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RESUMEN

En este trabajo se desarrollan las ecuaciones de propagacion de incertidumbres para un modelado geoquimico de eleme
traza durante una mezcla de dos componentes o miembros terminales. Las ecuaciones proporcionan las incertidumbres resulte
en la concentracion de un elemento o la relacion de dos elementos en una mezcla de dos miembros, como funcion de
incertidumbres iniciales de medicién. Varios ejemplos ilustran el empleo de estas ecuaciones en el modelado geoguimico. Aunq
como esperado, la concentracién de un elemento o la relacion de dos elementos en la mezcla se encuentra siempreantre los ve
correspondientes a los dos miembros, no es el caso para las incertidumbres correspondientes de medicion. La %Rsd (Desvia
estandar relativa expresada en %) de la concentracion de un elemento en la mezcla nunca es mayor de %Rsd del miembro
mayor incertidumbre para ese elemento, pero podria ser menor al miembro con menor incertidumbre. De la misma manera
propagacion de incertidumbres con los datos de basaltos y sedimentos de la placa de Cocos proporciona ejemplos adicionales
el empleo de estas nuevas ecuaciones y su importancia en problemas petrogenéticos.

PALABRAS CLAVE: Modelado de elementos traza, geoquimica, propagacion de errores, incertidumbre de medicion, mezcla
México, placa de Cocos.

ABSTRACT

This study presents error propagation equations for geochemical modeling of trace elements during mixing of two compo
nents or end-members. These equations can be used to estimate uncertainties in the concentration of an element or ratio of
elements in the mixture of two components, as a function of the initial measurement uncertainties. Several examplésallustrate
use of these equations in geochemical modeling. Although as expected the element concentrations and their ratios in the mixt
always lie between those of the two end-members, it is not the case with the corresponding measurement uncertainties. The %}
(Relative standard deviation expressed in %) of the concentration of an element in the mixture is never larger than ttiee%Rsd of
component with larger uncertainty for that element, but can be smaller than the component with smaller uncertainty. Similarly
error propagation using actual element concentration data on basalt and sediment samples from the Cocos plate wae carried ol
further exemplify the use of these new equations and their importance in petrogenetic problems.

KEY WORDS: Trace element modeling, geochemistry, error propagation, measurement uncertainty, mixing, Mexico, Cocos
plate.

INTRODUCTION logical process of two component mixing and illustrate thei
use to element concentration data from subducting Coc

Mixing of two components or end-members (a term plate. Attention will be confined here to geochemical mod
frequently used in geochemistry) is of fundamental impor- eling of mixing of two-components, whose compositions ar
tance in several branches of Earth Sciences, such asknown from previous experiments and the mixture is treate
hydrogeology, geothermal research, geochemistry, petrology, as unknown.

oceanography, sedimentology, as well as in numerous labo-

ratory and industrial procedures. Examples of such mixing

processes (Faure, 1986; Albaréde, 1995; Verma, 1998a) are:

(i) the mingling of water of a tributary stream with that of its
master stream; (ii) discharge of river water into a lake or into
the oceans; (iii) mixing of two types of sediment in a deposi-
tional basin; (iv) mixing of two types of magma sources be-
fore their melting; and (v) contamination of a mantle-derived
magma as a result of interactions with rocks of the Earth’s
crust.

The main objective is to show the effects of error propa-
gation in the mass-conservation equations for the basic geo-
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NEW ERROR EQUATIONS FOR TWO-COMPO-
NENT MIXING

Error propagation theory provides the rules for com:
bining analytical errors or measurement uncertainties of tw
variables related to each other by a mathematical operatic
such as summation, subtraction, multiplication, and divisior
or for a variable involved in a mathematical function, suct
as exponent or logarithm (Bevington, 1969; Taylor, 1982
Guedenst al, 1993). Taylor (1982) uses indiscriminately
the terms “Error propagation” and “Propagation of uncer
tainties” (see for example, the title of his book). New equa
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tions are derived from this theory by propagating measure- where (_;'A and (_:'B are the mean values o:fL and C‘B re-
ment uncertainties of different parameters involved in spectively.

geochemical modeling of mixing of two components. The
resulting equations express explicitly the uncertainty of the
predicted variable (concentration in the mixture) in terms of
the uncertainties in the initial variables (e.g., original con-
centration of a trace element in source rocks, initial mag-

In general, the determinations Qf' and C' are
uncorrelated, and therefO@AB—O The error propagatlon
equation then simplifies to:

mas, or a magma and an assimilant, or two different sources ol 22012 4 (1- 1) 0 _ )
of waters in hydrogeological studies). These equations pre- M Ia
dict the Uncertainty in the Composition of the mixture of two Equation (3) for correlated or Eq. (5) for uncorrelatec

components, prior to its possible modification from other errors can be used to estimate the uncertainty on the pi
processes that might take place after the mixing has beengicted mixture in terms of the measurement uncertainties
completed. individual determinations.

