300 mg of added Si to simulate the natural
samples, and similar recoveries were obtained.

Alternate REE Preconcentration Method. Although the iron hydroxide co-
precipitation method is relatively straightforward and was effective in the majority of cases,
it was not successful in eliminating isobaric interference from Ba in those samples containing
relatively high concentrations of this element. Moreover, as noted above, precipitation of
large amounts of silica from higher-temperature geothermal waters is also a problem.
Finally, samples containing very high concentrations of total dissolved solids, such as those
from the Salton Sea geothermal area, were not amenable to the ferric hydroxide co-
precipitation method. This is because addition of ammonium hydroxide caused the
precipitation of large quantities of solids containing Fe, Al, Pb, Zn, etc., and so the REE
could not be separated effectively from the sample matrix. To reduce interference by silica
and barium, and to find a method suitable for analysis of the Salton Sea samples, we tested
an extraction method based on the partitioning of the REE between the acidified aqueous
solution and a mixture of mono- and bis-2-ethylhexyl phosphate esters (Aggarwal et al,
1996; Shabani et al, 1990, Minczewski et al, 1982). These have the form of (RO),-PO-
(OH)(.0) where n equals 1 or 2, corresponding to the mono- or bis-2-ethylhexyl phosphate
(MEHP and DEHP). The mixed esters are not available in the USA. However, we were able
to obtain a supply of mixed ethylhexyl phosphate esters by directly ordering from Merck in
Germany. The Merck material is a mixture comprising 45% mono- and 55% bis-ethylhexyl
phosphate esters. The ester mixture was dissolved in heptane and shaken with the pH-
adjusted (2% nitric acid; pH<1) aqueous sample in a separatory funnel. The REE were
extracted into the organic phase. The aqueous phase was discarded and the organic phase
was transferred into a smaller separatory funnel. The REE were back-extracted into the
aqueous phase by addition of n-octanol and 6N hydrochloric acid. A rhodium spike was
added to this extract for calculation of the dilution factor upon analysis. The dissolved n-
octanol in the extract was removed by shaking with three aliquots of n-heptane. The final
cleaned-up volume was approximately 15 mL. An additional evaporation step to eliminate
the acid was not deeraed necessary. The extract was transferred to a centrifuge tube for
storage until analysis.

Using the method outlined above, we encountered difficulties in obtaining a method
blank less than 10 times chondrite. The mixed esters we obtained from two different
manufacturers were bcth contaminated with HREE (Er, Tm, Yb, Lu) as well as Y and U.
Cleaning the reagents was difficult and resulted in detection limits no better than the iron
hydroxide coprecipitation. Finally, we found the method unsatisfactory for continental
chloride brines due to high (1000’s mg/kg) concentrations of transition metal cations such as
Fe. These saturate the exchange capacity of the phosphate esters and prevent or greatly
reduce the recovery of the LREE and MREE (La through Ho). A method where the DEHP



esters are added onto a C18 filter disk has potential for lower contamination because it
allows the disk and DEHP esters to be acid cleaned prior to extraction (Shabani et al, 1992).
However, the saturation of exchange capacity by loading of transition metals remains a
problem.

Although the solvent extraction method did not offer a significant improvement over
the ferric hydroxide co-precipitation method, a comparison of the two methods was
informative. As will be discussed below in the section describing results from geothermal
areas of southeast Oregon, results obtained using the two preconcentration methods on the
same samples were very similar. This finding lends confidence that the results obtained using
the ferric hydroxide co-precipitation method are accurate.

Instrumental Methods

REE: For the first two years of this project, the REE, Y, Th, and U were determined
at the Washington State University Inductively Coupled Plasma-Mass Spectroscopy (ICP-
MS) laboratory using a Perkin Elmer ICP-MS model Elan 250 which had been retrofitted
with an EPT multiplier detector, argon mass-flow controllers for coolant, auxiliary, and
nebulizer flows, a watzr-cooled spray chamber to reduce oxide formation, and a high solids
Meinhard-style nebulizer. The autosampler and data acquisition from the detector were
under computer control. Five concentration levels and an acid blank were read for initial
calibration. Yttrium, Sc, Zr, and the 14 REE were calibrated using 200, 40, 8, 2, and 0.4
ug/L solutions. Thorium and U were calibrated from the same solutions at 100, 20, 4, 1, and
0.2 ug/L. A calibration curve was obtained by linear regression dropping the highest two
standards as necessary to improve the fit and zero intercept for lower sample values.
Transport, ionization, and space-charge interferences were corrected by use of Co, In, and
Bi as internal standards. Typically oxide formation was near or below 10% as measured
from [ThO]**/Th*? ratios. Correction for isobaric oxide interferences were made for BaQ
on Eu'*' and Sm'?, P1O on Gd'¥’, and NdO on Tb'®. Correction was made by periodically
running both a 10 mg/1. Ba standard and a standard containing 200 ng/L each of Nd and Pr.
Although Nd'** and (Gd'" were monitored, Nd'* and Gd'® were used exclusively for
reporting. Quality control was maintained by periodic analysis of a mid-level calibration
standard and blank and by monitoring the internal standard intensities. All data reduction
was accomplished off-line using a standardized computer spreadsheet.

Instrument and method detection limits for the REE Y, Th and U were calculated
following the procedure recommended in the Federal Register (40 CFR section 136) and
numerous other sources. Prepare six to ten spiked samples for analysis following all method
procedures for each sample. The Student’s t for seven samples (6 degrees of freedom) at
99% confidence (3.143) is multiplied by the standard deviation of the individual
determinations and the result is the method detection limit (MDL). The optimal spike
amount should result in a concentration of 3 to 5 and no more than 10 times the MDL. This
method in 40 CFR section 136 was used to determine estimated instrument detection limits
by analyzing multiple blank replicates followed by determination of the true instrument
detection limit (IDL) by analyzing multiple replicates of a standard solution of appropriate
composition.
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The method detection limits for the REE, Sc, Y, Zr, Th, and U were determined by
addition of 20 mL Seastar Baseline HNO3 to one liter of DIW in an HDPE bottle. To this
were added 1 mL of a spiking solution containing Sc, Y, Zr, and REE at 4 pg/L and Th and
U at 2 ng/L. The final concentrations in the sample were therefore 4 ng/L and 2 ng/L (ppt),
respectively. The spiked samples were set aside for at least one week. The iron spike was
then added and the precipitation procedure was carried out on each replicate. This made the
fmal concentration to be read at the instrument 100 ng/L and 50 ng/L (ppt), respectively.
Seven replicates were spiked and prepared as well as six blanks. The blank sample bottles
were carried into the field after addition of the baseline nitric acid and subsequently had
deionized water added in the lab and were allowed to age for at least a week before
extraction. The extracts were analyzed at the Washington State University ICP-MS lab. The
MDL'’s are summarized in Figure 1.

Samples from higher temperature geothermal source waters had very high dissolved
silica contents which made sample extraction slow and complex. We were concerned that
silica precipitated during the iron hydroxide precipitation would interfere with recovery of
the REE. We decided to re-check the MDL’s in December of 1998, by adding 300 mg Si
(equivalent to 600 mg/L silica) to the MDL samples along with each spike. The addition of
silicon to the MDL samples made several things clear. Silica co-precipitates with the iron
and REE hydroxides. Silica produces a severe isobaric interference on Sc determination by
ICP-MS and therefore Sc results are not reported. Zirconium is not recovered at low
concentrations and probably forms an insoluble oxide on addition of ammonia to raise the
pH. The blank levels for Y, La, Ce, U, and Th are detectable but acceptably low. It is clear
that contamination is present as minor amounts of Y, La, Ce, and perhaps U. The resulting
MDL’s, recalculated to original sample concentrations, range from about 8 ng/L for La and
3 ng/L for Ce to less than 2 ng/L for Pr through Lu, and Th and U. Initially, these REE
MDL’s were considered adequate for this project, based on our prior experience with REE
in geothermal fluids from around the Idaho batholith. However, as described below, filtered
geothermal fluids frorn many other areas contain REE at concentrations less than these
MDL’s.

Fortunately, at the start of the second half of this project (January 2000), the
Washington State University Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)
laboratory installed a new, more sensitive ICP-MS, a Hewlett Packard model 4500.
Typically, oxide formation as measured by *{Ce0)/**Ce was less than 0.5%, equivalent to
[ ThO]/***Th of less than 1%. Corrections for isobaric oxide interferences were made for
BaO on Eu and Sm, PrO on Gd, and NdO on Tb. Correction was made by periodically
running both a 20-mg/L Ba standard and a mixed 200-pg/L Pr-Nd standard. We used Ru,
In, and Re as internal standards for the REE and Rh (spiked for a 20-mL volume to equal
50-pg/L) to correct for sample extract volume. Cobalt and Bi were measured as internal
standards for Sc, U, and Th. We measured '“’Sm (free of Ba'®O interference) for
comparison with more sensitive '**Sm to evaluate the BaO correction for **2Sm and *'Eu.
We corrected '®Gd for '®Dy using Dy and measured "™Hf to correct Yb for isobaric
"Hf interference. Calibration verification was monitored by periodic analysis of two or
more mid-level calibration standard and the calibration blank. The internal standards were
used to compensate for instrument drift. All data reduction was accomplished off-line using
a standardized computer spreadsheet. Using this newer instrument, the MDL’s were
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lowered by approximately one order of magnitude (Figure 1). Thus, a significant effort in
the latter half of this project, especially in 2001, was the redetermination of the REE
content in many samples collected and analyzed in the first half, and found to be near
or below the previous MDL.

Other cations. The cations Ag, Al, As, B, Ba, Ca, Cd, Cr, Cu, Fe, K, Li, Mg, Mn,
Mo, Na, Ni, P, Pb, Sb, Se, Si, Sr, Ti, V, Zn were routinely determined in the sample aliquot
reserved for non-REE cations. The cation aliquot analyses represent total dissolved metals
as the samples have been filtered through 0.45-pum filters in the field directly into a cleaned,
acidified bottle. The analyses were performed on a computer-controlled Perkin Elmer model
3000 XL Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES) which is
interfaced to an autosampler. The sample is introduced from the autosampler by a computer-
controlled peristaltic pump which incorporates in-line addition of internal standard elements.
The instrument has a torch orientation that results in an axial light path from the argon
plasma which is dispersed with an Echelle Grating onto a Peltier-effect-cooled charge-
coupled device (CCD) detector. The computer interface then records the accumulation of
counts from the detector and saves the data.

Calibration of the instrument is performed each time the instrument is run. The
calibration standards are analyte mixtures typically comprising four levels of five-fold
dilution. Analytes werz grouped by typical abundances into three sets: high - 40, 8, 1.6, and
0.32 mg/L; moderate - 4, 0.8, 0.16, and 0.032 mg/L; and silver - 0.4, 0.08, 0.016 and
0.0032 mg/L. The elements Be, Sc, and In were used as internal standards to correct for
nebulizer transport interference and instrumental drift. A mid-level standard was run
periodically along with the calibration blank for quality assurance. The emission line
wavelengths were selected for sensitivity, linearity, and freedom from background
interferences and are in common use. Background corrections were made on all line
intensities and the spectra were visually inspected during post-analysis reduction of data.
This is adequate to correct for Ca and Mg baseline interference. Levels of Al (spectral
overlap and baseline), and Fe, Cr, Ni (spectral overlap) are generally low enough in these
thermal waters that inter-element interference corrections were not used. Initially, Si was
determined on a separate sample aliquot. However, analytical results for the cation aliquot
were in agreement so often that we stopped taking a separate sample for silicon to estimate
dissolved silica. The objective of determining such a comprehensive cation list was to
constrain any variables which might have an effect on the solubility of the REE.

Anions: The anions fluoride, chloride, bromide, nitrate, phosphate, and sulfate were
analyzed by a Dionex model AI-450 ion chromato graph equipped with a Dionex 4 x 50 mm
AG4A-SC guard column and a 4 x 250 mm AS4A-SC analytical column. An advanced
gradient pump (AGP) was used to provide a flow of 2mL/minute using an eluent
composition of 1.7 mM NaH(COs)/1.8 mM Nay(COs) for isocratic elution of the anions.
The eluent reservoirs were degassed with helium and the eluent kept under a helium
atmosphere during the analytical run. Detection was by suppressed conductivity. A 4-mm
ASRS-I (anion self-regenerating suppressor) is used to suppress the baseline conductivity to
about 15.2 uS. This combination of apparatus and eluent was optimal for natural samples
and is relatively insensitive to contamination of the eluent reservoir by carbonate formed



12

from atmospheric carson dioxide. Sample introduction is through a nitrogen-switched flow-
injection valve body and uses a 50-pL injection loop. In a typical analytical protocol, the
target anions elute within 9 minutes from time of injection. The method is programmed to
allow eluent to flow through the injection loop in line with the analytical column throughout
the duration of the run. Several mL of DI are used to rinse the injection pathway before each
new injection.

Fluoride, CI, Br, NOs, PO,>, and SO, were calibrated using 50, 10, 2, 0.4, and
0.08 mg/L mixed anion solutions, a 100 to 200 ppm chloride-sulfate standard, and a DI
water blank. Calibration and instrumental drift were verified by periodic analysis of an
appropriate dilution of a certified anion quality control standard mixture (SPEX brand
ICMIX2) and a DI water blank. All samples, quality-control standards and blanks were
injected using the same syringe which was rinsed with DI water between each use. Typically,
analyte carryover was not observed or was not significant.

