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Abstract 

The results of an intcrlahoratnry ralihration of 'ili~:a perf(lrmcJ ustng ..:omnH.:rdal stan· 
dards as samples are presented. The analytical values fpr sihca t'Onccntrallnn arc consistent 
!()r lower con..:<:nlration samples, hut there arc sigmlkant Yariations among the values for the 
higher concentration samples. The dilution tt"Chmquc ts better than dm:l'l inJection or high 
concentration samples to the atomi..: absorpli<lll spcctr,m1ctcr. although at present it is not 
po'>sihk to delinc the highest pcrmi~sihle "he;~ con..:cntratwn appropriat~ for direct mea~ure· 
ments. High dilution factors also produce a htgh un~crlitully 111 the analyti~:al r.:sults. Therefore. 
th.: need still exists for ..:onduering nmlti-lahor<lll'ry e~thhratwno; o\ct· a w1de nmgc of silll:a 
..:om:cntrations to reline the prt>t:i,ion and accuraq ot' ,thea analysc.s at !ugh con..:cntr;ttions. 
( · 2002 Puhlishcd hy Ebnicr Setcn..:e Ltd on behalf of CN R. 

1. Introduction 

High quality analytical data of separated water and vapor arc of fundamental 
importance in the geochemical nwdcling of hydrothermal systems. Very little work 
has however been done to evaluate the uncertainty of the results related to analytical 
errors. To ensure the analytical quality of geochemistry laboratories. Ellis (1976) 
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conducted the first interlaboratory comparisons of chemical analyses of geothermal 
waters involving many different countries. The scatter in the results he obtained 
revealed serious deficiencies in analytical accuracy and the need for general 
improvement and standardization of analytical procedures (Giggenbach et al., 
1992). Consequently, in 1985 the International Atomic Energy Agency, Vienna 
(IAEA) initiated interlaboratory calibrations for geothermal waters within the fra­
mework of the project, "Coordinated Research Program on the Application of Iso­
tope and Geoclwmical Techniques in Geothermal Exploration". Since then, the 
IAEA has conducted four interlaboratory calibrations of pH, Li +, Na +, K', 
Ca 2 ', Mg2 ', Cl~, soa-. HCOi·. F~. B, As, and Si02, which were analyzed in 
geochemistry laboratories involved in geothermal development all over the world. 
Verma and Santoyo (2002) performed a statistical analysis of the data and con­
cluded that for all of the chemical parameters except Si02, the analytical error 
increases with decreasing concentration and is of the same order of magnitude for 
concentrations of less than I ppm. Similarly, they suggested that there were some 
serious problems with the sampling and analytical procedures used for Si02 and 
HC0.1. 

Silica chemistry is of vital concern in the geothermal industry for estimating deep 
reservoir temperatures and preventing silica scaling during production and reinjec­
tion of geothermal brines. Thus the need for good quality analyses is implicit. 

Natural geothermal waters were distributed as samples during the IAEA inter­
laboratory calibration program. However, there are some limitations in using nat­
ural waters as samples for calibration. First, the exact concentrations of the 
dissolved chemical species in natural waters are not known precisely. In other words, 
the rdcrencc values for the concentration of each chemical species are unknown and 
consequently it is diflicult to evaluate the analytical quality of the participating 
laboratories. Secondly, the natural geothermal waters may be supersaturated with 
I·cspect to some minerals. The chemical composition of these samples may therefore 
L:hange during transport and storage due to mineral precipitation or gas exsolution. 
These limitations could be avoided by using commercial standards with established 
composition as samples. 

In this art ide, we present the first results of an interlaboratory calibration of Si02 

using commercial standards as samples. The analyses were conducted among 
"Comisiim Federal de Electricidad" (CFE) geochemistry laboratories at Los 
Azufres. Los Humeros and Morelia, Mexico to evaluate the reasons for the 
observed variations in the analysis of silica. 