Equations for an element Equations for an element ratio

As many other natural processes, the mixing process is
controlled by mass-balance or conservation of mass. The
concentration of an elemdrin the mixturec,‘\,I of two com-
ponents (or end-membes)andB is given by:

In many instances, it is advantageous to consider rati
of two elements (e.g., Sr/Nd or La/Yb or Nb/Ta or Ba/Nb.
etc.). Leti andj represent two different elements. The ratio
of their concentrations in the mixture is given by Eq. (7)
obtained by dividing Eq. (1) by Eq. (6):

Ci, = fC\ +(1- f)Ch 1)
, , . , = fCh +(1- f)C} (6)
where C, and C; are the concentrations of eleme(g.g.,
Sror Nd or La or Pb, etc.) in the componexndB respec- Ci, _ fCL+@-f)Ch
tively, andf is the mass fraction of the componérin the cl,  fcl+@-f)ck @)

mixture ofA andB. The value of can vary fronf=1 for pure
componenf to f=0 for pure componers. i

In general,c—',vl versud curve is not a straight line, but
M

This equation can be rearranged to show that the con-

centration of an elemenin the mixture(:‘M is alinear func- in the very special case Whﬂj\ - Cé, Eq. (7) reduces to:
tion of f as follows:

Ciy =(Ch—Ch)f +Ch - (2) Cu _ fCat+(@-f)Cq
cl, cl : ®
Let g, and g}, be the associated measurement uncer- )
tainties [e.g. expressed as equivalent to one standard devia- Rearranging, one has
tion following Taylor (1982) and Horwitz and Albert (1997)]
of C, and C{3 respectively. Generally only the statistical CM B Dc' | Dc'
sample standard deviations (e. SA, and SB) are available CJ Higf EC_H 9

and can be replaced erA and g, respectively in the fol-
lowing error propagation equations. The propagated uncer-
tainty _aiM on the concentration of the elemeint the mix-

ture C,, for a given value of is obtained by the variance

equation: is a straight line.

Cj
This is a straight line. Similarly, €A = Ci,—1- C' versug
M

i2 _ g2 i? 2 2 i
oy = fPo, +(1- )0y +2f(1- f)ops (3) The propagated uncertaintg;! of this ratio for the
WheregA and UB are the variances of eleméir A andB: general case of correlated errors can be estimateddtpm
UA is the covariance between the concentration variables 0}y and gy, as follows:
C, and CB, which is defined as (Taylor, 1982):

T ol ol O

0o =((Ch~Ch)(C; ~Ch)) @ B g 2aal o

J
M
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where qiM can be estimated from Eq. (3) for correlated er- 100
rors; g}, from a similar equation for elemeptC,, from

Eq. (1); ¢{, from Eq. (6); andoy,, the covariance between

the concentration variables), and C/,, from Eq. (11):

oh=(ch-culci-ch)) . ay © 7

A

As explained above, the determinations of the concen
trations Cl, and C}, (and similarlyC} and C}) are indepen- 0
dent and therefore uncorrelated. The uncorrelated nature ¢ 060 02 04 06 08 10
the variablesC}, C, C}, andC], also makes that}, and f
Ci, [which themselves depend on the concentration vari-
ables of the two components; see Egs. (l). and (6)] be Fig. 1. Predicted concentrati@, of an element in the mixture of
uncorrelated and therefore the correlated eﬂ_‘mf can be two components or end-membérandB as a function of (f is the
set at zero. Hence, the propagated uncertainty on the ele-proportion of the componet in the mixture).Cl, =10 ppm and
ment ratioa'w’lJ can be estimated from a simplified equation C, =100 ppm are assumed for this example. The compa@nant

(12) for variance: represented by a circle and the compoBdny a square in this and
later diagrams. Note the mixing curve is a straight line on thi
: 5 o :
(in/|j)2 _cy DZDG'M .\ al, g b diagram.
%' Ooz"—z0.
Wooe? cllo (12)

ing of these two apparently homogeneous and measurem
uncertainty-free componentgf, vs.f) is represented by a

In this case, the parameters in Eq. (12) can be estimated Straight line [Eq. (2); Figure 1]. Obviously, this assumes thz
there are no uncertainties associated with the determinati

