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ABSTRACT. This contribution presents the Isomass method, aimed at verifying the conserved behaviour of elements
in geochemically open systems even when the parent rock composition is lacking. The method estimates system size
changes for a specific element that is assumed to be conserved by calculating the amount of material transfer for each of
the other elements, thus verifying (or rejecting) the initial assumption. By analysing the calculated amount of material
transfer (or daughter system size ratios), additional conserved elements (if any) can be identified. The [somass method is
used here to evaluate a set of numerically generated samples whose element concentrations derived after mass additions
and losses are assigned to daughter rocks. In addition, it is also applied to three real datasets that examine soil formation,
magmatic fractionation in a komatiitic lava, and hydrothermal metasomatism. The method is capable of: (1) determining
which elements confirm their conserved behaviour for a variety of geological environments; (2) identifying which other
elements are conserved, added or lost; (3) calculating the amount of material transfer; and (4) providing a measure of
the extent of the conserved character of elements. The method illustrates that the whole-rock compositions of parent
and daughter samples do not represent the actual material transfer that occurred during geochemically open geological
processes, as conserved elements may appear enriched or depleted, and non-conserved elements may have concentrations
that do not reflect the actual material transfers that took place. The Isomass method is therefore a proper and valuable
tool for the verification of conserved elements and the investigation of material transfer in rocks.
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RESUMEN. El método Isomasas: verificando elementos conservados en procesos geolégicos geoquimicamente abiertos.
Esta contribucion presenta el método de Isomasas, enfocado en verificar el comportamiento conservado de elementos
en sistemas geoquimicamente abiertos, incluso cuando no se encuentra disponible la composicion de la roca parental.
El método estima los cambios en el tamafio del sistema para un elemento especifico que se asume conservado, calculando
la cantidad de transferencia de material para cada uno de los otros elementos, verificando (o rechazando) asi la suposicion
inicial. Al analizar la cantidad calculada de transferencia de material (o las proporciones de tamaiio del sistema hijo),
se pueden identificar los elementos conservados adicionales, en caso de que los haya. El método de Isomasas se utiliza
aqui para evaluar un conjunto de muestras generadas numéricamente, cuyas concentraciones elementales derivadas
después de la adicion y pérdida de masa son asignadas a las rocas hijas. Ademas, también se aplica a tres conjuntos de
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datos reales que examinan formacion del suelo, fraccionamiento magmatico en una lava komatitica y metasomatismo
hidrotermal. El método es capaz de lo siguiente: (1) determinar qué elementos confirman su comportamiento conservado
para una variedad de ambientes geologicos; (2) identificar qué otros elementos son conservados, afiadidos o perdidos; (3)
calcular la cantidad de transferencia de material; y (4) proporcionar una medida del alcance del caracter conservado de
los elementos. El método ilustra que las composiciones de roca total de las muestras parental e hija no son representativas
de la transferencia real de material que ocurri6é durante procesos geoldgicos geoquimicamente abiertos, dado que los
elementos conservados pueden aparecer enriquecidos o empobrecidos, y los elementos no conservados pueden exhibir
concentraciones que no reflejen las transferencias de material que tuvieron lugar. El método de Isomasas es, por tanto,
una herramienta de utilidad para la verificacion de elementos conservados y para la investigacion de la transferencia

de material en rocas.

Palabras clave: Isomasa, Elemento conservado, Transferencia de material, Concentracion, Clausura.

1. Introduction

Over the last seventy years, material transfer
processes have been a major issue in a variety of
geological problems. In alteration systems, for
example, calculation of the extent of element mobility
has been the subject of many studies (e.g., Gresens,
1967; Giggenbach, 1984; Grant, 1986). The main
limitation in these studies has been theoretical, since
the mobility of elements is estimated directly from
element concentrations. This problem is compounded
due to closure conditions (e.g., Pearce, 1968; Russell
and Nichols, 1988; Russell and Stanley, 1990), and
because any concentration variations are dependent
not only upon the amount of material transfer of
each element but also the size change of the system.

Chemical material transfer processes are
responsible for the formation of most mineral deposits,
and are also important in magmatic, metamorphic,
sedimentary, and metasomatic phenomena. The effects
of these processes on the lithogeochemistry of rocks
have been analysed among others by Brinkley (1946,
1947), Giggenbach (1984), Ghiorso (1985), and
Karpov et al. (1997, and references therein). The main
objective of these studies was the characterization
of the nature of material transfer so as to provide
constraints on the source of elements added to or lost
from these rocks, and to better understand the fluid-
mineral equilibria that drove the material transfer.