2. The IAEA interlaboratory calibration study 

Table I presents the silica analyses of samples distributed under the IAEA inter­
laboratMy calibration programs. Giggenbach et a!. ( 1992) presented the calibration 
of three samples. but the third sample was associated with natural organic gas 
diseharg~s. Only the first two samples are therefore included here. The number of 
participating laboratories varies in each calibration: (A) 22 laboratories from 19 
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Table I 
R~sul!s of ,;ilica an_<_tlyses of the geothermal water samples distribm •d 1. h · -__________ ··-~··· -----·-- · · ~ 1m, crt e lAI:.A <';tbbr,!lwnpro).'X<llll 

Giggenbach d a!. 
(1992) 

Lab No. 

6 
7 
8 
9 

10 
II 
12 
IJ 
I-I 
IS 
16 
17 
lg 

19 
20 
21 

c.1 
:'4 
25 
26 

2X 
29 
30 
31 
32 
B 
34 
35 

IAEAI 

!50 
57" 

1-l'l 

283 
142 

185 
154 
141 
144 
146 
134 

146 

152 
1:10 
146 
11>0 
25 

143 

M~an 145.5 
S.D. 7.7 
~0. or samples 14 

IAEA2 

596 
2~D 

588 

234 
29 
s 

683 

647 
481 
110 
135 
497 

590 

610 
175 
105 
580 

52 
582 

367.6 
247.5 

I 'I 

Gerardo-Ahaya t:l al. 
(1998) 

IAEAJ 

534 
70h 

51.63 
21.02 
19.57 
51.57 
57.57 
49 
64 
55.33 
50.33 
51.8 
48.2 
49.13 
48.1 

52.5 
4.4 

12 

L-\Et\4 

831 
670 
444 
102 
339 
liS 
~97 

723 
761:> 
737 
731 
103 
675 
19.1 
103 

4955 
2tJ4.3 
II 

Ah·is-lsiJn> <'I al. 
(1999) 

1AEA5 

56S 
~46.7 

5:16 
159 
143.95 
550.'1 
<6 

621 

570.1:> 
IXt>.li 
241.9 

4ll0.7 ·' 
66li.75 
t>62.6 
755 
27U6 

.l4.1.29 

IH 

466.X 
182.3 
n 

17~ 

177 

1~7 

lb~ 

J7l( 
17~ 

1~0 

IotP 
l7tl 

179 
l51.~b7 

IXO.X 
6.4 

186 
~0\4 

2~484 

77.4~ 

~~q~ 

!X7.25 
171i.'l 
2011 
9ll.ll97 

176.94 

1~5 

17!!.1 
I .HI 
I 'l 

' Th~ bold valu~s were removed before stati>tical analysis of the data was p!.'rfurmed. 
" The underlined values were the outlier according to first mean±. 2 S.D. 

·\ht,·lsidr<' ct <II 
1~1100) 

IAIA7 

'II.(!() 

"rrt..t.J 
I ~~All 
%.60 
<lh.l\(1 

%.00 
%.00 

'11'>0 

l1 1HMl 
<l2.1 ~ 
95.30 

'17.W 

55.1 
7\411 

!<8 ~_1 
Q(,_9i) 

t-)9.2~ 

76.h9 

92.1K.I 
l)lfi{l 

'16.111 

97 .. \.1 
120.40 

12.1.11 
'.l'llltl 

IillO() 
14'i 
9UHl 

~041 

]44 21 

J{l1Jltl 

71/.(){l 

'I!<.(Hl 

'1.1.97 

'!IJ.K 

12.0 
11 

IAFA~ 

79.'(~ 

1)' 1.11 
?(,X 

7SO I 
77~ 

7SJ 
7.1'1..17 
%() 

'JI-1 74 
1')1 

H02 
Hi> 
~4() 6 

792..1.1 
XII> 
7XX 19 
6.1.117 
74.1 

7'12 
71JX 
I((Jl) 

2XI 

</J(,,H 

1110 
1\10 
42) 
7)) 