Alkalinity: Alkalinity was determined by potentiometric titration with a standardized
reference acid solution. Gran analysis of the millivolt versus volume data was used to
calculate equivalent m/L of carbonate and bicarbonate.

RESULTS

REE Contents of Geothermal Waters by Study Area

Tables of all the analytical data are given as EXCEL files on the accompanying CD.
The REE concentrations obtained are shown in chondrite-normalized form in a series of
diagrams in a WORD file on the CD. In general, in the figures, filtered aliquots are denoted
by symbols connected by short dotted lines whereas unfiltered aliquots are denoted by
symbols connected by solid lines.

New Zealand

Samples were obtained from wells and springs from a wide selection of geothermal
areas in the Taupo Volcanic Zone (TVZ), namely Broadlands, Kawerau, Mokai, Mount
Ruapehu, Orakei Korako, Rotokawa, Taupo-Tauhara, Te Kopia, Tokaanu, Waikite,
Waimangu, Waiotapu, and Wairakei. In addition, samples were taken from seven sites on
the North Island outsicle the TVZ: Ngawha, Tarawera, Puketitiri (Mangatatu), Miranda, Te
Aroha, Te Puia and Morere. The sites sampled are located on a map of New Zealand in
Figures 2 and 3 (modified after Figures IV, III; Mongillo and Clelland, 1984). Four sites,
Tarawera, Puketitiri, Miranda and Te Aroha, were selected because they are thought to
result from circulation of fluids along deep regional faults, where heating is predominately
derived from the geothermal gradient as opposed to the shallower circulation typical of most
of the thermal areas in the Taupo Volcanic Zone, where heating is dominated by subvolcanic
magmas (Figure 2). Two other sites, Morere and Te Puia, were sampled because they are
associated with dewatering of sediments accompanying the Pacific plate, which is being
subducted underneath the Indian plate just off the eastern coast of the North Island of New
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Zealand (Figure 2). Waimangu, Wairakei, and Taupo-Tauhara are associated with caldera
boundaries (Simmons 1995). We also sampled three geothermal areas from the South Island
of New Zealand: Hanmer Springs, Maruia Springs and Lewis River Springs (Figure 29).

North Island, Inside the Taupo Volcanic Zone

The samples from geothermal areas in the Taupo Volcanic Zone, New Zealand, fall
into two main groups. Low-pH, acid-sulfate water samples have been found to have
elevated REE contents whereas samples having near-neutral pH, represented by neutral-
chloride and neutral-bicarbonate waters have much lower REE contents. The details are
described below.

Rotokawa: Lake Rotokawa is an acidic lake fed by numerous springs. We were able
to sample two surface springs (in both 1998 and 2000) and a number of wells (in 2000). The
acid spring waters made access dangerous because of dissolution and undermining near the
springs and in the general area. We observed several boiling mud pots which were
inaccessible, but we were able to sample Parariki spring. We took a second sample closer to
the margin of Lake Rotokawa. The vent was an upwelling eroded into the margin of a larger
pool on the lake margin. The waters from these two springs are low-pH (1.51, 2.79) and
have high-conductivity due to mixing between chloride (341, 1084 ppm) and sulfate (895,
455 ppm) source waters. The fluids from two of the wells sampled (Rotokawa #4, Western)
were also acidic (~2-2.5), whereas those from wells RK-5 and RK-9 had pH values of ~ 6.5.
Moreover, the fluids from RK-5 and RK-9 had somewhat higher chloride and much less
sulfate than the other well fluids. Deep temperatures and stored heat have been estimated at
335°C and 4500 PJ, respectively, at Rotokawa (Mongillo and Clelland, 1984).

The REE results for Rotokawa are depicted in Figures 4 and 5. The low-pH
geothermal fluids from. Rotokawa are distinguished by relatively high REE contents (mostly
10°-10" times chondrite) and the filtered aliquots of the various samples have nearly
identical concentrations to the unfiltered aliquots, suggesting that the REE are probably in
true solution (although a colloidal fraction cannot be excluded). However, the near-neutral
fluid from RK-9 has REE concentrations near the detection limit (10 times chondrite) and
shows a measurable difference between filtered and unfiltered aliquots. The unfiltered
sample of the neutral-chloride fluid from RK-5 also has low REE contents. Also plotted in
Figures 4 and 5 are the chondrite-normalized REE patterns for two potential aquifer rocks
in the area, the Rotokawa Basalt and the Orakeikorako Basalt (these have been scaled by
arbitrary factors so that they plot on the same scale as the waters). Although there are some
differences in detail, tte general slopes of the REE patterns for the waters parallel those of
possible aquifer rocks, suggesting that there is no major fractionation as REE are leached
from the aquifer rocks. However, the low-pH fluids have a very distinctive “gull-wing”
pattern in which there is a small but noticeable Eu anomaly and a significant depletion of the
lightest REE, i.e., La to Pr. The patterns exhibit maxima at Nd and Gd. The left “wing”
(LREE) shows significant concavity downward whereas the right “wing” (HREE) is flatter.
Finally, there generally is a gentle overall negative slope to the pattern. As will be pointed
out below, this “gull-wing” pattern is characteristic of nearly all the low-pH geothermal
fluids sampled in New Zealand. Finally, comparison of the pattern for Parariki Spring from
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1998 with that from 2000 shows that there was negligible temporal variation for this spring
over a period of two years.

Waiotapu Thermal Reserve: The Waiotapu Reserve contains the largest neutral-
chloride spring in the region (the Champagne Pool) and a number of acid-sulfate springs.
We sampled the acidic (pH = 2-2.5) Oyster pool in both 1998 and 2000, and Frying Pan Flat
(pH = 2.5-3.5) in 2000. The Champagne Pool (T = 74.7°C; pH of 5.28) was sampled in
1998, 2000 and 2001. This area has a high maximum deep temperature of 295°C, a high
heat flow of 600 MW with an estimated thermal reserve of 6100 PJ, and a surface water
flow greater than 250 L/s (Mongillo and Clelland, 1984).

The REE contents for the acid-sulfate features sampled at Waiotapu are summarized
in Figure 6. The major features of these acidic fluids are very similar to those observed at
Rotokawa, namely: 1) relatively high overall REE contents; 2) a distinctive “gull-wing”
chondrite-normalized pattern; 3) patterns generally parallel to potential aquifer rocks; and 4)
nearly identical REE contents in filtered and unfiltered aliquots of the same sample.
Comparison of REE contents among samples taken in 1998 and 2000 is complicated by the
fact that there was considerable spatial variability as seen from the results for Oyster Pool in
1998. However, there was no change in the general form of the patterns between 1998 and
2000.

As can be seen from Figure 7, the REE patterns from the Champagne Pool are
significantly different from those of the more acidic features at Waiotapu. First, the overall
concentrations of REE are much lower, although generally well above our improved
detection limits. Second, the patterns have a very prominent, positive Eu anomaly. Third,
the patterns are generally LREE-enriched, exhibiting a relatively steep decrease from La to
Gd, and a much flatter slope from Gd to Lu. The pattern for the Champagne Pool can be
likened to a “Mexicar. Hat” and is distinctly different from the “gull-wing” pattern of the
acid-sulfate fluids. Finally, unlike the acid-sulfate fluids, the fluids from the Champagne Pool
show noticeable differsnces in REE concentration between filtered and unfiltered aliquots,
with the latter generally having higher REE contents. This finding suggests that some of the
REE are present as suspended particles. However, the filtered aliquots still have significant
REE contents. Like the more acidic fluids, no major temporal changes are observed for the
Champagne Pool over a three-year period. From 1998 to 2001, the REE concentrations in
the Champagne Pool varied by no more than a factor of three.

With the exception of the prominent Eu anomaly, the patterns of fluids from the
Champagne Pool are very similar to those from the Whakaroa Rhyolite and the Oruanui
Ignimbrite, potential aquifer rocks for the Waiotapu fluids. The positive Eu anomaly could
be the result of the fluids leaching a lithology at depth with a similar Eu anomaly. However,
as pointed out by Sverjensky (1984) and Wood (1990), geothermal fluids also can acquire
positive Eu anomalies as a result of the increased stability of aqueous Eu?* relative to Eu’*
with increasing temperature. Thus, the Eu anomaly observed here could be a reflection of a
relatively high temperature at depth and rapid ascent of the fluid to the surface.

Waikite: The Waikite hot springs lie to the north of the Te Kopia Reserve field along
the Paeroa fault zone. The Waikite hot springs sampled are fed by a bicarbonate-chloride
water with approximatzly neutral pH of 7.5. Waikite is proximal (~ 5 Km) to Waiotapu and
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may have a hydrological connection to the Waiotapu field (Mongillo and Clelland, 1984).
Quartz saturation thermometry suggests a temperature of last equilibration of approximately
156 °C, which is considerably less than that from Waiotapu. The sampling of Waikite in
1998 was immediately followed by a magnitude 4.1 earthquake which had an epicenter at
nearby Rotorua. The proprietor of the Waikite springs told us that earthquakes in the
general area are periodic in that activity increases for a few weeks at a time followed by
several months of little or no activity. This was confirmed by discussion with our colleagues
at IGNS. Seismicity may be significant because Lewis et al. (1997) have attributed temporal
variations in REE content in Yellowstone National Park to microseismic events.

The geothermal fluids from Waikite are interesting in that their REE patterns are
parallel to those of the Champagne Pool except that the former lack a Eu anomaly and may
have somewhat lower overall REE contents. However, if the Eu anomaly is removed from
the Champagne Pool results, the patterns are nearly parallel with those from Waikite. This
finding may support the idea of a hydrological connection between Waiotapu and Waikite.
The lack of the Eu anomaly in the Waikite fluids may be a result of the lower temperature of
last equilibration compared with the Champagne Pool. As pointed-out in the previous
section, Sverjensky (1984) has shown that the relative stability of divalent aqueous Eu is a
strong function of temperature.

Te Kopia Reserve: The Te Kopia Reserve is comprised of three large pools fed by
acid-sulfate springs. All of the samples taken at Te Kopia were strongly acidic with pH
ranging from 2.6 to 1.7. The estimated maximum deep temperature is 241°C with an
estimated thermal reserve of 2300 PJ (Mongillo and Clelland, 1984). The Te Kopia field
may be connected hydrologically to the Orakeikorako field (Mongillo and Clelland, 1984).

Several of the acidic hot springs at Te Kopia (Figure 8) exhibit “gull-wing” patterns
reminiscent of the acid-sulfate fluids at Rotokawa and Waiotapu. However, in both 1998
and 2000, the fluid from Te Kopia #3 exhibited a somewhat different pattern, in spite of
having a low pH (pH = 1.9 in 2000). From Nd to Lu, the patterns for Te Kopia #3 and the
others are identical, including a slight negative Eu anomaly, but Te Kopia #3 does not show
the strong depletion i1 La-Pr shown by other acidic fluids in the TVZ. The reason for the
different behavior of Te Kopia #3 is not yet clear. However, the pattern for this fluid is very
similar to the patterns for the Whakaroa Rhyolite and the Oruanui Ignimbrite.

Although primarily acid-sulfate features occur at Te Kopia, a neutral-chloride fluid
has been encountered at Murphy’s Farm Hot Spring. We were unable to sample this feature
safely in any of our trips to New Zealand. However, Figure 9 includes the chondrite-
normalized REE pattern for a sample of this neutral-chloride fluid taken in 1992 and stored
in the IGNS sample library at Wairakei. It is clear that the REE contents of this sample are
much lower than those in the acid-sulfate fluids we sampled. Although we cannot exclude
the possibility of loss of REE from the sample during storage in the sample library, its lower
REE concentrations compared to the acid-sulfate fluids are consistent with trends observed
elsewhere. That is, nzutral chloride fluids tend to have orders of magnitude lower REE
concentrations than acid-sulfate solutions.

Waimangu: The Waimangu area is similar to Waiotapu in that it comprises both
acid-sulfate features and neutral-chloride-bicarbonate features. This hydrothermal system
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occurs along the southern margin of the Okataina Volcanic Center. The heat source seems
to be related to the central rift zone of a nearby volcanic edifice. This volcanic center is the
most recently active one in the TVZ. The maximum deep temperature is estimated to be
270°C with stored heat estimated to be 5400 PJ (Mongillo and Clelland, 1984). Samples
were obtained from the acidic Frying Pan lake, which had a temperature and pH of 51°C and
5.7, respectively. A sample also was obtained from the neutral-chloride Clamshell Spring
which has a higher temperature and pH of 76°C and 8.0, respectively. Finally, Iodine Pool,
with a temperature and a pH of 64°C and 8.3, respectively, was sampled.

As demonstrated by Figure 10, the REE patterns of all the fluids we sampled from
Waimangu are similar to the “gull-wing” patterns exhibited by the more acidic fluids
elsewhere, except that they do not exhibit the extreme depletion in La-Pr shown by more
acidic fluids. Thus, all fluids sampled at Waimangu have a slight negative Eu anomaly, show
a fairly steep negative slope from La to Nd, and then a much gentler slope (in fact nearly
flat) from Gd to Lu. The patterns for the fluids are very similar to those from the Whakaroa
Rhyolite and the Oruanui Ignimbrite, suggesting very little fractionation as the REE are
leached from aquifer rocks. Unlike more acidic fluids elsewhere, the REE contents of the
unfiltered aliquots of fluids from Waimangu are generally much higher than those in the
corresponding filtered aliquots. The slightly more acidic fluids from Frying Pan Lake (pH =
~ 5.7) seem to have higher REE concentrations in the filtered aliquots than those from the
more alkaline fluids from Clamshell Springs and Iodine Pool (pH = ~ 8.0 and 8.3,
respectively). The difference in REE concentrations in the unfiltered aliquots is considerably
less, although Frying Pan Lake still seems to have somewhat higher values.