L i -
as follows: g from Eq. (5) for uncorrelated errorgy, of these concentrations and that these components are |

from a similar equation for elemegjnand C;\A and Cﬂﬁ from fectly homogeneous. Both of these assumptions are unre
Egs. (1) and (6) respectively. Therefore, Eq. (12) can be writ- St¢ and therefore simple models used thus far in geocher
ten more explicitly as: istry are fundamentally incorrect or at least statistically un

reliable. Myreset al (1987) noted the general problem of

_ . _2 S S end-memb_er varia_lbility and proposed a graphical_approa(

(a”j)z _Cc,, ngfza'A +@-f)’0y  fPo) +@-1)’0} O to resolve it. In this work, a new approach involving errox
M j i j 2 : propagation theory has been developed and its applicatior

2
O C, C) O .
" M M illustrated below.
(13)

In this and later sections, two extreme cases are grapl

Although the error propagation equations have been de- cally presented. They are called: “Small uncertainties” an
veloped here to take into account the analytical errors or mea- “|_arge uncertainties”.

surement uncertainties of the variables in comporfeats
B, they could apply as well if these errors were the total un-
certainties (total geological field sampling and laboratory unce

analytical errors, including both systema_tic and rand_orr_l er- respectively. Then the propagated uncertaisifyestimated
rors; Ramsey, 1997; Kane, 1997), reflecting total variability from Eq. (5) is shown in Figure 2a by vertﬂicyabl uncertainty.

of the end-members and therefore of the resulting mixtures. .« o 'the mixing curve. The equal %uncertainty of 5% o
Furthermore, these equations can also be used to model Majnequal concentrations (extreme values of 10 ppm and 1

jor element data during the mixing process. ppm) are reflected as uneven uncertainty-bars (Figure 2:
In this example, for low concentrations (<30 ppm), the prope

RESULTS AND DISCUSSION gated uncertainties are such that the size of the symbols gt

erally used as data points is similar to or larger than the u
certainty-bars. However, for higher concentrations the siz
of these symbols is smaller than the predicted uncertainti
on the mixture (Figure 2a). This uncertainty expressed ¢
Let the concentration of a trace elemiantcomponent %Rsd (Relative standard deviation expressed in %) for tf

A, C},=10 ppm and in the componehtC,=100 ppm. Mix- mixture (Figure 2b) is always lower than 5% (this being the

Small uncertainties let g',=5% and g,=5% be the
rtainties (e.g. one standard deviation)ajnand Cg

lllustrative examples of element concentrations
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Fig. 2. Propagated uncertainty, on the concentration of the mixture as a functiofi foi the example of Fig. 1. “Small uncertainties”
examples: (aL,, vs.f curve withg,, vertical uncertainty-bars far,=5% ando,=5%; (b) (%Rsd,, vs.f curve for the same data as in Fig.
2a; (c)C,, vs.f curve withg,, vertical uncertainty-bars far,=10% ando,=2%; (d) (¥Rsd,, vs.f curve for the same data as in Fig. 2c.

uncertainty value assumed for the two end-memhersd 0.=30% in C}, and C}, respectively, the propagated uncer-
B) and shows a minimum value of about 3.5%ff.90. tainty g,, estimated from Eg. (5) is shown in Figure 3a by
Note the lack of symmetry of this @69, vs.f curve in very large vertical uncertainty-bars on the mixing curve. Th
spite of the fact that (Rsd,=(%Rsd,. This is due to the (%Rsg,, vs.f curve (Figure 3b) shows that the relative un-
different concentrations of the two end-members. certainty decreases steadily from 30% (value assumed f

componenB) atf=0 to 10% af=1, with a small minimum of
- e . about 9.5% af=0.99, very close to the other component.
Similarly, if ¢},=10% andg,=2%, the corresponding
uncertainties on the mixture are shown in Figures 2c and 2d. _ )
The unequal %uncertainties on these concentrations (larger Similarly, for g,=30% andg,=20%, the correspond-
%uncertainty assumed, as expected, for the component hav-ing uncertainties on the mixture are shown in Figures 3c ar
ing a smaller concentration) are reflected by similar uncer- 3d. For this example, the &6d,, shows a minimum of about
tainty-bars in Figure 2c, as compared to the case of Figure 16.7% forf=0.80 (Figure 3d). In both examples, the propa:
2a. For this example, the size of these uncertainty-bars is gated uncertainties are too large to be of much significan
similar o smaller than the symbols customarily used in such in most geochemical problems.
graphics. The (Rsd,, does not show a minimum but an
approximately constant uncertainty of _2% (value assumed Some important points emerge from the examinatio
for 'Fhe component B) fd~0 tof=0.50, which thenincreases Figures 1 - 3 and the corresponding spreadsheets used
ra_mdly to the 10% value assumed for the other component yoqe computations (not included here for space limitations
(Figure 2d). Although, as expected, the concentration of an element
the mixture always lies between those of the two end-men
Large uncertaintiesAssuming the same concentrations  bers, the %Rsdof the mixture is never larger than the %Rsd
of elements in the two components as in the example above of the component with larger uncertainty, but can be smalle
(Figures 1 and 2), but larger uncertaintieso§=10% and than the component with smaller uncertainty.
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Fig. 3. Propagated uncertainty on the concentration of the mixdyras a function of for the example of Fig. 1. “Large uncertainties”
examples: (af,, vs.f curve withg,, vertical uncertainty-bars far,=10% ands,=30%; (b) (¥Rsd,, vs.f curve for the same data as in Fig. 3a;
(c) C,, vs.f curve with vertical uncertainty-bars fag=30% ando,=20%; (d) (%&rsd,, vs.f curve for the same data as in Fig. 3c.
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Fig. 4. Predicted ratiaQ/C)),, of concentrations of two elemerits
andj in the mixture of two componemsandB as a function of (f
is theproportion of the componeAtin the mixture). Lec,=3
ppm, c,=36 ppm;cj=1 ppm, andc,=2 ppm. Therefore;