2275'J 
1n-1 
!ill(> 

700 
11~1 

122.5 
77.1.1 
147.2 

1{) 

countries (Giggenbach et al., 1992); (B) 15 laboratories from 7 countries (Gcrardo­
Abaya et al., 1998); (C) 26 laboratories from 10 countries (Alvis- Isidro et al.. 1999}: 
and (D) 35 laboratories from 16 countries (Aivis-lsidro et al.. 2000). The samples from 
Giggenbach et al. (1992) are renamed as IAEA I and IAEA2. from Gerardo-Ahaya ct 
al. (1998) as IAEA3 and IAEA4. from Alvis-Isidro et al. ( 1999) as IAEA5 and 
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-" I 1- AI - 1 · 1 ,1 ·tl (2000) as IAEA 7 and IAEAS. The silica was IAl:l\(1. am rom · v1s- SJ(ro c '. . . . _ . 

I .I h . 1 -
1

. (('(.)) .1101nic absorptiOn spectrometry (AA), mduct1vely ana y/c( y co on me 1 y .. . , ' . . 

I I I ·11 1 - 11·c emission spectrometry (ICP-AE) and mductlvely cou-coup C( p asma WI 1 a on . . · - . . 
pkd plasma with mass spectrometry (IPC-MS). In this study, we consider all the 

r~·~ults ~.:qually probable. . . 
;\!vis-Isidro ct al. (1999. 2000) only reported the analytical techmques used by the 

llldividual laboratorv. For example. the samples IAEAS and IAEA6 were analyzed 
hv laboratories 14. x and 2 using CO. AA and ICP-AE, respectively. Similarly, the 
s;;mpb IAJ:A7 and JAEAX were analyzed by laboratories 1:, 10, 4_and I using CO, 
.-\A. I( ·p AF and ICP MS. respectively. The values obtamed usmg ICP-AE are 
r~.:lativclv close to th~ mean values: however the number of analyses is too small to 
l'lldors~.'its application. Most of the silica analyses were performed using colorimetry 
and atomic absorption spectrometry. The spread in the concentration values for 
hnth the tedmiques is similar. In summary, it is not possible to justify the superiority 
of one !l:chnique over others. 

There arc two types of error in every measurement: determinate (systematic) and 
1111h·taminclft' ! rwulom 1 errors (Bevington, 1969; Box et a!., 1978). The determinate 
errors arL' due to instrumental defects, reagent impurities, personnel errors, method 
errors. de. Commercial standards were not distributed and analyzed during the 
IAFA 111terlahoratory calibrations, so it was assumed that every laboratory had 
appropriate ;tnd standardized techniques to measure each parameter. It has been 
well established by stable isotope interlaboratory calibrations that common call­
hrat1nn ur rl'pcatin)! the same standards with samples produces quite consistent 
resulh (l'arr and Clements. 1991). Random errors, which accompany every 
llh'asurL'Incnt. arc due to non-pnmancnt causes and include noise present in the 
uwasurcmcnt. 

Prior tn statistically analyzing the IAEA results, values that were out of trend 
WL'I\' 1\'lllnl cd. ThcsL' values arc generally associated with a variety of errors such as 
1111spnnls or nustakcs made during the handling and analysis of the sample. The 
anthnwt1c mean and standard deviation (S.D.) of the remaining values were then 
romputt'IL The values that fell outside the mean±2 S.D. were rejected, and after the 
ll'lllnl alllt' these outliers. the mean and S.D. of the remaining data were recomputed 
(Iaili~: I). 

lh~.: siltca COIH:cntration data (Table I) arc plotted in Fig. I. The sample pairs 
t IAI·A I-IAFA2, IAEA3-IAEA4. IAEA5-IAEA6 and IAEA 7-IAEAS) are plotted 
together to compare the data from each laboratory. In Fig. lA and B, the 
.uwlyscs 111' higher concentration samples (IAEA2 and IAEA4) can be divided 
tllhl 111n gwups (marked with dotted ellipses). In Fig. JC and D, there are 
').\lcmatic ~.:rrors in the data from some laboratories (marked with ellipses); 
hoi\'I,'IL'l'. uthn laboratortL'S have consistent analyses for low concentrations 
t-200 ppm)..~ut the measurements for high concentrations (>500 ppm) are 
' 1 gnttt~·antly d!llcrcnt (marked with rectangles). In order to understand the rea­
'011s for these inconsistencies. it would be necessary to run some commercial 
,t;mdard' to••~.:thcr with til" 1.11t'·i· b · · · 