Lithogeochemical studies in mineral exploration
have stressed the identification and practical use of
immobile elements (MacLean and Barrett, 1993; and
references therein) during hydrothermal alteration
and metasomatism (Maclean, 1990). MacLean and
Kranidiotis (1987) claimed that a pair of incompatible

elements should lie on a well correlated (i.e., R>0.9)
linear trend, ideally passing through the origin in a
chemical system derived from a single protolith (or
precursor; MacLean and Barrett, 1993), or passing
through the error ellipses of the data (Stanley and
Russell, 1989), to be regarded as immobile during
fractionation. Any linear trend away from the
precursor composition is the result of a net material
transfer (addition or loss) in the whole system size,
resulting in the dilution or enrichment of elements as
intensive variables (see figures 1 and 4 in MacLean
and Barrett, 1993).

To tackle this problem, around forty years ago
Grant (1986) presented the Isocon method following
Gresens (1967). This method compared the chemical
composition of a fresh versus an altered sample in
a plot that recognized an immobile element if the
concentration in the fresh and in the altered systems
were the same. The line joining the origin with the
immobile element coordinates was called the isocon
(hence the name of the method). The departure from
that line was interpreted as enrichment or dilution.
More recently, Guo et al. (2009) and Hilchie
et al. (2018) proved that the Isocon method could
be transformed, standardized, and compared with
Pearce Element Ratio (PER) analyses to reveal
stoichiometrically meaningful material transfer
behaviours. PER analysis is a technique that exploits
the principles of projective geometry to identify
the appropriate location(s) in geochemical space
from which to examine lithogeochemical data,
through the assumption of a conserved element
(Russel et al., 1990).

This contribution describes how to verify conserved
element behaviour amongst elements with potential
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immobility (Vistelius and Sarmanov, 1961; Pearce,
1968; Russell and Nichols, 1988). The Isomass method
is therefore presented. To illustrate its usefulness and
potential uses, the method is applied here to a set of
numerically generated samples that allow quantification
of material transfer in a geochemically open system.
It is also applied to a variety of published datasets
to track how well the method performs in real-case
scenarios. The model evaluates the whole-rock
concentrations of potentially conserved elements
in parent and daughter samples. Starting from the
mass balance equation of Grant (1986), it derives
an equation that quantitatively estimates the mass
balance for every (conserved or added/lost) element
in the system. The main questions associated with
this method are determining: (1) which samples are
related to each other via material transfer (i.e., are
cogenetic) (Russell and Nichols, 1988); (2) which
of the parent samples represents the ‘best’ original
rock composition; and (3) how analytical error affects
the above procedures. The method, its theoretical
foundations, applications, and limitations are
presented below.

2. Theory: Mass transfer and the isomass approach

In 1967, Randall Gresens presented the first
equation that calculated the amount of element loss
or gain between two parent-daughter samples by
using element concentrations from an n-dimensional
compositional system under the assumption of
constant volume (Gresens, 1967). Some twenty
years later, Grant (1986) solved Gresens’ equation by
following an alternative conserved-element strategy,
presenting the Isocon method as a result. This new
approach was then improved both mathematically
and graphically by determining the “best” scaling
factors (conserved elements) to construct the Isocon
line (e.g., Baumgartner and Olsen, 1995; Mukherjee
and Gupta, 2007) (see Introduction). As these
improved methodologies documented the relationship
between mass and composition, we introduce here
a technique to estimate the actual material transfer
during geochemically open geological processes.
The development of the new set of equations is
explained as follows.