Orakeikorako: The Orakeikorako field is reached by a short ferry trip across the east
end of lake Ohakuri on the Waikato river. The sinter terrace system produced by the flow of
springs is quite large and mostly lies beneath the present lake level. We sampled the Fred
and Maggie Pools which have a moderate temperature (93°C) and pH (6.9), and flow out
onto the surface of the largest sinter terrace. We also sampled the large Map of Africa Pool
which emerged near the base of the upper sinter terrace and had a temperature of 63°C and
a pH of 6.9. Slightly closer to the Waikato river we sampled the vent of the Diamond
Geyser which has a strong flow of steam-heated water with a temperature of 93°C and a pH
of 8.5. Field conductivity measurements suggest that total dissolved solids content is low,
which is in agreement with published data on the field. Temperature at depth is estimated to
be 266°C with a stored heat reserve of 1700 PJ (Mongillo and Clelland, 1984). This field
was drilled for production tests but the flow of produced water was not adequate for power
generation due to low permeability (verbal communication, Greg Arehart, 1998). The only
acid-sulfate fluid that we sampled from the Orakeikorako field was that from Ruatapu Cave,
which has a temperature of 39°C and a pH of 2.5.

Like acid-sulfate fluids elsewhere in New Zealand, the fluids emerging in Ruatapu
Cave have overall high REE concentrations, distinctive “gull-wing” patterns, and identical
REE concentrations in unfiltered and filtered aliquots (Figure 11). The near-neutral fluids of
the Fred and Maggie Pools and the Map of Africa Pool have REE characteristics very
similar to those of the fluids from Waimangu. The Map of Africa Pool appears to have
higher REE concentrations than the Fred and Maggie Pools, in spite of identical pH values
but a lower emergence: temperature. The absolute REE concentrations of these hot springs
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varied a bit, but the chondrite-normalized patterns are essentially the same, between the two
sampling campaigns. The REE concentrations of the outflow from the Diamond geyser were
near the detection lirrit in both 1998 and 2000. These low concentrations are probably a
result of three factors: 1) the expected low REE concentrations in fluids of slightly alkaline
pH (~ 8.5); 2) the admixture of low-REE steam with liquid in the geyser; and 3) possible
loss of REE to solid phases upon steam separation (see below).

- Taupo-Tauhara Field (De Bretts Thermal Park): The Tauhara-Taupo field contains
both acid-sulfate and neutral-chloride features but we were able to sample only neutral-
chloride type fluids. We sampled springs emerging within the De Bretts Thermal Park and
along the margins of Lake Taupo, and a well at De Bretts. The waters are neutral-
bicarbonate-chloride-type with much lesser amounts of sulfate. Field measurements indicate
pH values of 5.5 to 6.5.

Surprisingly, the REE systematics of the fluids from the Taupo-Tauhara are
distinctly different from most of those observed anywhere else in this project. These fluids
are among the only ones that show strong HREE-enriched chondrite-normalized patterns
(Figures 12 and 13). The general pattern is relatively flat from La to Gd, and then has a
positive slope from Gid to Lu. Most of the fluids exhibit a small negative Eu anomaly. The
same patterns were otserved in all three years in which samples were taken, although there
is some variation in absolute REE concentration from year to year. Interestingly, in the
samples from De Bretts and some of the samples from the margin of Lake Taupo, the
unfiltered aliquots have: somewhat higher LREE concentrations than the filtered samples, but
the HREE concentrations tend to converge in the two aliquots. This finding suggests that
the LREE are more likely to be present on suspended particles. Sample NZ302-01 from the
margin of Lake Taupo is particularly interesting in this regard because the unfiltered aliquot
exhibits a strongly LREE-enriched pattern with a large Eu anomaly (very different from the
rest of the fluids frora this area) whereas the filtered aliquot shows the HREE-enriched
pattern characteristic of this thermal area. This finding raises the possibility that the HREE-
enriched patterns obsesrved in the Taupo-Tauhara area are a result of the preferential
removal of LREE onto solid particles (perhaps Mn oxides?).

Wairakei geoth.ermal field: The Wairakei fields are famous as the first liquid-phase
geothermal field in the world to produce electric power. A number of geothermal
production technologizs were developed for the first time at Wairakei. The waters are
predominately chloride-bicarbonate-type. Downhole temperature maxima are approximately
270°C; total heat flow is estimated to be 600 MW with a stored capacity of 6700 PJ
(Mongillo and Clelland, 1984).

A sample was obtained from well W-207 in 2000 at 7.1 b.g. using a Weber sampler.
The results for two replicate analyses of this fluid are shown in Figure 14. In general, the
REE concentrations are quite low, < 10™ times chondrite, and the filtered aliquot has
substantially lower concentrations than the unfiltered aliquot. The chondrite-normalized
REE pattern of the unfiltered aliquot is nearly parallel to those of potential reservoir rocks
(Whakaroa Rhyolite, Oruanui Ignimbrite), but the filtered aliquot has a much flatter pattern.
The reproducibility of the results for the unfiltered aliquot is excellent, and that for the
filtered aliquot is good considering the proximity to the detection limit.
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Broadlands-Ohaaki Field: Three wells (Brl5, Br20 and Br48) were sampled at
Broadlands-Ohaaki using a Weber sampler. In addition, Kevin Brown procured downhole
samples from two wells (Br9 and Br20); these are all unfiltered aliquots. The waters in our
samples are predomirately near-neutral to slightly alkaline, chloride-bicarbonate-type with
higher bicarbonate than the Wairakei field. Downhole temperature maxima are
approximately 308°C with a capacity of 6900 PJ (Mongillo and Clelland, 1984). Few
surface springs existed prior to field development and surface heat flow is estimated to be 75
MW (Mongillo and Clelland, 1984).

The results from the Broadlands field are plotted and compared with those from
Wairakei in Figures 15-18. The samples obtained using the Weber sampler show
characteristics very similar to those from Wairakei. The downhole samples as a group have
higher REE contents than the ones obtained with the Weber sampler. Figure 18 shows that,
acid washes of the downhole sampler after each sample was taken contain very high REE
contents. This finding could possibly suggest that REE were preciptated in or absorbed onto
the sampler during sampling. However, blank washes of the sampler indicate that acid
washing may be leaching REE out of the ceramic surfaces inside the sampler. Thus, the high
REE contents of the acid washes may be an artifact of contamination. This raises the
possibility that the higher concentrations observed in down-hole samples may also be an
artifact of contamination.

Mokai: At Mokai we sampled wells MKS, MK3, and MK6 with a Weber separator
at 18 to 20 bars gauge. In addition, we sampled three natural features, Mokai Spring which
is in sight of the Mokai injection wells, Mokai bathing pool, and Mokai stream. Mokai Pool
is the only acidic feature sampled, with a pH of 2.9. All other fluids sampled had pH in the
range 5.5 to 7.1. This field has a maximum measured temperature at depth of 324°C and a
stored heat of 10,000 PJ according to Mongillo and Clelland (1984).

The acidic Mokai Pool exhibits the characteristic “gull-wing” REE pattern of acidic
fluids in New Zealand, the unfiltered and filtered aliquots have nearly identical REE
concentrations, and the absolute REE concentrations are comparatively high (just under 10
times chondrite; Figure: 19). The unfiltered aliquot of the sample from Mokai Spring (pH =
6.1) has REE concentrations within an order of magnitude of those of Mokai Pool.
However, the chondrite-normalized pattern for Mokai Spring does not exhibit depletion in
La-Pr like Mokai Pool, and the pattern for the former fluid is nearly parallel to potential
aquifer rocks. On the other hand, the filtered aliquot of the sample from Mokai Spring has
REE contents almost two orders of magnitude lower than the unfiltered aliquot.

The three wells sampled at Mokai all have similar REE patterns, and their absolute
concentrations are much lower than in the surface features (between 10 and 107 times
chondrite; Figure 20). The HREE concentrations in the filtered and unfiltered aliquots are
essentially identical, but the LREE concentrations are somewhat higher in the unfiltered than
the filtered aliquots. TThe patterns from the well fluids are irregular, which may reflect
analytical uncertainty at such low concentrations.

M. Ruapehu crater lake: The NZ-032-98 sample was taken by Bruce Christianson
from Ruapehu crater lzke in March 1998. The crater lake is strongly acidic (pH 1.14). The
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salinity measured in the laboratory was 38 parts per thousand. Only one liter of unfiltered
sample was obtained owing to logistical difficulties. The fluid from this crater lake is an
acid-chloride-sulfate water with extremely high dissolved solids contents including, in order
of decreasing abundance, Mg, Ca, Na, Fe, and Al, at greater than 1000 mg/L each. The
extremely high Fe and Al in particular reflect the acidic character of the waters. We also
analyzed a series of samples taken from Mount Ruapehu between 1993 and 1999, inclusive,
and stored in the IGNS sample library.

The samples from Mount Ruapehu are different from most of the other acidic fluids
sampled from New Zealand in that they do not have the distinctive “gull-winged” chondrite-
normalized REE pattern (Figure 21). Although only unfiltered aliquots are available from
Mount Ruapehu, the very low pH permits us to assume that filtered aliquots would have
identical REE concentrations, in analogy with all other acidic fluids investigated in this
project. The sample we obtained in 1998 has a slightly positively sloped chondrite-
normalized REE pattern, without any significant Eu anomaly. The pattern of this sample is
parallel to that of the Ruapehu basalt for the HREE, but appears to be relatively depleted in
the LREE compared to this basalt. Interestingly, the fluid appears to reflect a slight positive
Nd anomaly possessed by the basalt. Thus, although the Mount Ruapehu fluids do not
exhibit the “gull-wing™ patterns typical of other acidic fluids in New Zealand, they do have
in common the apparent fractionation of the LREE compared to potential host rocks.

The samples from the IGNS sample library suggest significant variability in the REE
patterns over the period 1993 to 1999. We cannot rule out the possibility that the IGNS
samples have changed on storage. However, some measure of the magnitude of this
potential problem is given by comparison of our 1998 sample with IGNS-14 RCL. The latter
is a separate aliquot of the same sample that Bruce Christenson took for us in March 1998.
The only difference is rthat IGNS-14 was stored for more than two years prior to analysis. It
can be seen from Figure 21 that the two aliquots have essentially identical LREE
concentrations, and tte HREE concentrations differ by less than a factor of two. This
finding suggests that the samples did not change much over a period of two years, but the
possibility that changes may have occurred over longer periods of time cannot be
discounted. Assuming that the IGNS samples did not undergo significant changes during
storage, the data in Figure 21 show a significant temporal variation in the REE content of
the crater lake. Samples taken in 1993, 1994 and 1995 exhibit nearly identical, LREE-
enriched patterns. Frora 1996 to 1998, the patterns flatten and then become slightly HREE-
enriched. In 1999 there was a sudden change again such that the pattern again became
slightly LREE-enrichedl. If these changes are not artifacts of sample storage, it may be that
they are reflective of changes in the chemistry of the crater lake owing to changes of inputs
of magmatic volatiles. It is even possible that changes in REE chemistry may represent
harbingers of changes in the eruptive status of Mount Ruapehu.

White Island: Samples from the IGNS sample library taken in the years 1993 to 1999
were analyzed for their REE content (Figure 22). White Island is an active andesitic volcano
and has a number of hot springs and pools, and fumaroles. The samples analyzed were all
taken from the Black Pot feature on White Island, and all but one represent unfiltered
samples. The Black Pot spring is reported to be a neutral-chloride feature that is probably
reheated sea water with a possible (but unknown) magmatic contribution. The temperatures
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recorded at the time of sampling were 83-94°C. As was the case of the Mount Ruapehu
samples, we cannot rule out the possibility of changes in these samples during storage.
However, Figure 22 shows that there is quite a variation in both the absolute REE
concentrations and the chondrite-normalized patterns with time. All samples exhibit REE
concentrations (between 10" and 107 times chondrite) that are comparatively high for
neutral-chloride fluids in our experience. The patterns vary from slightly LREE-enriched
(IGNS-16) to slightly HREE-enriched (IGNS-28), with most of the samples being
apparently MREE-enriched. If these patterns are not artifacts of sample storage, the MREE-
enrichment is significant in that these samples are the only ones in which such a chondrite-
normalized pattern was observed in New Zealand. Finally, it should be mentioned that the
variation in REE of thzse White Island samples as a function of time does not appear to be
regular.

Kawerau: This field is exploited for both direct-use heating and electricity
generation, primarily by a pulp and paper company. The maximum temperature encountered
in a well is 310°C and the stored heat available is 7,700 PJ (Mongillo and Clelland, 1984).
The pH of the fluids in this field ranged from 5.9 to 9.3; they range from chloride-dominated
to bicarbonate-dominated. Samples of liquid (after phase separation) from Kawerau wells
were obtained for us by Bruce Mountain of IGNS. Two down-hole samples were also
obtained from Kaweran.