. "' • ~~ ,1 or.ttory cahbrat1on samples at all of the 
lahnratones. 
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Fig. I. Comparison of the JAEA interlaboratory calibration results of the silica analyses. The sample pairs (!AEA 1-IAEA2. IAEA3-!AEA4. !AEA5-IAEA6 
and IAEA 7-IAEA8) are plotted together in order to compare the data from each laboratory. In Fig. I A and B analyses of high concentration samples JAEA2 
and JAEA4 can be divided into two groups outlined by the ellipses. In Fig. !C and D. laboratories with systematic errors are denoted by ellipses: rectangles 
mark those with inconsistencies in high concentration samples only. 
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Lah II-. AA Cal. 1 Lab IV: CO 
------~---

.\hd SiO, M'd SiO: Msd 
S10-

Value !ppm) Value {ppm) Value 
!ppm I 

Si02 Msd 
(ppm) Value 

-----~ 

HI~' II O.(XW• 0 -0.0042 5 0.095 

HI 0 : lf, ~hO 051•'lS 4J 0.0443 10 0.192 

1"' I) 1-10 1117-l o.7og~ 10!1 0.1240 20 0.384 

:~ il o ,t lx 1~90 !.1.!\~~(l 172 0.2167 30 0.516 

·'' 0 '2 \ 17~0 l.l ~~·-' 215 0.2872 40 0.772 

~ l '-I I. JOO(• .\01 0.3848 50 0.931 

.l. Results of the interlaboratory calibration 

('our commercial ~tandards. prepared by diluting "9947 Titrisol silica standard, 
\fcrd. Germany", were distrihmcd as samples among the three Mexican geochem­
a:allahor;ttorics~ one of the lahoratorics analyzed the samples by both AA and CO. 
lhr four sets of data are dc~ignated randomly as Lab 1--IV. The samples were 
lahrl,·d in random order for eat:h lahoratory and the only information provided to 
lhe lahorawriL·, wa~ the maximum t>xpected silica concentration (2500 ppm). 

('om merna I silic1 ~tandards arc prepared with dissolving silicate or fluorosilicate 
nun,•rals in alkaline ~olutitlllS. The silica solubility in aqueous solutions increases 
l'\potwntialh ahm·l' a pH of X. Therefore. the commercial silica standards are sub· 
:.tallltally undcrs;lturated al the ambient temperature and pH (>9). This means that 
the "'hL·a C<Hln:ntratwns of the standards will be quite stable during transportation 
ami ;toraj-!e. 

Lthlc 2 siH•ws the mt•·rnal calibration data used by the laboratories, except for 
I ;!h Ill. "lut:h dtd not promle its l'alihration data. The data are plotted in Fig. 2 
v.tlh tiH~Ir cmrl·sponding linear regression equations. Lab II did not dilute the sam· 
pic~ for the analys,•s. Therefore. there arc two calibration curves for Lab II, one for 
l<Hin ronc,·ntralwn sampk~ and another for higher concentrations. Similarly, Lab 
Ill aiM) analytrd thr \amples without dilutions. 

Table 3 prcs.:Hh the result~ of the measurcmen ts of the four samples, after internal 
c;1hhratwn>-. lllf.!l'thrr with tht• real silica concentration. The error for each labora· 
tor~ l I S D J 1s calculated from th~ errors in the coetlicients of the corresponding 
rc~n.·\~lt.lfl equation IFig. 2) and the dilution l~tctor. That is to say, the variations 
hcl\h'l'll the mdivtdual mea~urcnwnts of each sample were not taken into con· 
'>tderat mn in cakulatmg the error. The reason for this is that the different Ia bora· 
tnri,., llll\ISUI'L'd the samples a dill'crent number of times. Furthermore. the error 
a''-<lnated wtth individual measun:ments is not representative unless the number of 
mL·asurt'llh.'!lts 1s sullickntly high !i.e. mot\' than 5). 