A Ch .
07\:3 and Clézlz are assumed for this example. Note the

mixing curve isnota straight line.

lllustrative examples of ratio of two element concentra-
tions

A general mixing curve is presented in Figure 4. Fo
this example, the concentration of a trace elementom-
ponentsA andB are taken asC,=3 ppm andCi,=36 ppm.
Similarly, for elemeni, the respective concentrations are:
C.=1 ppm andc}=2 ppm. The mixing of these two appar-
ently “homogeneous and uncertainty-free” componetits [
0),, vs.f curve] is in general not represented by a straigt
line [Eq. (7); Figure 4]. As before, two extreme cases ar
graphically presented: Small uncertainties (Figures 5a ar
5b) and Large uncertainties (Figures 5c¢ and 5d).

Small uncertainties This case is fot!,=10%, g, =5%,
a,=2%,0.=2%. The propagated uncertairg},’ estimated
from Eqg. (13) is shown in Figure 5a by vertical uncertainty
bars on the mixing curve. The results for the small unce
tainties assumed here are shown in Figure 5b, as total proj
gated uncertainties on the concentration ratio expressed
(%Rsg,,. The uncertainties vary from about 5.4% for pure
component (f=0) to 10.2% for pure componeAt(f=1),
passing through a minimum value of about 4.7%@175.
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Fig. 5. Propagated uncertaimty,\gJ (shown as vertical uncertainty-bars) on the ratio of the concentrations of two elements in the @lixtur:

0),, as a function of for the example of Figure 4. “Small uncertainties” example: (a) propagated uncertainty shown by vertical uncert

bars forg', =10%, 05 =5%; ¢, =1%, andg’} =2%; (b) (%Rs9,, vs.f curve for the same data as in Fig. 5a. “Large uncertainties” example:
Vertical uncertainty-bars fog, =30%, g =20%; g ), =25%, andg |, =15%; (d) (%Rsd,, vs.f curve for the same data as in Fig. 5c.

20

10

(c'rc)y,

Fig. 6. Predicted concentration rat@/C)),, of two element$ and

j in the mixture of two componen#sandB as a function of for

the very special case when the mixing curve is a straightdifre3
i

) . . C
ppm, C, =20 ppm;C) =2 ppm, andc} =2 ppm. Thereforec—;\:l

(the condition required for the mixing curve to be a straight line)

B .
and Cl,=10 are assumed for this example.
B
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Large uncertaintiesAssuming the same concentrations
(Figure 4) but larger uncertainties 6f =30% andg, =20%,
0,=25%, g, =15%, the results are shown in Figures 5c an
5d. As expected, the propagated uncertainty (Figure 5c)
represented by very large vertical uncertainty-bars on the mi
ing curve. The (Rsd,, vs.f curve (Figure 5d) shows that
the relative uncertainty decreases slightly from 25.0840at
to 22.7% af=0.55 and then increases rapidly to about 39.19
atf=1.

A straight line can result for a mixing curve under very
special circumstances when the concentration of an eleme
in both components is identical (Figure 6). The mixing curve
AB corresponds toC, =3 ppm, C;=20 ppm, CA=2 ppm,
and C,=2 ppm. Besides the&€]/C),, vs.f] straight lineAB,
The individual mixing Iines(:‘M and C{,, for the concentra-
tions of these two elements are also shown in Figure 6.