As can be seen from Figure 23, the REE concentrations for all the samples (both
filtered and ulfiltered aliquots) taken from Kawerau wells, except the down-hole samples,
are very near the detection limit, especially for the HREE. As a result, the patterns are quite
irregular. About all that can be said about these fluids is that they appear to be slightly
LREE-enriched. On the other hand, the two down-hole samples have much higher REE
concentrations. As mentioned above, the down-hole sampler may be introducing REE
contamination or the REE may be lost from the liquid to scale on phase separation. Either or
both of these factors could contribute to an apparently higher REE content in samples taken
with the down-hole sarapler before phase separation.

Tokaanu: We sampled chloride pools at Tokaanu near the south end of Lake Taupo.
The first sample at Tokaanu was a steam-heated geyser (Taumata Puhipuhi). We then
sampled the Hoani and Takarea pools and a hotter, unnamed pool across from the Takarea
pool. The pools are near-neutral in pH and high in chloride, boron, and lithium. According
to Mongillo and Clelland (1984) the estimated maximum temperature and thermal capacity
are 250°C and 3,200 PJ, respectively, but Tokaanu may be part of a much larger geothermal
field incuding Waihi.

The sample frcm the steam-heated geyser (NZ-141-00) shows somewhat unusual
behavior (Figure 24). The unfiltered aliquot of this sample has a LREE-enriched pattern
with a slight negative Eu anomaly. The filtered aliquot also has a LREE-enriched pattern but
the absolute concentrations are about one order of magnitude lower than in the unfiltered
aliquot and the Eu anomaly is positive. For all the other samples from Tokaanu, the patterns
are LREE-enriched with slight positive Eu anomalies, and there is not as large a discrepancy
between filtered and unfiltered aliquots. The fact that the unfiltered aliquot from the geyser
has a higher REE contznt and the filtered aliquot from the geyser has a lower REE content
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than any of the other samples (filtered or unfiltered), may be a reflection of the fact that
dissolved REE are lost to solid particles on phase separation, as was suggested in the case of
the Diamond geyser at Orakeikorako.

North Island, Outside the Taupo Volcanic Zone

Ngawha and Kamo: We sampled two wells at Ngawha, NG-12 and NG-9. Ngawha
supports a binary power plant and produces about 10MW from the two wells we sampled.
Native antimony has been precipitating from the water in the heat exchangers at Ngawha,
and the waters here are also high in chloride, bicarbonate, boron and mercury. We measured
pH = 8.6 and 6.6 for NG-12 and NG-9, respectively. The maximum measured temperature
at depth is 301°C and the estimated thermal capacity is 15,000 PJ (Mongillo and Clelland,
1984). We also sampled the Kamo soda spring, north of Whangarei. This spring had a
temperature of ~ 25°C and is therefore classified by Mongillo and Clelland (1984) as a warm
spring. It is a neutral chloride-bicarbonate water with a pH = 6.1 and, according to Mongillo
and Clelland (1984), ir. discharges a considerable amount of CO, although we did not note
unusual effervescence at the point at which we procured our sample.

The fluid from Kamo is distinctly different from the fluids at Ngawha in that it is one
of the few to exhibit HREE-enrichment (Figure 25). In detail, the REE pattern has a
negative slope from l.a to Pr, and then a more or less positive slope from Pr to Lu.
Somewhat surprisingly, this lower temperature fluid has higher overall REE contents than
the higher temperature fluids from Ngawha, although this could be a result of loss of REE
upon liquid-vapor phase separation. Finally, the REE contents in the filtered and unfiltered
aliquots from Kamo are very similar, implying the REE are mostly present in dissolved form.
The reason for the HREE-enriched trend is not immediately obvious, but it cannot be a
result of carbonate complexation because Kamo is not unusually high in bicarbonate
compared to some other fluids in New Zealand, including those at Ngawha, none of which
show HREE-enrichment.

The REE patterns for the Ngawha fluids bear some resemblance to those from the
Champagne Pool. They are generally negatively sloping with a prominent, positive Eu
anomaly. However, they differ from the Champagne Pool in that the slope from La-Nd is
gentler for the Ngawha. fluids.

Miranda hot springs: The Miranda hot springs were sampled because they are
heated entirely by the geothermal gradient of a very deep-seated fault system not directly
related to magmatic intrusions. The rationale for sampling this type of feature was that there
might be significant differences between deeply circulating meteoric waters in contrast to
waters that may have a direct magmatic input. The Miranda springs are neutral-chloride-
bicarbonate waters and flow at a rate of up to 7 L/s (Mongillo and Clelland, 1984). Field
measurements indicate low conductivity, a temperature of 56°C, and a slightly basic pH of
9.1. The REE patterns from Miranda (Figure 26) are similar to those of neutral-chloride
fluids from Orakeikorako and Waimangu, among others. There is a slight negative Eu
anomaly, and the pattern is gently negatively sloping from La to Nd, and nearly flat from Gd
to Lu. The overall concentrations of REE are very low at Miranda, hovering just above our
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detection limit. Concentrations of REE in filtered and unfiltered aliquots are similar, but this
could be an artifact of the proximity to the detection limit. Unfortunately, there is not much
that distinguishes this fluid from outside the TVZ with others within the TVZ, in terms of
REE contents.

Te Aroha: The Te Aroha hot springs are a second example of deeply circulating
meteoric waters heated entirely by the geothermal gradient and brought to the surface by
deep-seated faults. These waters were quite different from Miranda hot springs in that the
Te Aroha waters have very high bicarbonate contents (almost an order of magnitude more
than any other fluid investigated in this project) and conductivities. These near-neutral
bicarbonate waters have pH values ranging from 6.9 to 7.8, and also contain significant
chloride, sulfate and borate. These waters have very high dissolved solids contents including
Na, K, Mg, Li, Sr, As, and Ba, in order of decreasing abundance. We took samples from
Mokena Geyser, which is a drillhole, 70 meters deep (drillhole #1; Mongillo and Clelland,
1984), a warm (24°C) spring (spring #8; Mongillo and Clelland, 1984), and a hand-pumped
well (spring #15; Mongillo and Clelland, 1984).

The REE patterns of fluids from Te Aroha (except those from Mokena Geyser)
resemble those from Miranda (Figure 26). They have a moderately negative slope — steeper
from La-Nd and flatter from Gd to Lu — with a weak negative Eu anomaly. Typically, the
unfiltered aliquots have higher REE contents than the filtered aliquots. The sample from
Mokena geyser has th2 lowest REE contents of all fluids from Te Aroha, in keeping with
our findings from other geysers. On the other hand, the warm spring has the highest REE
concentrations of any fluid at Te Aroha, but quartz saturation temperatures (~ 150°C) for
this spring are similar to those of the other fluids. The high bicarbonate concentrations in the
Te Aroha fluids do not appear to have a significant effect on the REE patterns (compare Te
Aroha and Miranda, for example). This is somewhat surprising given that carbonate
complexes of the HREE are much stronger than those of LREE and therefore HREE-
enrichment of the fluid would be expected when carbonate complexation is important.

Tarawera: A group of hot springs, probably emerging from the Torlesse Greywacke,
is located at Tarawera, about 80 km southeast of Taupo. These fluids are neutral-chloride
type. The fluid we sampled emerged from a black plastic pipe and had a temperature of
47°C and a pH of 8.3. The fluid from Tarawera exhibits a REE pattern very similar to those
from Miranda and Te Aroha (Figure 26).

Puketitiri (Mangatutu): This spring was of interest because of a reported high
fluoride content (Mongillo and Clelland, 1984), fluoride being a strong complexing agent for
the REE (Wood, 1990). Puketitiri contained the third highest fluoride content (19 mg L) in
New Zealand after Mt. Ruapehu (158 mg L") and Diamond Geyser at Orakeikorako (21 mg
L™"). Tarawera also cortained a relatively high fluoride content (13.5 mg L. Other fluids in
New Zealand ranged in fluoride content from < 0.1 up to 12 mg L. Figure 26 shows that
the high fluoride content of the fluid from Puketitiri does not appear to result in a REE
pattern significantly different from those of Miranda, Te Aroha or Tarawera.
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All four of the above thermal springs occur outside the TVZ and are thought to be
the products of circulation along deep-seated faults, as opposed to shallow magmatic
activity as is the case within the TVZ. However, the observed REE pattern common to all
four areas, a gently negative slope with a slight negative Eu anomaly, is also seen in thermal
springs at Waimangu and Orakeikorako within the TVZ. Similar patterns have also been
observed in some of the Wairakei and Broadlands wells and in the 1998 sample from Mt.
Ruapehu. These patterns parallel closely those of many of the likely aquifer rocks, e.g.,
Whakaroa Rhyolite and the Oruanui Ignimbrite. It thus seems that this pattern is a
consequence of inheritance from the wall rocks, without significant fractionation.

Morere: The Morere springs are neutral-chloride waters thought to be derived from
dewatering of the sedimentary wedge of the underlying subduction zone. Two springs were
sampled from small concrete tanks built around the vents. The first spring sampled had
temperature, salinity, and pH of 47°C, 28 per mil, and 6.9, respectively. The second spring
sampled had temperature, salinity, and pH of 42°C, 27 per mil, and 6.9, respectively. These
waters had high conents of Na, Ca, K, B, Mg, Li, and As, in order of decreasing
abundance. In addition, the waters were clearly high in iron and were precipitating iron
hydroxides upon emerjgence to the surface. 4

If the parent fluid for the Morere springs was originally seawater, the REE
systematics have been extensively modified by water-rock interaction. Seawater generally
has a HREE-enriched pattern with a strong negative Ce anomaly, no Eu anomaly and
generally very low overall REE concentrations. In contrast, the fluids from Morere have
much higher overall REE concentrations, no Ce anomaly and a LREE-enriched pattern.
Finally, the samples from 2000 exhibit strong positive Eu anomalies. There are rather large
differences in REE contents of unfiltered vs. filtered aliquots. In gross characteristics, these
patterns resemble those from Ngawha and the Champagne Pool. There do not seem to be
any obvious REE characteristics that distinguish these subduction-related fluids from
thermal fluids from other settings. The chondrite-normalized patterns for Morere fluids do
seem to have somewhat steeper slopes than those of the Whakaroa Rhyolite or the Oruanui

Ignimbrite.

Te Puia: Like Morere, Te Puia springs may be derived from dewatering of the
underlying subduction zone. Field measurements of the waters indicated high conductivity,
neutral pH, and reducing Eh, and the spring seemed to be precipitating sulfur. There is a
strong presence of natural gas in the area, suggesting that these waters may interact with
organic matter at depth. The samples taken here had temperatures ranging from 50 to 60°C
and pH ~ 6.6-6.9. There were high contents of Na, Ca, K, B, Mg, Li, Ba, and As, in order
of decreasing abundance. Te Puia fluids have LREE-enriched chondrite-normalized patterns
that dip somewhat more steeply than those of the Whakaroa Rhyolite or the Oruanui
Ignimbrite (Figure 28). Some of the fluids appear to have a positive Eu anomaly, but in Te
Puia #1, any Eu anomaly is quite subdued. There are quite substantial differences in the REE
content of unfiltered aad filtered aliquots. Fluids from both Morere and Te Puia contained
significant Ba, and the broad Sm-Eu hump for sample NZ023 is probably an artifact of
incomplete correction of isobaric interference from Ba.



South Island

Three geothermal areas on the South Island were sampled, Hanmer Springs, Maruia
Springs and Lewis River Springs (Figure 29), primarily to form a contrast with the North
Island systems. Although there are a number of thermal springs on the South Island, the
geothermal areas tend. to be smaller and cooler than those on the North Island. None of the
geothermal areas on the South Island have been exploited for power production; most are
used solely for balneological purposes.

Hanmer Springs is the only area on the South Island officially designated as a
thermal area (Mongillo and Clelland, 1984). Wells drilled in the area produce water at a
temperature approaching 50°C. The sample we obtained had a pH of 8.6 and is dominated
by chloride and bicarbonate. The Lewis River Springs consisted of three thermal pools, with
a temperature of about 40°C (although at the vent the temperature attained 49°C). The
measured pH was 8 and the fluid was dominated by bicarbonate. Maruia Hot Springs was a
resort containing a number of indoor and outdoor pools. The reported maximum
temperature in the area is 60°C (Mongillo and Clelland, 1984), but the sample we procured
from an indoor pool had a temperature of 43°C. This sample also had pH = 8.3 and was
dominated by nearly equal amounts of chloride and bicarbonate.

The possibility of contamination of all these samples from the South Island is rather
high. Both Hanmer Springs and Maruia Springs are highly developed. In the former case,
our sample came from a well and was probably in contact with steel, titanium and concrete,
whereas the sample from Maruia Springs came from a pool constructed of concrete and
wood and probably had been occupied by bathers a relatively short time prior to sampling.
The Lewis River Spririgs is undeveloped, but was a very popular bathing spot. People were
bathing immediately p-ior to and during sampling. However, for completeness we describe
the REE results here.