Thr t~.•,ul!s of the silica ltHcrl:thllfatory calibration (Table 3) are plotted in Fig. 3. 
L1h\ I and IV analwed the ~ampks aftn dilution, whereas Labs II and III analyzed 
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Fig. 2. The calibration curves for the different laboratories. Lab II used two calibration curves, Call and 
Cal2 for low and high concentration samples, respectively. 

Table 3 
The silica (in ppm) calibration data 

Laboratory Propagation of Error (1 S.D.) 

I:AA TI:AA III:AA IV: CO 1: AA II: AA Ill: AA IV: CO 

Sample Re<~l Dilution Value Value Value Dilution Value 
No. values factor factor 

107 10 95 1!5 lOO 5 125 8 7 5 
2 214 10 203 212 234 5 240 11 9 5 
3 1071 50 925 1144 1238 50 1348 54 123 46 
4 2143 100 2008 1745 1942 50 2549 112 152 55 

without dilution. The values for lower concentration samples are on the 45° line for 
all the laboratories, whereas there is a wide dispersion among the higher concentra­
tion samples. The results are similar to the IAEA calibration data. Lab IV has a 
systematic positive error whereas Lab I has a systematic negative error. Values from 
Labs II and III have a random distribution. 

Although the number of participating laboratories is low, it is clear that the 
injection of high concentration samples into the atomic absorption spectrometer 
produces higher random errors. It was found that there was some deposition on the 
flame slit that required frequent cleaning during analyses of these samples. Thus, 
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Fig . .'\. Relationship between the real and measured silica concentrations. The analytical technique used by 
the individuallahoratory is denoted by AA for atomic absorption spectrometry and CO for colorimetry. 

there is a need to determine the maximum silica concentration in water samples that 
can he analyzed consistently using atomic absorption spectrometry. 

The dispersion in the analyses of samples with low silica concentrations is accep· 
table for both the dilution and direct injection methods. The large dispersion in the 
analyses of high Si02 samples may be due to a variety of factors including carboni· 
zation of the atomic absorption spectrometer slit, matrix-effects and the presence of 
colloidal silica, among others, which require further study. However, it is also 
apparent that reealibration of the spectrometer after one or two sample analyses is 
required. Four or five standards should be run in order to calibrate the spectro­
meter. When there is a need for recalibration after only one or two samples, it is 
diflicult to demonstrate that the spectrometer was even working properly during the 
calibration. 

High Si02 samples should always be diluted for atomic absorption analysis. 
However, strong dilution of samples also produces high analytical errors, since the 
dilution factor is directly multiplied by the instrumental error to calculate the total 
error in the analysis (see Table 3). In addition, there is the possibility of a systematic 
error in the dilution technique. This systematic error is also multiplied by the dilution 
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factor. Together, these factors explain the higher analytical errors in the samples 
with high silica concentrations. 

We conclude that it is urgent to conduct an interlaboratory calibration for a high 
range of silica concentrations that involves a larger number of laboratories in order 
to define the optimum dilution factor for each instrument. It should also be noted 
that the analytical error at high SiOz concentrations is not a consequence of silica 
deposition during storage and transportation because the commercial standards 
used are created taking these factors into consideration. 

4. Conclusion 

The analytical error for silica increases with increasing concentration as a con­
sequence of limitations in analyzing higher concentration samples. Without dilution, 
there are limits to the application of atomic absorption spectrometry, whereas with 
dilution the high dilution factor produces large errors. However, the dilution tech­
nique is better than the direct injection of higher concentration samples. There are 
also systematic errors in the analytical data of Labs I and IV, analyzed by AA and 
CO, respectively, but the refinement of such systematic errors is easier than miti­
gating random instrument errors. 

The interlaboratory calibration program should be continued to ensure a high 
level of analytical quality by the participating laboratories. Reliable analytical 
results are crucial for geochemical modeling of hydrothermal systems. 
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