The Grant (1986) formulation is given by:

M X, dx=X,
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where X represents the mass of element 7 in the
parent (or unaltered) rock sample, X, is the mass of
element 7 in the daughter (or altered) rock sample,
and dX, refers to the amount of material of the i*"
element that was added (dX>0) or lost (dX>0). After
dividing both sides of Equation (1) by the system
size (mass) of the daughter rock (§,) and multiplying
the left side by SP/SP, with S, being the system size
(mass) of the parent rock, we obtain:

S, X\ (S, dX\  Xa
(2) — — + —_——— | == ——
Sa S, Sa S, ) S

The system sizes S and S, are the sums of the
masses of the elements present in the parent and
daughter rocks, respectively. These terms can be
expressed as Sj:Z’j X where j can be p or d
accordingly. Because the concentration of element i
in any rock means x,=X, /Sj, Equation (2) becomes:

S, ( . dXi)
Xq: = — | Xz R
(3) di Sd pi Sp

Grant (1986, 2005), Baumgartner and Olsen
(1995), Coelho (2006), and Mukherjee and Gupta
(2007), among others, considered the identity:

ax; d
4 = ax;
“4) Sp t

which is true only when the parent and daughter
system sizes are equal (i.e., the material transfer
process is a perfect mass exchange). This condition is
unlikely in open systems because any change in the
concentration of an element is a function of the mass
change of that element and the mass change of the
system as a whole (e.g., Russell and Stanley, 1990).
The Isocon equation of Grant (1986) is obtained by
imposing dX,=0 in Equation (3) for a hypothetical
conserved element k. This means:

Sp
®) Xak = gxpk

When these data are plotted on a diagram, the
mobility of the different chemical species can be
determined by means of their vertical distances to
the line defined by the Isocon slope (Sp/S ), which is
the line joining the origin with the immobile element
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coordinates (xpk, x, ) (Grant 2005). This formulation
implies that all elements falling on the Isocon line
are conserved, however, it might still be possible for
certain elements to fall on the Isocon even if they
experienced a mass change during an alteration event.
This can be due to the combined effect of the mass
change itself and that of the whole system.

To avoid the hindrances from above, we
redistributed the terms of Equation (3) so the daughter
system size (S, ) for a hypothetically conserved
element can be estimated:

Xpk
©  Sak=3—5
dk

By knowing S, it is possible to estimate the
mass of each element in the daughter system from
an arbitrary parent mass as:

(N Xi= Sk

The concept of [somass is related to the fact that
the mass of the element hypothetically considered as
conserved is equal both in the parent and daughter
systems (i.e., X =X ). The mass difference of any im
element when comparing the daughter and the parent
rocks (X X, =dX)) represents a quantitative estimation
of the element material transfer. By definition, the
conserved element &£ will have null material transfer,
however, if the resulting dX, obtained after equations
(7) and (1) is not equal to zero, then the hypothesis is
no longer valid, the selected element is not conserved,
and another element must therefore be tested.

Those elements that overestimate the mass of
the daughter system (S, /S, >1) and have negative
element mass differences (dX;<0) are referred to as
lost elements. Likewise, those that underestimate
the mass of the daughter system (S, /S, <I) and
have positive element mass differences (dX,>0) are
referred to as added elements. The value (S, /S )
is called the daughter system size ratio. Note that
this value is different for each element and for each
daughter sample, as S, /S, = Yoi i /x . fora
specific sample pair. T dk

In order to determine which elements are the most
added (or lost), the relative material transfer needs
to be calculated. This parameter is usually expressed
as dr,=dX /X  and represented in percentage form
(cf. Stanley, 1993). It can then be compared across

elements to ascertain which are contributing the most
to the observed changes in system size.

As arule, only the conserved element will correctly
estimate the daughter system size (see Equation 6).
The ultimate criterion to identify the conserved
group of elements involves finding those elements
capable of fulfilling the following requirements:
(1) the calculated element material transfer (dX, )
or the relative material transfer (dr, ) are smaller
than measurement error; (2) the estimated daughter
system size ratios (S, /S, ) are also smaller than
measurement error; and (3) the daughter system size
ratios calculated for two hypothetically conserved
elements k and k, should be nearly identical for
every sample and element (i.e., they exhibit the
highest correlation, a best-fit slope closest to unity,
and a best-fit intercept closest to zero).

3. Results
3.1. Numerically generated case

The numerically generated dataset is presented
in table 1. The computer code and source files
needed to perform these calculations are available
in Supplementary material 1. This dataset has been
evaluated using the Isomass method described
above to illustrate how it works (Table 2), besides
its benefits, implications, and limitations.