Small uncertainties This case is fog!, =10%, g, =5%,
a,=1%, g,=2%. The propagated uncertaint{,’ is shown
in Figure 7a by vertical uncertainty-bars on the mixing curve
The (%Rsd,, varies from about 5.4% for pure componBnt
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Fig. 7. Propagated uncertairyp;),\jlJ (shown as vertical uncertainty-bars) on the ratio of the concentrations of two elements in the Gxtur

0),, as afunction offor the example of Fig. 6. “Small uncertainties” example: (a) Vertical uncertainty-b@r§=ﬁ110%, a'B =5%; g5 =1%,

and aé =2%,; (b) ("Rsd,, vs.f curve for the same data as in Fig. 7a. “Large uncertainties” example: (c) vertical uncertaintydd@ﬁﬁ%,
a'B= 0%,; g ) =25%, andg§=15%; (d) (¥Rsg,, vs.f curve for the same data as in Fig. 7c.

(f=0) to 10.0% for pure componehif=1), passing through ment samples from the Cocos plate (Verma, 1998b) are pt
a minimum value of about 4.6%fat0.65. sented to further exemplify the use of these error propag
tion equations. The samples come from IPOD-DSDP Sit

Large uncertaintiesAssuming the same concentrations 487 drilled at the Cocos plate, in the Pacific ocean, about :
(Figure 6) but larger uncertainties @f=30% andg,=20%, km seaward from the Middle America Trench, off Acapulco.
0,=25%, g, =15%, the results are shown in Figures 7c and Mexico. The upper about 105 m thick layer was hemipelag
7d. The (“Rsd,, vs.f curve (Figure 7d) shows that the rela-  gray mud (cores 1-12) and overlies about 65 m thick pelag
tive uncertainty decreases slightly from 25.0%@tto 22.8% brown clay (cores 13-19). Below the sediment cover, durin
atf=0.40 and then increases rapidly to about 39.1f#lat drilling of about 20 m of basement rocks two meters of bz
) salt fragments were recovered at this Site. These altered M

The examples presented above illustrate the effect of cagn Ridge basalt (MORB) samples are mainly fine-graine

uncertainties and show the need of high quality data for them plagioclase-olivine phyric basalt, with minor amount of
to be useful in geochemical modeling. It is clear from nu- aphyric basalt.

merous diagrams that with “large uncertainties”, the uncer-

tainty-bars on the mixing curve are too large to be of much )

use in such modeling. This point is not trivial, because even Two composite samples were analyzed by Verm:
today many laboratories, not only in Mexico but in other (1998b) by X-ray fluorescence spectrometry (XRF). The sed
countries as well, keep on generating data without a clear Ment-composite was a physical mixture of six sedimer

mention and test of their quality. Such data are likely to be of S@Mples from this Site (cores 6-19) and can be taken as r
little use in constraining geochemical models. resentative of the sedimentary section of the subducting C

cos plate. The MORB-composite was also a physical mix

Application to concentration data from the Cocos plate ture of six basalt samples from cores 20 and 21. The resu
are summarized in Table 1. Although the analytical data al

Further examples using actual data for basalt and sedi- of generally high quality, Ba and Nb concentrations ir
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Table 1

Trace element data (with analytical errors) in MORB and sediment samples from DSDP Site 487 located at the Cocos
Mexico (summarized from Verma, 1998b).

Sediment-composite MORB-composite
Element

C, £ s, (%Rsd)a Cy £ sg (%Rsd)s
Ba 1639 + 4 0.2 7 + 1 14
Nb 8.6 + 0.1 1.2 1.5 + 0.7 47
Zr 112 + 2 1.8 36 + 1 2.8
Y 43.5 + 0.6 1.4 23.0 + 0.4 1.7
Sr 204 + 2 1.0 65 + 1 1.5
Rb 92 + 2 2.2 3.0 + 0.2 6.7
zn 250 + 1 0.4 80 + 1 1.2
Cu 240 + 1 0.4 96 + 1 1.0
Ni 145 + 1 0.7 114 + 1 0.9
Co 19.5 + 0.7 3.6 42 + 1 2.4
Cr 66 + 1 1.5 420 + 2 1.2
\Y 173 + 1 0.6 247 + 2 0.8

S, ands, are one standard deviation values of the concentratio€gatalC, respectively; (¥sd, and (%Rsd, are the relative
standard deviations in % of the componeh&ndB respectively; the sediment-composite analyzed was a physical mixture of
equal weights of six sediment samples; similarly, the MORB-composite was also a physical mixture of equal weights of si
altered basalt samples from Site 487.

MORB-composite are characterized by large uncertainties, and 5%) and M20SC (80% and 20%). Thus they contain rt
which is due to the analytical difficulty of XRF at such low  spectively 1%, 5% and 20% sediment component (designat
concentrations. as componeri in earlier Figures). These three mixtures were
chosen because, as demonstrated through radiogenic isot
modeling by Verma (1998b), the participation of the sedi

Individual samples were also analyzed by Verma
ment component can not exceed about 20%.