The concentrations of REE in both aliquots of the samples from Hanmer are very
low, near the detection limit and indistinguishable from the trip blank (Figure 30). Whether
these low concentrations are characteristic of the deep fluid at Hanmer or result from loss of
REE in the plumbing system is not known. The fluid from Maruia has moderately high REE
contents, with the filtered aliquot having only slightly less REE than the unfiltered aliquot.
The chondrite-normalived pattern is relatively flat from La to Sm, and then dips gently from
Gd to Lu. There is a weak negative Eu anomaly. The unfiltered aliquot from Lewis River
has the highest REE ccntent measured in thermal fluids from the South Island, and exhibits a
consistent LREE-enrichment with a weak negative Eu anomaly. On the other hand, the
filtered aliquot from lewis River has much lower REE concentrations, similar in both
absolute value and partern to the unfiltered aliquot from Maruia (Figure 30). The higher
concentration of REE in the unfiltered aliquot is probably a result of material suspended by
bathing activity.
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Oregon Cascades

The sites sampled are located on a map of Oregon in Figures 31 (modified after
Figure 9, in Sherrod et al, 1996). As noted by Sherrod et al. (1996), the thermal areas are
located between 1500- and 2500-ft elevations at the bottom of major stream valleys. Eight
thermal areas within the western Cascade range were sampled. These included Bagby,
Breitenbusch, Bigelow, Bellknap, Terwilliger, Wall Creek, McCredie, and Umpqua hot
springs. The tectonic setting is one of convergent margin volcanism. There are many recent
volcanic centers in the area.

Bagby: The Bagby site is maintained by a non-profit group “The Friends of Bagby”.
Two vents were present and the higher flow, hotter vent above the cabins was sampled (OR-
033-98). The flow rate was 1-3 L/s and the fluid welled up from the sandy bottom of a
concrete orifice less than a foot in diameter and about a foot deep. The vent temperature
was 45°C. The pH at the vent was 9.5, typical of carbonate-buffered waters. However,
conductivity was relatively low as was the titrated carbonate. Chloride and sulfate content
are relatively Jow and the water has an alkaline-bicarbonate-sulfate-chloride character.

Breitenbush: This area is on private land and is the location of a spiritual retreat. We
were given access to the hottest pool located between the administrative headquarters and
the lodge. The pool is fenced in, approximately 3 meters in diameter, and relatively shallow
at less than a meter deep. The sample (OR-034-98) had near-neutral pH = 7.03 and a
relatively low conductivity. The water is neutral-chloride in character.

Bigelow (Deer Lick): The Bigelow pool is located on the west side of the river
downstream from the bridge. A small pool is located in a grotto by the side of the river. The
fluid appears to infiltrate through a conglomeratic river-bank deposit. The pool contained a
lot of suspended material making filtration difficult. The sample (OR-035-98) was cool at
31°C, near-neutral pH (7.0) and relatively low conductivity. Relatively high in chloride with
moderate sulfate, the v/ater has a neutral-chloride character.

Bellknap: The Bellknap thermal area is a resort. The proprietors gave us permission
to sample (OR-036-98) the source pool which is located across the Mackenzie river from
the resort directly at tke end of a foot bridge. Galvanized chain link fence is placed verticaily
to block access to a small collection pool in a grotto that is approximately 3 feet long and
less than 2 feet wide, and is walled off with concrete. Galvanized chain-link fence is also
placed horizontally over the outflow where water is taken through a 3-inch PVC pipe. The
pool has a temperature of 68°C, moderate conductivity, and a pH of 7.6. Chloride is
relatively high with moderate sulfate giving the water a neutral-chloride character.

Terwilliger/Cougar: The Terwilliger pools are located along the side of Cougar
reservoir and are administered by the U.S. Forest Sevice. The pools are formed by a series
of small dams built across a creek drainage. The thermal water emerges from a bedrock vent
slightly higher than and to the side of the creek, and from there flows into the hottest pool.
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The sample (OR-037-98) was taken at the vent which has a temperature of 38°C, a pH of
8.7, and moderate conductivity. This water has a neutral-chloride character.

Wall Creek: The Wall Creek pool is about 15 feet in diameter and less than 2 feet
deep with bubbles coming up in the middle. The sample (OR-038-98) was taken from the
hottest part of the pool. The temperature was 32°C with low conductivity and near neutral
pH (7.4). The water is neutral-chloride in character.

McCredie: The McCredie pools are built on both sides of the stream. The larger
pool has a fissure vent which we sampled (OR-039-98). The vent temperature was 60°C and
has near-neutral pH (7.3) and relatively high conductivity. This larger vent had a flow of no
more than a few liters per minute. The second sampled (OR-040-98) vent was slightly hotter
at 63°C and near neutral pH (7.4) and relatively high conductivity. The second vent is a
small seep bubbling out of the ground with a very low volume of flow. This spring is
relatively higher in bo'h chloride and sulfate than most of the other Cascade waters and the
waters may be charac:erized as neutral-chloride type. These waters had the second highest
(in respective order of decreasing abundances) Na, Ca, K, B, Mg, and notably Li and Sr, in
the Cascade samples.

Umpqua: The Umpqua pool is located on a bluff at some elevation about the river
below. A bathouse is situated at the lower of two pools. We sampled (OR-041-98) the
upper pool above the bathhouse. The temperature of this pool was 40°C; the fluid had a
near-neutral pH (6.4) and relatively high conductivity. These waters had the highest chloride
and bicarbonate concentrations of the Cascade samples as well as moderate sulfate. They are
neutral-chloride in character. These waters also had the highest (in order of decreasing
abundance) Na, Ca, K. Mg, B, and notably Fe, Li and Sr, in the Cascade samples.

REE in geothermal fluids from the Oregon Cascades are detectable in all the
unfiltered samples and in most of the filtered samples as well (Figure 32). Bagby had both
the lowest total dissclved solids and the lowest REE content. Umpqua was unusual in
having nearly identical chondrite-normalized La and Lu concentrations and a pronounced s-
curve REE pattern which reaches a minimum near Nd and a maximum near Er. This same
pattern is reproduced in the filtered aliquot (disregarding a possible bump at Sm-Eu from
high Ba) about half a log unit lower in REE concentration. However the filtered and
unfiltered aliquot have nearly identical La values. In most other cases, the patterns show a
gentle negative slope for the LREE, but then flatten out for the HREE. In general there are
large differences between the unfiltered and filtered aliquots for each sample.

Alvord Desert, Harney Basin and Owyhee Canyon areas, Southwestern Oregon

Seven thermal areas in southeastern Oregon were sampled in October 1998,
including Crane, Mickzy, Alvord, North and Middle Borax Lakes, White Horse Ranch, and
Snively hot springs (Figure 33). During the same trip, Zims hot springs in southwestern
Idaho was also sampled. The areas in southeastern Oregon are part of the Basin and Range



27

extensional tectonic Province. Geothermal anomalies are related both to the higher heat flow
of the Basin and Range Province due to crustal thinning and to basaltic volcanism in the
area. Many of the hot springs occur near the middle of the basins and may interact with thick
sections of basin sediments.

Crystal Crane Hot Springs: Crystal Crane Hot Springs is a privately developed site
located in the Harney Basin along highway 78 between the towns of Burns and Crane,
Oregon. The hotsprings are comprised of a large pool fed by an artesian well which has the
upper portion cased in a concrete riser with PVC plumbing and a smaller pumped well house
which feeds the bathhouses and also had PVC plumbing. We were able to sample (OR-042-
98) the artesian vent which had a temperature of 61.5°C and a pH of 8.2, typical of
bicarbonate-buffered vsaters. The conductivity was relatively low at 1550 puMhos. We also
sampled (OR-051-98) the well, which had a slightly lower temperature of 49.3°C. No
conductivity or pH measurements were made at the well. These waters are dominated by
bicarbonate with much smaller contributions of chloride and sulfate and are alkaline-
bicarbonate-type.

Mickey Hot Springs: The Mickey Hot Springs are located at the north end of the
Alvord Valley. Several sinter structures and pools are present at elevations which vary by a
few tens of feet. A vigorously bubbling vent had the highest temperature of 95.0°C and was
choosen for sampling (OR-043-98). The pH was 8.73 and the conductivity was 6300
puMhos. Alkalinity was fairly high with very low contents of chloride and sulfate. These
waters are therefore alkaline-bicarbonate type waters.

Alvord Hot Springs: The Alvord hot springs are located about 20 miles north of
Fields, Oregon. Water flows from multiple vents on the East side of the road across a bog
into several concrete pools. The hottest flowing vent near the road was selected for
sampling (OR-044-98) to avoid mixing with the cooler water in the bog. The respective
measured pH and temperature were 6.76 and 72.5°C. The conductivity was moderate at
9600 pMhos. These waters are near-neutral-bicarbonate-chloride-type.

North Borax Lake Hot Springs: The North Borax Lake hot springs are comprised of
multiple sinter vents surrounded by abundant white precipitate which covers the ground
over a considerable area. The hottest vent sampled (OR-045-98) had a moderate
conductivity of 5200 pMhos, a pH of 7.30, and a temperature of 92.3°C. The surface
expression of the vents are low, rounded orifices ranging from one to several feet across and
appear to be quite deep. The inner walls are rounded smooth by a covering of white
precipitates. Chloride and sulfate content are somewhat elevated but alkalinity is also high.
These waters are therefore near-neutral-bicarbonate-type.

Middle Borax Lake Hot Springs: The appearance of the Middle Borax Lake hot
springs is similar to those of the northern ones but the temperatures are lower at 72.0°C.
The conductivity (4800 pMhos) and pH (7.00) of the sample (OR-046-98) are very similar
to the northern hot springs. Borax Lake (Hot Lake) to the south (not sampled) was a large
lake surrounded by a low sinter lip beyond which were grassy marsh and bog. The lake had
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an even lower temperature of 36°C, and a much larger flow was evident and appeared to
originate near the middle of the lake. Chloride and sulfate content are somewhat elevated
but alkalinity is also high. These waters are therefore near-neutral-bicarbonate-type.

Whitehorse Ranch Hot Spring: This consists of two small pools improved by the
forest service. The smaller, hotter pool (about 15 feet across) flows into the larger pool. The
smaller pool was choszn for sampling (OR-047-98) and the temperature was highest about 3
feet down where the spring flows up from a sandy bottom. The temperature was 35.0°C
above the hottest portion of the pool. The pH is slightly above neutral at 7.68 and the
conductivity is low at 1370 uMhos. Chloride and sulfate content are moderate to low but
alkalinity is relatively high. These waters are therefore near-neutral-bicarbonate-type.

Snively Hot Springs: Several hot springs flow from near the paved road east through
a state park and into tae Owyhee river. The largest is cased with a sunken, 3-foot diameter,
concrete culvert and overflows at a rate of many liters per second. An iron fence post is
fixed in the pool but tae flow rate is high enough that water composition probably was not
significantly affected (OR-048-98). The conductivity was 8300 pMhos, pH was 9.36 and the
temperature was 42.4°C. A smaller vent sampled (OR-052-98) at the north end of the park
had similar conductivity (8700 pMhos), pH (9.35), and temperature (39.0°C). North and
downstream of the park a large aquaduct pipe crosses the river and a small hot spring flows
a few liters per minut: from the west side of the road north of this pipe. This hot spring
sample (OR-049-98) had a lower conductivity (1330 uMhos), similar pH (8.89) and a higher
temperature (71.9°C) relative to the higher flow rate hot springs in the park. Chloride and
sulfate content are moderate to low but alkalinity is relatively high. These waters are
alkaline-bicarbonate in character.

Zims Hot Springs: Zims Hot Springs is a privately owned resort located west of
highway 95 about 4 miles north of New Meadows, Idaho. Flow is artesian at 90 gallons per
minute into a concrete holding pool which is approximately 30 feet long by 15 feet wide by
about 15 feet deep. There was about 3 feet of water in the pool at the time of sampling. The
conductivity is relatively low at 1690 uMhos, pH is 9.00, and the temperature is 52.4°C
(ID-050-98). Chloride and sulfate content are moderate to low but alkalinity is relatively
high. These waters are alkaline-bicarbonate-sulfate type.

The REE in geothermal fluids from Southeastern Oregon are detectable in all the
unfiltered samples and in most of the filtered samples as well (Figure 34). Normalized REE
concentrations range from 1x10° chondritic La to around < 10 chondritic Lu. The REE
patterns have a negative slope which tends to be steeper for the LREE than the HREE, and
most exhibit slight negative Eu anomalies. The highest REE contents are in the unfiltered
aliquots.

Figure 35 provides a comparison of results obtained using the ferric hydroxide co-
precipitation method, and the solvent extraction method. With the exception of the
unfiltered sample from Sniveley #2, the results are very similar.
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Dixie Valley and Beowawe, Nevada

In December, 1998 we obtained samples from Dixie Valley, Nevada (see Figure 36).
Wells DV76-A7, 37-33, 28-33,73-B7, and 82A-7, 74-7, 63-7, 73-7, 62-21, 66-21, and 45-
14 were sampled, respectively, as NV-053-98 through NV-057-98 and NV-059-98 through
NV-064-98. The production well DV76-A7 was sampled (NV-053-98) down stream of the
cyclone separator from the brine return line. The wells 37-33 (sample NV-054-89), 28-33
(sample NV-055-98), 73-B7 (sample NV-056-98), 82A-7 (sample NV-057-98), 74-7
(sample NV-059-98), 53-7 (sample NV-060-98), and 73-7(NV-061-98) were sampled from
the 2-phase line prior to steam separation. The pH for these wells ranged from 8.92 to 9.20.
The fluids in the above wells are alkaline-chloride to alkaline-chloride-bicarbonate in
character. Sampling of these wells was done through coiled stainless steel lines that were
cooled in barrels of water to give a liquid-phase sample. These are the same sample points
used by Oxbow Corpcration for routine well monitoring. Also sampled were the Goeringer
well (sample NV-058-98) used to supplement re-injection flow at 900 gallons per minute at
58 psig. The Goeringer well had a low temperature of 23.7°C and a near-neutral pH of 7.44.
The injection brine was sampled (NV-065-98) downstream of the second flash, had a pH of
9.62 and is alkaline-chloride in character. The steam condensate sample (NV-066-98) had a
pH of 6.90.