The numerically generated parent rock contained
16 elements (11 major oxides and 5 trace elements).
It was generated by assuming an initial rock mass
(S,) of 100 g (Table 1). This parent rock was subject
to material transfer, producing seven daughter rocks
(Alter 1 to Alter 7 in Table 1) with new element
masses (S,). Only the masses of TiO, and Zr
remained constant and are thus said to be conserved.
The system size of some of these daughter samples
(Alter 1 to Alter 3) decreased when compared to
the parent rock, whereas the size of the others
increased (Alter 4 to Alter 7). These parent and
daughter element masses were then converted into
concentrations and normalized to 100%, producing
concentrations in weight percentage (wt%) for the
major oxides and parts per million units (ppm)
for the trace elements (Table 1). This numerically
generated dataset is meant to represent typical
whole-rock analysis results obtained in routine
lithogeochemical surveys.



TABLE 1. NUMERICALLY GENERATED CASE.

s 0 s 0 PR
i Si0, TiO, ALO, FeO Fe, O, MnO MgO CaO Na O KO PO, Sc Li Rb Sr Zr S, S-S,
Precursor 54.38 1.027 17.72 4.56 428 023 4.84 696 3.83 191 0.20 0.000 0.007 0.049 0.010 0.008 100.00 0.00
Alter 1 50.00 1.027 16.00 4.00 4.00 0.10 4.00 6.00 3.00 1.00 0.10 0.000 0.006 0.040 0.008 0.008 89.29 -10.71
Alter 2 45.00 1.027 14.00 3.00 3.00 0.08 3.00 3.00 2.00 0.80 0.08 0.000 0.005 0.035 0.007 0.008 75.04 -24.96
Alter 3 40.00 1.027 12.00 250 2.50 0.06 2.50 2.50 1.50 0.60 0.06 0.000 0.004 0.030 0.006 0.008 65.30 -34.70
Alter 4 60.00 1.027 19.00 5.00 5.00 030 5.50 8.00 450 2.50 0.30 0.001 0.008 0.060 0.011 0.008 111.22 11.22
Alter 5 65.00 1.027 20.00 6.00 6.00 040 6.00 9.00 5.00 3.00 0.40 0.001  0.009 0.070 0.012  0.008 121.93 21.93
Alter 6 70.00 1.027 21.00 7.00 7.00 0.50 7.00 10.00 6.00 4.00 0.50 0.001 0.010 0.075 0.013  0.008 134.13 34.13
Alter 7 75.00 1.027 22.00 8.00 8.00 0.60 800 11.00 7.00 5.00 0.60 0.001 0.011 0.080 0.014 0.008 146.34 46.34
Concentration x, (wt%) Concentration x, (ppm) 1;2;3‘
i Si0, TiO, ALO, FeO Fe,0O, MnO MgO CaO NaO KO PO, Sc Li Rb Sr Zr
Precursor 5438 1.03 17.72 456 428 023 484 696 383 191 0.20 3.980 74.000 488.000 96.000  83.027  100.00
Alter 1 56.00 1.15 17.92 448 448 0.11 448 6.72 336 112 0.11 3.920 67.197 447.978 89.596  92.986  100.00
Alter 2 5997 137 18.66 4.00 4.00 0.11 4.00 4.00 267 1.07 0.11 5.064 66.628 466.398 93.280 110.639  100.00
Alter 3 6126 1.57 1838 3.83 3.83 009 383 383 230 092 0.09 5360 61.259 459.445 91.889 127.155  100.00
Alter 4 5395 092 17.08 4.50 450 027 495 7.9 405 225 027 4.496 71933 539.494 98.907  74.654  100.00
Alter 5 5331 0.84 1640 492 492 033 492 738 410 246 0.33 4921 73.814 574.112 98.419  68.095  100.00
Alter 6 52.19 0.77 15.66 522 522 037 522 746 447 298 0.37 5219 74.552 559.140 96918  61.898  100.00
Alter 7 51.25 0.70 15.03 547 547 041 547 752 478 342 041 5.467 75.167 546.666 95.667  56.735  100.00

Mass (g), weight percent (wt%) and parts per million (ppm) data for an initial precursor (parent) composition affected by general loss (Alter 1-3) and general addition (Alter 4-7) of

mass. Daughter-parent system size differences are indicated as well.
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TABLE 2. DAUGHTER SYSTEM SIZES (IN GRAMS) AND RELATIVE MATERIAL TRANSFER FORALL ELEMENTS WHEN TIO,, ZR, AL,O,, SR, AND P,O, ARE
INDIVIDUALLY ASSUMED AS CONSERVED.