(1998b) for major elements by XRF and rare-earth elements
by high-performance liquid chromatography. A summary of
these and other results from the literature is presented in Table The large uncertainties associated with the Nb data
2. The two sets of analytical results with corresponding un- MORB (Table 1) and reflected in the predicted mixture:s
certainties (analytical random errors in Table 1 and total un- (Table 3) are to be noted. This makes the present set of |
certainties of geological field sampling and analytical errors data much less useful for geochemical modeling, as the d
in Table 2) are used to demonstrate the use of the equationsferences in predicted Nb concentrations of the three mi
derived in this work. The propagated uncertainties on the tures are not significant in the light of these large propagate
concentrations here reflect the combined effect of sample uncertainties. This example clearly demonstrates the usef
heterogeneity and analytical uncertainties. The predicted mix- ness of error propagation in conjunction with conventiona
tures of MORB and brown clay sediment will reflect the role  geochemical modeling of magmatic processes.

of heterogeneous end-members in this process.

The other trace element concentration data for the mi

The results of the concentration data in three mixtures tures (Table 3) seem to be of high quality. However, onl;

are given in Tables 3 and 4. For the data of Table 3, mixtures certain elements, such as Ba, Sr, and Rb, show large contr

of MORB-composite and sediment-composite were consid- (as compared to the analytical uncertainties) in order to t
ered: M1SC (99% MORB with 1% sediment); M5SC (95% useful for constraining the sedimentary component.
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Table 2

Major and trace element data (with total sampling and analytical errors) in MORB and sediment samples from DSDP
487 located at the Cocos plate, Mexico (summarized from Verma, 1998b).

Brown clay sediment MORB
Element
n C, £ S, (%Rsd)4 n Cs * s (%Rsd)s

Sio, 4 38.7 + 1.7 4 .4 17 48.2 + 0.7 1.5
TiO, 4 0.34+ 0.09 26 17 0.85+ 0.03 3.5
21,0, 4 9.66+ 0.46 4.8 17 16.9 + 0.5 3.0
Fe,0," 4 12.6 + 3.4 27 17 9.82+ 0.44 4.5
MnO 4 2.9 + 1.2 41 17 0.17+ 0.10 59
MgO 4 2.34+ 0.66 28 17 7.96+ 0.83 10
Cao 4 1.59+ 0.60 38 17 13.29+ 0.40 3.0
Na,O 4 3.92+ 0.79 20 17 1.98+ 0.44 22
K,O 4 1.75+ 0.36 21 17 0.14+ 0.04 29
P,0O, 4 0.40+ 0.09 22 17 0.08+ 0.04 50
LOI 4 25.1 + 4.4 0.6 17 1.45+ 0.61 42
La 3 47 + 10 21 5 2.23+ 0.65 29
Ce 3 36 + 10 28 5 4.8 + 1.1 23
Pr 3 10.5 + 2.5 24 5 0.77+ 0.14 18
Nd 3 40 + 10 25 5 4.17+ 0.56 13
Sm 3 8.9 + 2.2 25 5 1.47+ 0.13 8.8
Eu 3 2.3 + 0.6 26 5 0.59+ 0.02 3.4
Gd 3 10.2 + 2.3 23 5 2.29+ 0.14 3.1
Tb 3 1.56+ 0.37 24 5 0.46+ 0.02 4.3
Ho 3 2.19+ 0.40 18 5 0.67+ 0.07 10
Er 3 6.2 + 1.2 19 5 2.04+ 0.29 14
Tm 3 0.90+ 0.10 11 5 0.29+ 0.05 17
Yb 3 6.3 + 1.0 16 5 1.98+ 0.30 15
Lu 3 0.91+ 0.08 8.8 5 0.32+ 0.06 19
Nb - - - - 3 0.4 + 0.2 50
Sr 24 362 +121 33 3 55 + 1 1.8
zn 24 287 + 64 22 3 61 + 1 1.6
Ni 24 260 + 82 32 3 129 + 10 7.8
Co 24 51 + 14 27 3 45 + 1 2.2
Cr 24 93 + 33 35 3 453 + 7 1.5
\ 24 328 +114 35 3 243 + 11 4.5

n= number of individual sample determinations; for more explanation, see Table 1.