Wells 62-21, 66-21 and 45-14 are not currently being used as production wells and
were capped. These wells are situated in and produce from a slice of different lithology
along the Dixie Vallev Fault. Well 62-21 is artesian and hot enough to self flash but was
capped so the sample (NV-062-98) is from the standing water column. Well 62-21 water is
neutral-bicarbonate in character. The water column is 9000 feet with a shut-in pressure of
55.5 psig. The pH was 6.70 and sample had an oily odor which we were told accumulates in
the wells when they are completely shut in. Well 66-21 is artesian and was sampled (NV-
063-98) from the outflow. We measured a temperature of 37.0°C and a pH of 6.04 at the
sample location. Well 66-21 water is neutral-chloride in character. Well 45-14 was capped
but had a bleed-off Lne from which steam and water were escaping but no water was
available at the well head. The bleed-off line was closed and the well was vented for about
10 minutes before sampling (NV-064-98) at the wellhead. There was a strong odor of
hydrogen sulfide. This well is the only one hosted in shale, is adjacent to a gold mine, and
has gold values in the well scale. We measured a pH of 6.73 on this sample at the end of
sample collection. Well 45-14 water is neutral-chloride in character. All the Dixie Valley
well samples are charzcterized by high Na and K along with significant B, As, and Al, low
Ca, and relatively high fluoride.

Out in the vallsy a few miles to the northeast of the Dixie Valley power plant is a
very large carbonate mound on which are situated many pools of varying temperatures. The
higher temperature pools are situated on the southern side of the mound. We sampled (NV-
067-98) from an outlet feeding into several pools which had been carved into the carbonate
sinter near the lower southwest edge of the mound. The temperature at the vent was 66.5°C
and we measured a pH of 6.66. There was abundant carbonate sinter forming on the margins
of the pools. A second sample (NV-068-98) was obtained from one of several vents on the
south near the highest elevation of the carbonate mound. This vent was hotter with a
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temperature of 71.2°C and we measured a pH of 6.99. These are near-neutral-bicarbonate
waters.

The Beowawe: geothermal field (Figure 36) was sampled at three production wells
from the 2-phase lines prior to steam separation. Beowawe wells 77-13, Ginn#1-13, and
Ginn#2-13 were sampled as NV-069-98 through NV-071-98. We measured respective pH
values of 9.71, 9.82, and 9.78 for the three wells. Well head temperatures provided by the
operator are 143, 144, and 145 °C, respectively. The water is alkaline-bicarbonate in
character. Conductivities were relatively low, indicating low total dissolved solids. Sampling
for these wells was done through coiled stainless steel lines that were cooled in barrels of
water to give a liquid-phase sample. These are the same sample points used by Oxbow
Corporation for routirie well monitoring.

The geothermal fluids from Dixie Valley and Beowawe Nevada are uniformly low in
REE as are those from the carbonate mounds (Figures 37-41). This may be due to a
combination of relativsly high pH and relatively low concentrations of sulfate and chloride.

The three samples with the highest REE, NV-062-98, NV-063-98 and NV-064-98
(Figure 38), also have near-neutral pH. The only sample taken downstream of steam
separation (NV-053-98) had mostly undetectable REE in both filtered and unfiltered
aliquots. The 7 alkeline-chloride-bicarbonate wells sampled show uniformly flat REE
patterns (Figure 37) slightly lower than those of the near-neutral-bicarbonate wells. The
distinctive elevated L.a and Lu relative to depressed middle REE in the near-neutral-
bicarbonate wells is likely real.

The near-neutral-bicarbonate fluids from the Carbonate Mound in Dixie Valley have
low REE contents and generally flattened patterns (Figure 40). Sample NV-067-98 taken
from a lower southwestern exposure in the carbonate mound seems to have a higher REE
content than the fluids sampled at NV-068-98. Possibly the difference is due to the slightly
lower pH (6.66 and 6.99, respectively) of the sample with the higher REE content.

The fluids sarpled from the wells at Beowawe have low REE content and exhibit a
decrease in chondrite-normalized concentration from La to Dy, with fairly constant
concentrations from D'y to Lu (Figure 41). These alkaline-bicarbonate fluids have the highest
pH values and the lowest REE of any of the fluids sampled from Nevada.

Salton Sea and Heber, California

Salton Sea: As described in previous reports, we obtained a number of samples from
the Salton Sea geothermal system in California, and anion and non-REE cation
determinations have been completed on these samples. However, we were unable to
overcome difficulties in the determination of the REE engendered by the very high total
dissolved solids content of these fluids (143,000-201,000 mg L chloride). The addition of
ammonium hydroxide during ferric hydroxide co-precipitation resulted in the precipitation of
silica and other solids containing high concentrations of Al, Zn, Pb and other metals in
addition to the ferric hydroxide and REE. Thus, ferric hydroxide co-precipitation was
incapable of effecting preconcentration and separation of the REE from matrix elements.
The solvent extraction procedure was also unsuccessful because the high concentrations of
other metals in the Salton Sea brines insured a lack of selectivity of the extractant for the
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REE. Dilution followed by direct analysis by ICP-MS was not a viable option because the
dilution factor required to eliminate matrix effects would have reduced the REE
concentrations below the instrumental detection limits. The best technique for the accurate
determination of the REE in these brines may be neutron activation analysis of the
evaporated residue. However, this technique does not permit determination of all naturally
occuring REE and the added expense was not permitted by the budget. Thus, the Salton Sea
samples remain unanalyzed for REE.

Heber: Although the Heber fluids also contain quite high concentrations of dissolved
solids (salinity = 13-15 per mil; 7800-9200 mg L! chloride), they are not as concentrated as
the Salton Sea brines and we were able to determine their REE contents. It was possible to
sample nine wells and the combined injection-brine return at Heber, thanks to the assistance
of Sergio Cabanas. Samples were taken after liquid-vapor phase separation, i.e., they were
not down-hole samples. The pH of the samples ranged from 6.7 to 8.1, and they were
dominated by chloride, making these waters neutral-chloride type.

Most of the Heber fluids are characterized by a “Mexican-hat” type REE pattern
(Figure 42), similar to those observed in the fluids from the Champagne Pool in New
Zealand. The patterns are concave upward, with a strong positive Eu anomaly. The LREE
side of the “brim” of the “hat” is more steeply turned upward than the HREE side. The
overall REE contents are also of about the same order of magnitude as those of the
Champagne Pool. The: REE concentrations of the unfiltered aliquots are distinctly higher
than those of the filtered aliquots, but the latter are well above the detection limit. The
unfiltered aliquots from samples CA-087-99 and CA-088-99 do not exhibit Eu anomalies,
but the filtered aliquots have positive Eu anomalies of the same magnitude as the samples
from all the other wells. The REE systematics of the re-injection brine (CA-096-99) are
indistinguishable from those of the fluids from production wells.

Palinpifion, Philippines

Down-hole saraples from Palinpifion in the Philippines were provided by Kevin
Brown and Andrew Rae. These samples had been acidified in the field. They were run at a
1X dilution and had sufficiently high levels of the REE that it was unnecessary to proceed
with an extraction. The blanks are however, indistinguishable from the 1X detection limit
and the Philippine samples are distinctly above the detection limit. The REE for the
Philippines are within the range of REE concentrations found for some of the acid-sulfate
fluids from New Zealand (Figures, 4-6) despite being near-neutral chloride in character
(personal communication, Andrew Rae, October, 1999). The available data for these wells
are summarized in the appendix. The Palinpifion REE patterns bear some resemblence to
those of Wairakei and Broadlands in having a slightly positive slope for the lowest REE
pattern (Figures 8, 9, 220). The samples from well N1 and PN14 have similar REE patterns
with an offset in magnitude which is progressively more depleted in the light REE as one
views from beavy to light REE.

Well PN14 has a total depth of 3077.7 meters and is placed to take advantage of the
upwelling thermal anomaly. PN14#1 and PN14#2 were sampled at 2300 and 2306 meters
with quartz saturation temperatures of 296 and 310 °C, respectively. The pre-exploitation
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maximum temperaturz for well PN14 was 312 °C at 2700 meters depth. The post-
exploitation maximum temperature dropped to 261 °C at 2900 meters depth. The quartz
saturation temperatures reflect the pre-exploitation maximum temperatures for the PN14
well and show a temperature drop over 6 meters which is reflected in the REE as a 3-fold
decrease of light REE from PN14#1 to PN14#2. The magnitude of the REE decrease
becomes progressively larger from the heavy toward the light REE. The chloride contents of
these samples increasss only slightly in the PN14 well between the 2306 meter and 2300
depth from 8506 to 3608 mg/kg, respectively. This is in the appropriate direction for a
conserved element if flashing is occurring over the interval.

Well N1 has a total depth of 603.3 meters and is placed to sample the outflow from
the upwelling thermal anomaly. N1#1 and N1#3 were both sampled at 500 meters depth
with quartz saturation temperatures of 233 and 270 °C, respectively. The pre-exploitation
maximum temperature was 199 °C at 400 meters depth. The maximum post-exploitation
temperature increased to 206 °C at 300 meters depth. The quartz saturation temperatures
reflect somewhat higher temperatures than the pre-explotation maximum temperatures.
Although the N1 well samples are taken at identical depths, the drop in quartz saturation
temperature between N1#1 and N1#3 is matched by a depletion of REE which becomes
progressively larger from the heavy to the light REE. Using chloride as a conserved element
to track the amount of flashing does not seem to be appropriate for the N1 well. The
chloride of sample fluid N1#3 is 7040 mg/kg and decreases to 5379 mg/kg in sample fluid
N1#1. Because the N1 well is situated over the outflow the decrease in in both quartz
saturation temperature and chloride content may be indicative of dilution by a cooler, low-
chloride fluid. -

The final interpretation of the chemical and thermal history of these fluids must wait
for a more complete analysis of cations and anions. This analysis of down hole samples
demonstrates that REE are apparently in solution at relatively shallow depths and are easily
peturbed by relatively small changes in fluid conditions or depth in the same wells.

Dieng. Central Java. Indonesia

Will Osborne of Cal Energy arranged for us to receive fluid samples from two newly
completed wells from the Dieng geothermal field in Java. These were obtained using a
Weber separator, and consist of a mixture of unfiltered and filtered samples. Samples were
obtained over the space of several days for each well. Unfortunately, the relatively small
volume of these samples precluded an effective preconcentration and they were analyzed
directly without pre-treatment. None of the samples contained REE above the instrumental
detection limit.

EFFECT OF VAPOR-LIQUID PHASE SEPARATION ON REE

We have a number of reasons to suspect that steam loss may be causing loss of REE
from the liquid phase to some sort of solid phase. These reasons include: 1) It is well known
that release of acid volatiles such as CO, and H,S during steam separation can cause pH to
increase in the residual liquid. It is also well known that increased pH should lead to
decreased solubility of REE-containing phases and/or increased adsorption or REE onto
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solid phases. Thus, from a purely theoretical standpoint, we might expect steam-loss to
result in loss of REE; 2) All samples obtained using the Weber sampler (such samples have
undergone phase separation) tended to have low absolute REE concentrations. Also, all
samples from geysers, which have obviously also undergone phase separation, had low REE
contents; 3) Down-hole samples, which were obtained prior to phase separation, tended to
have higher REE concentrations than samples obtained using a Weber sampler. However, in
the latter case the higher concentrations may result from contamination of the samples by
REE-bearing ceramic naterial from which the sampler is constructed.

As a partial test of the hypothesis that REE might be lost to scale upon vapor-loss,
we extracted REE from several scale samples. First, about a gram of scale was ground to a
fine powder in an agate mortar and pestle. Then about 0.1 grams of the powdered scale
were weighed out and leached with 20 mL of dilute acid (4% HNO;:1% HCI) for an hour.
The solid-liquid mixture was centrifuged, and the liquid decanted and saved for analysis. The
solid residue was leacted again in an additional 20-mL aliquot of the acid mixture overnight,
and the liquid was then separated by centrifugation and analyzed. The acid mixture used for
the leaching was the same one used to dissolve the ferric hydroxide co-precipitate during
extraction of REE frorn water samples. We chose a relatively weak leachant so that the only
REE that would be extracted from sinter would be the proportion that co-precipitated with
relatively soluble minerals in the scale. We did not want to leach REE from minerals in
particles of wall rock that had been entrained by the fluid and subsequently trapped in the
scale. The results are reported in the EXCEL file Table_REE.xls on the accompanying CD.
When expressed in terms of REE concentration in the original scale sample, the scale has
typically 3 to 5 orders. of magnitude higher concentrations of REE than the corresponding
fluids. Also, the conceatration of REE in the fluid from the first, shorter leach were typically
higher, often by nearly an order of magnitude, than the concentration of REE in the fluid
from the overnight leach. These results are consistent with the presence of significant REE
in a readily soluble form in the scale samples. Thus, there does seem to be some support for
the idea that REE may be lost via co-precipitation and/or adsorption onto scale during
liquid-vapor phase separation.