S (®
k SiO TiO ALO, FeO Fe,0, MnO MgO CaO Na,O K,0 PO, Sc Li Rb Sr Zr
Alter 1 97.12 89.29 98.87  101.70 95.45 203.87  107.96 103.63 113.98  170.73 176.07 101.54  110.12  108.93 107.15 89.29
Alter 2 90.69 75.04 94.96 113.97 106.96  214.18  120.98 17420  143.69 17936  184.97 78.60  111.06  104.63 102.92 75.04
Alter 3 88.77 65.30 96.40 119.00 111.68 248.48  126.32 181.89  166.71  208.09  214.59 7425  120.80  106.22 104.47 65.30
Alter4  100.80 11122 103.70  101.34 95.11 84.64 97.80 96.81 94.65 85.06 73.10 88.53  102.87 90.46 97.06  111.22
Alter 5 102.01 121.93  108.00 92.59 86.89 69.60 98.28 94.34 93.39 77.71 60.11 80.88  100.25 85.00 97.54 12193
Alter 6 104.21 134.13  113.16 87.30 81.93 61.25 92.67 93.41 85.61 64.12 52.90 76.27 99.26 87.28 99.05  134.13
Alter7  106.11 146.34 117.84 83.34 78.22 55.69 88.47 92.65 80.06 55.96 48.09 72.80 98.45 89.27 100.35  146.34

dr; (%) when considering TiO, as conserved

i Sio, TiO ALO, FeO Fe,0O, MnO MgO CaO Na,O K,0 PO, Sc Li Rb Sr Zr
Alter 1 -8.06 0.00 -9.69 -12.21 -6.45 -56.20 -17.29 -13.84 -21.66 -47.63 -48.67  -12.06  -18.92 -18.03 -16.67 0.00
Alter2  -17.25 0.00 -20.97 -34.15 -29.84 -64.96 -37.97 -56.92 -47.78 -58.11 -58.69 -4.52  -32.43 -28.28 -27.08 0.00
Alter3  -26.45 0.00 -32.26 -45.13 -41.53 -73.72 -48.31 -64.10 -60.83 -68.58 -68.70  -12.06  -45.95 -38.52 -37.50 0.00
Alter 4 10.33 0.00 7.25 9.74 16.93 31.39 13.72 14.88 17.51 30.92 51.49 25.63  45.24 22.95 14.58 0.00
Alter 5 19.52 0.00 12.89 31.69 40.32 75.19 45.10 29.24 30.56 57.10  101.56 50.75 21.62 43.44 25.00 0.00
Alter 6 28.72 0.00 18.54 53.64 63.71 118.99 44.74 43.60 56.67 109.47  151.64 7588  35.14 53.69 35.42 0.00

Alter 7 3791 0.00 24.18 75.59 87.10  162.78 65.41 57.96 82.79 161.83  201.72 101.01 48.65 63.93 45.83 0.00

dr, (%) when considering Zr as conserved

i Sio, TiO, ALO, FeO Fe,0O, MnO MgO CaO Na,O K,0 PO, Sc Li Rb Sr Zr
Alter 1 -8.06 0.00 -9.69 -12.21 -6.45 -56.20 -17.29 -13.84 -21.66 -47.63 -48.67  -12.06 -18.92  -18.03 -16.67 0.00
Alter2  -17.26 0.00 -20.98 -34.16 -29.84 -64.96 -37.97 -56.92 -47.78 -58.11 -58.69 -4.53  -3243  -28.28 -27.09 0.00
Alter3  -26.45 0.00 -32.27 -45.13 -41.53 -73.72 -48.31 -64.10 -60.83 -68.58 -68.70  -12.06  -4595  -38.53 -37.50 0.00
Alter 4 10.33 0.00 7.24 9.74 16.93 31.39 13.72 14.87 17.50 3091 51.48 25.62 4521 22.95 14.58 0.00
Alter 5 19.52 0.00 12.89 31.69 40.32 75.18 45.10 29.23 30.56 57.09  101.56 50.75 21.62 43.44 25.00 0.00
Alter 6 28.71 0.00 18.53 53.63 63.70 118.98 44.73 43.59 56.67  109.46  151.63 75.87 35.13 53.68 35.41 0.00

Alter 7 3791 0.00 24.18 75.58 87.09  162.77 65.41 57.95 82.78 161.82  201.71 101.00  48.64 63.93 45.83 0.00
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Table 2 continued.