For the results of modeling reported in Table 4, the com- to vary significantly in the three mixtures (Table 4). On the
ponents were represented by average compositions of sev-other hand, the elements, such as Sr, Zn, and light REE La
eral individual samples included in Table 2. Some of these Nd, show large variations in these three mixtures (above tt
elements, such as SjdiO,, Co, V, and heavy REE fromTh  total propagated uncertainties) and therefore should pro
to Lu, are characterized by small uncertainty but do not seem more useful in constraining the mixing process.

335



S. P. Verma

Table 3

Some predicted mixture of MORB and sediment samples compositions (with their errors estimated from the error pro
tion theory) using initial end-member data from Table 1.

M1SC MS5SC M10SC

Elem.

Chw £ sy (%Rsdn C,, + s, (%Rsdu C, + s, (%Rsd)u
Ba 23.3 £+ 1.0 4.2 88.6 + 1.0 1.1 333.4 + 1.1 0.3
Nb 1.6 + 0.7 44 1.9 + 0.7 36 2.9 + 0.6 19
VAe 36.8 + 1.0 2.7 39.8 + 1.0 2.4 51.2 + 0.9 1.7
Y 23.20+ 0.40 1.7 24.02+ 0.38 1.6 27.10+ 0.34 1.3
Sr 66.4 + 1.0 1.5 72.0 + 1.0 1.3 92.8 + 0.9 1.0
Rb 3.89+ 0.20 5.1 7.45+ 0.22 2.9 20.80+ 0.43 2.1
zn 81.9 + 1.0 1.2 88.5 + 1.0 1.1 114.0 + 0.8 0.7
Cu 97.4 + 1.0 1.0 103.2 + 1.0 0.9 124.8 + 0.8 0.7
Ni 114.3 + 1.0 0.9 115.6 + 1.0 0.8 120.2 + 0.8 0.7
Co 41.8 + 1.0 2.4 40.9 + 1.0 2.3 37.5 + 0.8 2.2
Cr 416 + 5 1.2 402 + 5 1.2 349 + 4 1.1
\Y% 246.3 + 2.0 0.8 243.3 + 1.9 0.8 232.2 + 1.6 0.7
M1SC = Mixture of 99% of MORB-composite with 1% of sediment-composite;
M5SC = Mixture of 95% of MORB-composite with 5% of sediment-composite;
M20SC = Mixture of 80% of MORB-composite with 20% of sediment-composite.
Application to element ratios from the Cocos plate strain the magma genesis in the Mexican Volcanic Belt. The

will constitute examples of application of these processes

Some examples of ratios of these elements are reportedfUture papers of this series.

in Table 5. The first set of propagated uncertainties reflects

the effect of analytical errors, whereas the second set shows CONCLUSIONS
the consequences of total uncertainties (geological field sam-
pling and analytical errors). The T)¥ ratio included in Error propagation theory is successfully applied to trac

both sets permits a quick comparison of these data. The re-glement modeling in order to predict the effects of analytic:
sults of the Ba/Nb ratio show the propagation of large uncer- yncertainties in trace element determination. Two probab
tainty of Nb in the MORB-composite. However, this ratio  (extreme) cases identified bystnall uncertainti¢sand

shows a very large contrast between the two end-members«| arge uncetainties' are presented to illustrate the use of
used in the mixing calculations and therefore seems to be the new|y derived error propagation equations for two-comnr
useful for constraining the sediment component in spite of ponent mixing. The results are presented graphically to shc
the large propagated uncertainties (Table 5). Nevertheless, the effect of error propagation in geochemical modeling
when one looks carefully at the results of error propagation, Actual example of geochemical data from the Cocos plate

the need for high quality experimental data becomes obvi- presented to demonstrate the usefulness of this approact
ous if they are to be used for geochemical modeling. The geochemical modeling.

usefulness of the error propagation theory is also demon-
strated from the Mexican geochemical data. The results of
the element concentrations and their ratios in the mixtures
of basalt and sediment samples from the Cocos plate, along
with the propagated uncertainties, will be used in models of This work was partly supported by CONACyYT project
partial melting and fractional crystallization to better con- 0196P-T and DGAPA project IN-100596. B. Stewart is
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Table 4

Some predicted mixture of MORB and sediment samples compositions (with their errors estimated from the error pro
tion theory) using initial end-member data from Table 2.

MIS MsS M10S

Elem.