Further development of the REE as an exploration/exploitation tool will require that
the possibility of RE) loss on phase separation be taken into account when sampling.
Ideally, all samples from wells would be taken using a down-hole sampler. However, as
noted above, the sampler used by Kevin Brown so successfully to sample fluids for precious
metal (Ag, Au) analysis may be introducing REE contamination. The next logical step would
be the development of a new down-hole sampler that would be contamination-free for the
REE.

DISSEMINATION OF RESULTS OF THE STUDY

In addition to the quarterly reports to DOE, the results of this study have been
reported in the following:

Refereed Conference Froceedings
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Shannon, W.M., Weod, S.A., Brown, K., and Arehart, G. (2001) REE contents and
speciation in geothermal fluids from New Zealand. In Cidu, R., ed., Water-Rock
Interaction. Proceedings of the Tenth International Symposium on Water-Rock
Interaction WRI-10, Villasimus, Italy, 10-15 July 2001. A.A. Balkema, Lisse, the
Netherlands, p. 1001-1004.

Shannon, W.M., Wood, S.A., Brown, K., and Arehart, G. (1999) Preliminary
measurements of concentrations of lanthanide elements in geothermal fluids from the
Taupo Volcanic Zcne, New Zealand. Proceedings, Twenty-Fourth Workshop on
Geothermal Reservoir Engineering, Stanford University, Stanford, California, January
25-27, 1999. Stanford Geothermal Program Workshop Report SGP-TR-162, p- 227-235.

Published Conference Abstracts

Shannon, W.M., Wood, S.A., Brown, K. and Arehart, G. (2000) REE contents and
speciation in geothermal fluids from New Zealand and the Philippines. Geol. Soc. Amer.
Prog. w. Abstr., v. 32(7), p. A-188.

Wood, S.A., Shannon, W.M., Brown, K. and Arehart, G. (2000) Rare earth element
(REE) contents of geothermal fluids from selected geologic environments. 31%
International Geological Congress, Rio de Janeiro, Brazil, August 6-17, 2000. Abstracts
volume (CD-ROM,.

Shannon, W.M., Wood, S.A., Brown, K., Arehart, G., and Wright, M. (1999) REE
contents of geothermal fluids from selected geologic environments. EOS (Trans. Amer.
Geophys. Union), v. 80, p. F1187. '

Shannon, W.M., Wood, S.A., Brown, K. and Arehart, G. ( 1999) REE contents of
geothermal fluids from several geologic environments. Geol. Soc. Amer. Pro g. w. Abstr.,
v. 31, p. A-351-A-352.

Unpublished oral presentations

Wood, S.A. (2000) Tte geochemistry of the rare earth elements in geothermal systems from
New Zealand, the Philippines, and the western U.S. Presentation at the University of
Nevada-Reno, November 9, 2000.

Wood, S.A. (2000) The geochemistry of the rare earth elements in geothermal systems from
New Zealand, the Philippines, and the western U.S. Presentation at the University of
Auckland, New Zealand, March, 2000.

In addition to the publications listed above, a number of manuscripts are in preparation for
submission as refereed book chapters and refereed journal articles.
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Sample / Chondrite

REE in NZ Geothermal Fluids: De Bretts

1.E-03

1.E-04

1.E-05 ¢

Sample / Chondrite

1.E-06

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements

»
REE in NZ Geothermal Fluids: Taupo Tauhara

1.E-02

T T L T T

1.E-03

1.E-04

1.E-06 + v , v y v Y
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rare Earth Elements

L ™ T T L g T

a2 031U-88/00 Do

Bretts

Y ~{3~031U-98 De

Bretts

{ B 031798 De

Brotts

~&~145U-00 Do

Bretts

@ +145F-00 Do

Bretts

==d 2304F-01 De

Brotts Stream

mefrs 304U-01 Do

Bretts Stream

e 305U-01 Do

Bretts Bore

= 031U.98/00 Do
Bretts

g 031U-98 Do
Bretts

~f} -031F-98 Do
Bretts

wandyms 145U-00 Do
Bretts

s +145F-00 Do
Bretts

==k =304F-01De
Bretts Stream

vl 304U-01 Do
Bretts Stream

moefipess 305U-01 Do
Bretts Bore

vl v302F.01 Taupo
Margin pH 5.5

ol 302U-01 Taupo
Margin pH 5.5

wed ~303F-01 Taupo
Margin pH 6.5

ooofeom 303U-01 Taupo
Margin pH 8.5



REE in New Zealand Geothermal Well Fluids

1.E-02
é

1.E-03

1.E-05

Sample / Chondrite

1.E-06

1.E-07

O Whak Rhyolite / 10,000

B

o,

O CL bl ot SN
\6&‘ e

<

4

>

2

La Co Pr Nd Sm Eu Gd Tb Dy Ho Er Tm

Rare Earth Elements

»

v

Yb Lu

REE in New Zealand Geothermal Well Fluids

1.E-02

Sample / Chondrite
in

1.E-06

1.E-07

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rare Earth Elements

O *Oruanul ignimbrite / 10,000

w®  <146F-00 Wairakel 207 well 7.1
bars

W 148U-00 Walrakel 207 well 7.1
bars

waran 146U-00 Walrakel W-207 well
7.1 b.g.

o “146F-00 Welrakel W-207 well
71 b.g.

scodeoeBRY, G6

= dB==BR20, G10

wi~~BRY, G8, 760m

s BR20, GO, 96Sm

@ Whakaros Ahyoilte / 10,000
~@ -Oruanul Ignimbrite / 10,000
=%+ 147F-00 BR-20 well 7.2 bers
eseit==+147U-00 BR-20 well 7.2 bars
wasd  ¥148F-00 BR-15 well 14.2 bars
em=Oume 148U-00 BR-15 well 14.2 bars
ol *149F-00 BR-48 well 102 bars
soh0e 149U-00 BR-46 weil 102 bars
PP 147U-00 Brosdlands BR-20

well7.2 b.g.

>~ <147#-00 Broadlsnds BR-20
well 7.2 b.g.



REE in New Zealand Geothermal Well Fluids
1.E-02 j

Sample / Chondrite

REE in New Zealand Geothermal Well Fluids

1.E-02

1.E-03

1.E-04

1.E-05

Sample / Chondrite

1.E-06

1.E-07

$

& Son

!:: e ]
,2’1' b et A

AR A e 3
AN xnan  arann

&

4

La Ce Pr Nd Sm Eu Gd Tb Dy Ho

Rare Earth Elements

L

v T

Er Tm Yb Lu wm

1.E-07 4

g

T

v g

Rare Earth Elements

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

v+8 Whakaros Rhyollte / 10,000
~~® Qruanul ignimbrite / 10,000

WO “146F-00 Wairakel 207 well 7.1

bars

wnre 146U-00 Wairakel 207 well 7.1
bars

ool >147F-00 BR-20 well 7.2 bars
20@Boo 147U-00 BR-20 well 7.2 bers
#eed  *148F-00 BR-15 well 14.2 bars
—gew=148U-00 BR-15 woll 14.2 bers
8  >149F-00 BR-48 well 10.2 bars
~adynn149U-00 BR-43 well 10.2 bars

W 148U-00 Walrakel W-207 woll
7.1b.g.

~148F-00 Wairakel W-207 well
T.1bg.

W 147U-00 Broadlands BR-20
well 7.2 b.g.

*147F-00 Brosdlands BR-20
well7.2 b.g.

wndy

~dvBRY, G6

asefihene BR20, G10

~~E~~BRY, GB, 760m

emgee=BR20, G9, 365m

@ Whakaroa Rhyalite / 10,000
~~@ vOrusaui lgnimbrite / 10,000
@ 146F-00 Wairakei 207 well 7.1

bars

»ocQpeco 146U-00 Walrakel 207 well 7.1
bars

ool *147F-00 BR-20 weil 7.2 bars
woese 147U-00 BR-20 well 7.2 bars
>  +148F-00 BR-15 weil 14.2 bars
snsioane 148U-00 BR-15 well 14.2 bars
ok 149F-00 BR-48 well 10.2 bars
o~ 149U-00 BR-48 well 10.2 bars

W 148U-00 Wairakei W-207 well
7.1 b.g.

WO v146F-00 Wairskei W-207 well
74 b.g.

weaiooo 147U-00 Broadlands BR-20
weli 7.2 b.g.

o= *147F-00 Broadiands BR-20
well 72 b.g.



REE in New Zealand Geothermal Well Fluids

1.E+00 y

ssadposo BRY, G

e BR20, G10

Sample / Chondrite

& v~~~ BRY, G8, 760m
G BR20, G, 965m

I ==& <whekaroa Rhyoltte
110,000

%) ~8@ ~Oruanul Ignimbrite
710,000

"146F-00 Walrakei
207 well 7.1 bars

X ontierer 146U-00 W airakel
207 well 7.4 bars

#4 “+:Q1, AQRerinse

“ &

..... = @9, Br9 + wash
965m

+-3%---Q8, Brg AqRe
wash

~d—G10, Br20 acid
wash 965m

weeris-G8, Bre AQRe

Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
Rare Earth Elements

wash 760m
Lu

REE in NZ Geothermal Fluids: Mokai

» E¥ 154F-00 Mokal

1.E-02 Pool
asadpmem 154U-00 M okai
Pool
2 ‘
:E 1.E-03 % vl ~153F-00 Mokai
BN e o wana A Spring
=
o
~ wefiross 1863U-00 Mokal
D Spring
Q.
E ™
« 1.E'04 "A'w @ Wh
“Whak
@ B b2 A, nny.o;t?l.zo,ooo
»
«
% " - 'A
IR VR - ud
w=@® «Oruanul
ignimbrite /
20,000
1.E-05 r Y y v Y T v T r T r r
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rare Earth Elements



REE in Mokai Wells

1.E-04

1.E-05
]
5 -
S N m
o :-..ﬁ e x gx'
= Bl iR gt J
2 1.E-06 ;&__g
o
o
£
[y 1
»

1.E-07 »

. N
1.E-08 > v v » » v v > » v r

Sample / Chondrite

La. Co Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
Rare Earth Elements

REE in NZ Geothermal Fluids:
Mt. Ruapehu

1.E-02 v v v v v v v v Y v v
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements

R HP4S00 3/26/01
IOt x 0.020
lugn]

wastf-a-150U-00 Mokal
MK-5 well 18.8
b.g.

%~ <150F-00 Mokal

MK-5 well 18.8
W b.g.

~—%—151U-00 Mokal
MK-3 well 20.0
b.g.

b ~-#-151F-00 Mokal

MK-3 well 20.0
b.g.

- 1520-00 Mokai
MK-8 well 18.3
b.g.

Lu . - 152r-00 Mokal

MK-8 well 18.3
b.g.

=@ «Rotokawa
Basalt/ 200

eO--Ruapeahu
1998

~~#IGNS-09 RCL
4-11-93

~o—IGNS-10 RCL
18-2-94

——~1GNS-11 RCL
4-5.95

~—GNS-12 RCL
10-5-98

~~w|GNS-13 RCL
28-2-97

-~ IGNS-13 RCL
28-2-97

~~a-|GNS-14 RCL
17-3-98

i |GNS-15 RCL
10-1-99

w® «Orakelkorako
Basait/ 30

=@ ~Ruapshu
Basalt/ 20



Sample / Chondrite

REE in IGNS Library Geothermal Fiuid Samples From White Island

1.E-01

1.E-02 4

1.E-03

Ce Pr Nd  Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements

“dr~1GNS-18 Wi 22-10-93
6= IGNS-17 W1 15-1-94
=8~ 1GNS-18 Wi 23-2-94
P {GNS-19 W1 5-8-94
——|GNS-22 W} 28-2-95
=3~ 1GNS-21 WI 6.7-98
“rdean IGNS-20 W1 15-11-95
=~=|GNS-23 Wi 14-2-96
w3 [ANS-24 Wi 2-5-96
G~ 1GNS-25 Wi 4-11-98
=i |GNS-26 W1 31-1-97
“M~|GNS-27 Wi 5-5-97

~0~1GNS-28 W1 29-7-08



Sample / Chondrite

wandr~= 1P 4500 3/26/01
Kawerau IDL x 0,026
1.E-03 m"‘u%-]oo Trip
) Blenk

wcead  ¢183F-00 Trip
Blank

snrlornKA-21 1070
melers 18/05/01

AP KA-25 1200
meters

——159U-00 KA-32
well

sedenee159F-00 KA-32
well

e 164U-00 KA-37
well

e 164F-00 KA-37
well

- KA-19 well

vk KA-21 well

e KA-24 well

oestiees KA2T well

1.E-08 v v v v v r ¥ v v v v v v v
La Ce Pr Nd Pm Sm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rare Earth Elements ceBeerKA37 well

. —tmen e ame

oo KA=38 well

REE in Geothermal Fluids From Tokaanu

1.E-04
oo HP4500 1X IDL X 0.020
(ugh]
B-
\B‘-B.h + * @ - 141F-00 Tokaanu
~a--8
S 1808 g e
o 5. _—— ~—-8~141U-00 Tokaany
© #l
E -r @<~ 142F-00 Tokasnu
«©
E
O 1.E-06 R -+ 4---142U-00 Toksany
=
Sy
K. * =¥~ 143F-00 Tokaanu
[-%
E >
C: = 143U-00 Tokeanu
1.E-07 §
; =~ 3~ * 144F-00 Tokaanu
—%~—~144U-00 Tokssnu
1.E-08 v

La Ce Pr Nd Pm Sm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements



1.E-03

1.E-04 Feo-

REE in NZ Geothermal Fluids:
Ngawha and Kamo Soda Spring

2 S:-,' M//
=
o
o=y
2
O 1.6-05 B
—
2
o
£
«©
n
1.E-06

1.E-07 + T Y
La Ce Pr Nd Sm Eu Gd Tb Dy Ho E( Tm Yb Lu

1.E-03 3

1.E-04 ¥

1.E-05

Sample / Chondrite

1.E-06

1.E-07

REE in NZ Non-TVZ Geothermal Fluids:
Te Aroha, Miranda, Tarawera, Puketitiri

Rare Earth Elements

3

] =

<4

T v Y T T T

=4l +110F-00 Ngawhs
NG-12 well

a4 110U-00 Ngawha
NG-12 well

=% *111F-00 Ngawha
NG-$ wel

wev 111U-00 Ngawha
NG-9 well

“€"105U-00 Rotokawa
RK-5 weil

~ & 106F-00 Rotokaws
RK-$ well

ooofyas 106U-00 Rotokawae
RK-9 well 26 bars

weed +110F-00 Ngawha
NG-12 well

% 111F-00 Ngawha
NG-9 well

»#sF +110U-00 Ngawha
NG-12 well

w¥4111U-00 Ngawha
NG-9 well

“~@ “Rotokaws Basalt/
50,000,000

Q& *112F-00 Kamo
Soda Spring

Qnen112U-00 Kamo
Soda Spring

emey=e 009U-98/00 Te Arohs
oold spring

et~ 010U-90/00 Te Aroha
hand pump #15

seafecer 113U-00 Miranda hot
springs

mween {14U-00 To Aroha
Mokens Geyser

“«+& 115U-00 Te Arohs
cold spring

e~ 116U-00 Te Aroha
hand pump #17 nesr

Qazebo
aad?l <113F-00 Miranda

ww® *{14F-00 Te Arohs
Mokens Geyser

& “115F-00 Te Archa
Cold Spring

%8 -116F-00 Te Aroha #17
Pump

x0eQon {28F-00 Tarawera U?

WO +128U-00 Tarawera F?

vy 2129F-00 Puketitifl
{Mangatatu)

La Co Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb LY opert 1280-00 Puketnt

Rare Earth Elements

(Mangatatu)



REE in New Zealand Non-TVZ Geothermal Fluids

1.E-03

1.6-04 J

1.E-05

Sample / Chondrite

1.E-06

1.E-07

La Ce Pr

12

™ ¥ 12

Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rare Earth Elements

REE in New Zealand Non-TVZ Geothermal Fluids

1.E-02

1.E-04

Jry
m
S
(4,

Sample / Chondrite

1.E-06

1.E-07
La

Ce Pr

¥ T T T v - T

Nd Sm Eu Gd Tb Dy Ho
Rare Earth Elements

v

Er Tm Yb 'Lu

s 021U-96/00 Morere
upper

wegiyow 022U-96/00 Morere
fower

oD <Rotoksws Basalt/
60,000

@ <Orakeikorako Basalt
150,000

saeapann 156U-00 Morers #1
Upper

mmeg  ¢156F-00 Morere #1
Upper

wefdas 157U-00 Morere #2
unfiltered

w81 +157F-00 Morere #2
unfiltered

il 162U-00 Morere #2
Lower

=l *162F-00 Morere #2
Lower

vl §23U-98/00 To Puia
South

ey 024U-98/00 To Pula
West

waQ -Rotokawa Basait/
60,000

we® <Orakeikorako Bassit
150,000

seefZhacs 188U-00 Te Puls #1

waf] -158F-00 Te Pula #1

welyoen 1 60U-00 Te Puls #2

assd +160F-00 Te Puls #2

swfyow 161U-00 To Puls #3

ooy <161F-00 Te Puls #3



Sample / Chondrite

1.E-01

1.E-02 §

1.E-03

1.E-04

1.E-05

1.E-06 @~

(]
Nelson

Maruia
% Hanmer

Lewis River

Christchurch

100 2

South Island Thermal Areas

Q)

i s s N
Ousse Qe Coras 4, e Lo "o

@aﬂ‘
Euu@-m.“a‘m&

=

Pr Nd Pm Sm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

™ g ™ L4 g g

Rare Earth Elements

t

seeaghenas P 4500 3/26/01
IDL x 0.020
[ug/L)

wwoeyecn 163U-00 Trip
Blank

sasaalx  $183F-00 Trip
Blank

oo 130U-00Acid

Hanmer Springs

M 130F-00Acid
Hanmer Springs

<cofBecx 131U-00 Lewis
River HS

*131F-00 Lewis
River HS

300aeccs 132U-00 Marula
Thermal Resort

wooely  +132F-00 Maruia
Thermsal Resort



45

43

fedford o

— Austin.”

N ,:ije__x;te.x.‘i})}lsh

) “l\,ﬂ)ux}f

- 50
Kilometers




REE in Oregon Cascades Hot Springs O e baxt.06 [ugiL]

-« ¥ -+ 033F Bagby

1.E-02 g see-§@re-- 033U Bagby

=« 8+ -034F Breltenbush

«++38+---034U Breltanbush

1.E-03
g <=4 - -035F Blgslow (Desr
Llck)

~—#—035U Bigelow (Deer
Uck)

¢ = - % - - 036F Bollknap

k- 036U Beliknap

+« %+ -037F Terwiltiger /

£ a2 Cougar

1.E.05 By~ 037U Terwilliger /
: ¥ ] Cougar

TIZ .. 43 .. 038F Wall Creek

¢2 ——d4~=-038U Wall Creek

Sample / Normalization

1.E-06 £+ + % -030F MoCredie

s (39U MoCredie

<~ o+~ 040F MoCredle

1.E-07 . - v - v v ” v - ” > —de— 040U MoCredie

La Co Pr Nd Sm Eu Gd Tbh Dy Ho Er Tm Yb Lt__#‘_wwmmu_

Rare Earth Elements — 35— 041U Umpqus

Oregon Snively,

Crys‘rcﬁ Crane
Mickeyo

Alvord
Borax LakeO O\

\
\ Whitehorse




1.E-02

1.E-03

Sample / Normalization

1.E-06

1.E-04

1.E-05

REE in SE Oregon Hot Springs

-« 49 -042F Crystal
Crane

~aa-iPs 042U Crystal
Crane

-~ % ~-043F Mickey
34 043U Mickey

~~ &+ ~044F Alvord

~gi~—044U Alvord

~-~ 4 - ~045F North Borax
ke

o= @--=045U North Borax
Lake

« & = < 046F Middle
Borax Lake

—~ 046U Middle
Borex Leke

<~ o - ~047F Whitehorse
Ranch

047U Whitehorse
Ranch
«~ % - «048F Sniveley

weorifpe 048U Sniveley

« - Mt - <049F Sniveley
seo<flip==- 049U Sniveley

=+ 4+ +052F Sniveley

1.E-07 Vo— - e ———————————— 4+~ 082U Sniveley
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu <+ o 080F Zims
Rare Earth Elements e OB0U Zims
REE by Fe-OH Precipltation versus Solvent Extraction
in SE Oregon Geothermal Fluids
1.E.02 seaffdoes 98PY-00 Crystal
Crane
= El* 98PF-00 Crystal
Crane
asifgass $8PU-00 Whitehorse
1.E-03

1.E-04

Sample / Chondrite

1.E-06

1.E-07

I ek
w87 .
N ERA KR - M
s’
.

~ A~ 98PF-00 Whitshorse
@~ 98P U-00 Sniveley #1
~ @~ 38PF-00 Sniveley #1

wardoas 98P U-00 Sniveley #2

e~ @~ 98PF-00 Sniveley #2

s~ g0l Crystal Crane

7= worlgre 98U Whitehorse
A 4 » °
» . PR
‘o " ” wdrengtl Sniveley #1
- - v - - v . v @ 98U Sniveley #2
La Ce Pr Nd Sm £u Gd Tb Dy Heo Er Tm Yb Lu

Rare Earth Elements



Q Beowawe
O Dixie Valley
o
Reno

Nevada

REE in Geothermal Wells Dixie Valley, Nevada

1.E-04 5

1.E-06

Sample / Normalization

1.6-07 Qo |

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements

osssdpacec P 4500 1X (DL X 0.04
lusit)

L “-0!73F Dixie Vailey W oll 78-
'---‘-~-‘0573U Dixis Vailey W ell 78-
codee g:tF Dixie Valley W oit 37-
mggw Dixie Yalley Wall 37-
2L X -gSEF Dixis Valley W oll 28-
—‘—o:su Dixie Vailey W ek 28
LR 4 -E:G:GF Obde Valey W el 73-
—-O:SU Dixie Valley W el 73-
s -gsw Dixis Valley W ok 92A-
M;Wgnu Dixis Vaitey W o 92A-
~= 4% +~08QF Dixe Valley W ol 74.7
il 059U Dixie Vallay W el 74-7
v« & ~ - 080F Dixie Valiey W il 83-7
wssos00e 080U Dixie Valley Well 83-7
+o =~ -081F Dide Valloy W ell 737

sasnziansi 081U Dixie Velley W el 73-7



Sample / Normalization

REE in Geothermal Wells Dixie Valley, Nevada

1.E-04 ¥
oooomaci{ P 4800 1X 0L X
0.04 [ugl)

= % 062F Dixie Vatley
Wl 6221 Not
Flowing

w0920 Diie Valley
Well 62-21 Not
Flowing

w O 083F Dixie Valiey
W ol 6621
Artosian

1.E-06

salpeen 083U Dinie Valley
Wil 68-21
Artosian

1.E-07 M ™ A ge4F Dhcie Valley
Wokat1s

Artosian

Sample / Normalization

ananfinene (84U Dixie Vekey
Wolas.t4
Attesion

1.E-08
ts Ce Pr Nd Sm Eu ad h(] by Ho Er ™ ™ Ly

Rare Earth Elements

REE in Geothermal Wells Dixie Valley, Nevada

Qo 494500 1X 101 X 0.04
{uor]

@ WS O0858F Dixie Valley
Goeringer W el

Sovleowe 053U Dixis Valley
Qoeringsr Woll

= @%  048F Dhie Valey
Injeotion Brine

WERm 555U Dixie Valley
injection Brine

= W= 08aF Oxie Valiey
steam sondensate

mumgpn 055U Dixie Valley
steam condensate

o
Ls Ce Pr Nd

Sm Eu Qd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements



1.E-04

Carbonate Mounds, Dixie Valley, Nevada

Sample / Normalization

1.E-05 g

1.E-06

1.E-04

m
S
n

Sample / Normalization
m
s

1.E-07 G

v Ly . v - » v ¥ ¥ g L] .

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rare Earth Elements

REE in Geothermal Wells - Beowawe, Nevada

La Coe Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements

<= --NV-067F-99 Dixle
Valiey Carbonate
Mound

—&—NV-067U-99 Dixie
Vatley Carbonate
Mound

-~ 4 --NV-068F-99 Dixle
Valley Carbonate
Mound

~~--NV-068U-99 Dixle
Valley Carbonate
Mound

woodiooce 4P 4500 1X IDL X 0.04
{ug)

o« 0 048F Beowawe Well 77-
12

wfPoce 449U Beowawse Well 77-
1

“ & 470F Beowaws Wit
ainn 113

hese 070U Beowaws Wil
Qinn 1-13

o &0 I71F Beowawe Well
ainn 2-13

@eodeass 471U Browawe Wel
Qinn 2-13



Sample / Normalization

1.E-03

1.E-04

1.E-05

1.E-06

REE in Geothermal Wells: Heber, California

La

Ce

- ¥ g v > L - L L L v

Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements

~ ¢ e ~ ~NV-087F-09
@ NV-087U-99
« * 3 - <NV-088F-39
g NV-083U-99
—@~—NV-088F-99
~« @« *NV-080U-08
ey NV-090F-99

=+ & -NV-091F-99
~——-—NV-081U-99
= = e « ~NY-002F-09
—~Rf~—NV-082U-9%
o & ~ ~NV-003F-09
~t— NV-083U-09
v 4 - -NV-084F-99
msapesn NV-084U-80
= =@+ ~NV-005F-90
——&——NV-085U-09
oo @ s NV-008R-80
—d—NV-006U-09



Sample / Chondrite

South China Sea
Philippine Sea
PHILIPPINES i
jcman
Tongonan
J n

\&J
/ Palinpinon

indgnao
0

REE in Geothermal Well Fluids: Palinpinon
1.E-02

e N1-2 Well
1.E-03 L
=2-N1-3 Well
Paiinpinon
1.E-04
~&~PNt4-1 Well
Paiinpinon
1.E-05 =@ PN14-2 Well
Palinpinon
1.E-08 r r v

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Rare Earth Elements
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