C, * sy (%Rsdy C, =+ s, (%Rsdn C, + S, (%Rsd)y
Sio, 48.1 + 0.7 1.4 47.7 + 0.7 1.4 46.3 + 0.7 1.4
TiO, 0.84+ 0.03 3.5 0.82+ 0.03 3.5 0.75+ 0.03 4.0
Al,0, 16.8 + 0.5 2.9 16.5 + 0.5 2.9 15.45+ 0.41 2.7
Fe,0,° 9.85+ 0.44 4.4 10.0 + 0.5 4.5 10.4 + 0.8 7.4
MnO 0.20+ 0.10 51 0.31+ 0.11 37 0.72+ 0.25 35
MgO 7.9 £+ 0.8 10 7.7 + 0.8 10 6.8 £+ 0.7 9.9
CaO 13.17+ 0.40 3.0 12.70+ 0.38 3.0 10.95+ 0.34 3.1
Na,O 2.00 + 0.44 22 2.08+ 0.42 20 2.37+ 0.39 16
K,O 0.16+ 0.04 25 0.22+ 0.04 19 0.46+ 0.08 17
P,O, 0.08+ 0.04 48 0.10+ 0.04 40 0.14+ 0.04 25
LOI 1.7 + 0.6 36 2.6 £+ 0.6 24 6.2 + 1.0 16
La 2.7 £+ 0.7 24 4.5 + 0.8 18 11.2 + 2.1 18
Ce 5.1 +# 1.1 21 6.4 + 1.2 18 11.0 + 2.2 20
Pr 0.87+ 0.14 16 1.26+ 0.18 15 2.7 + 0.5 19
Nd 4.5 + 0.6 12 6.0 + 0.7 12 11.3 + 2.1 18
Sm 1.54+ 0.13 8.5 1.84+ 0.16 9.0 3.0 + 0.5 15
Eu 0.61+ 0.02 3.4 0.68+ 0.04 5.3 0.93+ 0.12 13
Gd 2.37+ 0.14 5.9 2.69+ 0.18 6.5 3.9 + 0.5 12
Tb 0.47+ 0.02 4.3 0.52+ 0.03 5.1 0.68+ 0.08 11
Ho 0.68+ 0.07 10 0.75+ 0.07 9.3 0.97+ 0.10 10
Er 2.08+ 0.29 14 2.25+ 0.28 13 2.87+ 0.33 12
Tm 0.30+ 0.05 17 0.32+ 0.05 15 0.41+ 0.04 11
Yb 2.02+ 0.30 15 2.20+ 0.29 13 2.84+ 0.31 10
Lu 0.33+ 0.06 18 0.35+ 0.06 16 0.44+ 0.05 12
Sr 58.1 + 1.6 2.7 70 + 6 8.7 116 +24 21
Zn 63.3 + 1.2 1.9 72.3 + 3.3 4.6 106 +13 12
Ni 130 +10 7.6 136 +10 7.6 155 +18 12
Co 45.1 + 1.0 2.2 45.3 + 1.2 2.6 46 .2 + 2.9 6.3
Cr 449 + 7 1.5 435 + 7 1.6 381 + 9 2.3
\Y 244 +11 4.5 247 +12 4.8 260 +24 9.4

The mixtures M1S, M5S, and M20S are similar to those of Table 3, with the difference that average values for multipld@Rpels (
and brown clay sediment) were used instead of composite samples.

thanked for suggestions to include examples of a case studymous reviewer for constructive comments on an earlier ve
in order to demonstrate better the use of such error propaga-sion of this paper.
tion equations. | am also grateful to C. Lomnitz and an anony-
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Table 5

Some predicted element ratios (with their errors estimated from the error propagation theory) in mixtures of MORB
sediment samples from the Cocos plate, Mexico.

MORB Sediment MISC or MIS MSSC or MS5S M20SC or M20S
Ratio

C/ s, (%Rsd)s Cs s, (%Rsd)s C, s, (%Rsdw Cy sy (%Rsdu  C, Sy, (%Rsdu

Initial errors: Analytical errors (initial trace element data from Tables 1 and 3)

Ba/Nb 4.7 2.3 49 191 2 1.2 15 7 44 48 17 36 114 22 19
Sr/Rb 21.7 1.5 6.8 68 5 6.7 22.1 1.5 6.8 24.0 1.6 6.8 30.9 2.1 6.7
1000TiO,/V 3.44 0.12 3.6 2.0 0.5 26 3.43 0.12 3.6 3.39 0.12 3.6 3.22 0.13 4.1

Initial errors: Sampling and analytical errors (major and trace data from Tables 2 and 4)

La/Yb 1.13 0.37 33 7.5 2.0 27 1.32 0.38 28 2.0 0.5 22 3.9 0.8 21
La/Sm 1.5 0.5 30 5.3 1.7 33 1.73 0.45 26 2.4 0.5 20 3.8 0.9 24
1000Ti0,/V 3.50 0.20 5.7 1.0 0.5 44 - 3.46 0.20 5.7 3.33 0.20 6.0 2.88 0.29 10
The mixtures M1SC, M5SC, and M20SC are same as in Table 3; M1S, M5S, and M20S are same as in Table 4.
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