dr, (%) when considering AL, O, as conserved

i SiO, TiO, ALO, FeO Fe,O, MnO MgO CaO Na,O K,0 PO, Sc Li Rb Sr Zr
Alter 1 1.80 10.72 0.00 -2.79 3.58 -51.51 -8.42 -4.60  -13.26 -42.09  -43.85 -2.63  -10.22 -9.24 -1.73 10.72
Alter 2 4.71 26.54 0.00 -16.68  -11.22 -55.66  -21.51 -45.49  -33.91 -47.06  -48.66  20.82  -14.50 -9.24 -1.73 26.54
Alter 3 8.59 47.63 0.00 -18.99  -13.68 -61.20  -23.69 -47.00  -42.17 -53.67  -55.08 29.83  -20.20 -9.24 -1.73 47.63
Alter 4 2.87 -6.76 0.00 2.33 9.03 22.51 6.04 7.11 9.56 21.91 41.86 17.14 0.80 14.64 6.84 -6.76
Alter 5 5.87 -11.42 0.00 16.65 24.30 55.18 9.89 14.48 15.65 38.98 79.68 33.54 7.73 27.06 10.72  -11.42
Alter 6 8.59 -15.64 0.00 29.61 38.11 84.74 22.10 21.14 32.17 76.48 11391 48.37 14.00 29.65 1424  -15.64
Alter 7 11.06 -19.47 0.00 41.40 50.66 111.61 33.20 27.20 47.19 110.57  145.02 61.86 19.70 32.01 1743 -19.47

dr, (%) when considering Sr as conserved

i SiO, TiO, ALO, FeO Fe,O, MnO MgO CaO Na O K,0 PO, Sc Li Rb Sr Zr
Alter 1 10.33 20.00 8.38 5.35 12.26 -47.44 -0.75 3.39 -6.00 -37.24 -39.14 5.53 -2.70 -1.64 0.00 20.00
Alter 2 13.48 37.14 8.38 -9.70 -3.78 -51.95 -14.93 -40.92  -28.38 -42.62 -44.36 30.94 -7.34 -1.64 0.00 37.14
Alter 3 17.68 60.00 838  -1221 -6.45 -57.95 -17.29 -42.56  -37.33 -49.79 -51.32 40.70  -13.51 -1.64 0.00 60.00
Alter 4 -3.71 -12.73 -6.40 -4.22 2.05 14.67 -0.75 0.26 2.55 14.10 32.78 9.64 -5.65 7.30 0.00 -12.73
Alter 5 -4.38 -20.00 -9.69 5.35 12.26 40.15 -0.75 3.39 445 25.51 62.28 20.60 -2.70 14.75 0.00 -20.00
Alter 6 -4.95 -26.15 -12.46 13.46 20.89 61.71 6.88 6.04 15.70 54.48 87.25 29.88 -0.21 13.49 0.00 -26.15
Alter 7 -5.43 -31.43 -14.85 20.40 28.29 80.19 13.43 8.31 25.34 79.31 108.65 37.83 1.93 12.41 0.00 -31.43

dr; (%) when considering P,O as conserved

i SiO, TiO, AlLO, FeO Fe,0, MnO MgO CaO Na O K,0 PO, Sc Li Rb Sr Zr
Alter 1 81.30 97.19 78.09 73.12 84.47 -13.64 63.09 69.90 54.47 3.13 0.00 73.41 59.88 61.63 64.32 97.19
Alter 2 103.96  146.49 94.79 62.30 72.94 -13.64 52.90 6.18 28.73 3.13 0.00 13534  66.54 76.78 79.73  146.49
Alter 3 14173  228.65 122.61 80.33 92.15 -13.64 69.89 17.98 28.73 3.13 0.00 189.01 77.65 102.04 105.41  228.65
Alter 4 -2748  -3427  -29.51 -27.87 -23.14 -13.64 -25.25 -2449  -22.76 -14.06 0.00 -17.42 -28.94 -19.18 -24.68  -34.27
Alter 5 -41.08  -50.70  -44.35 -35.08 -30.83 -13.64 -38.84 -36.29  -35.64 -22.66 0.00 -25.68  -40.04 -29.29 -38.38  -50.70
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The element masses for each of the eight
numerically generated samples are presented in
figure 1 (TiO, and Zr have the same masses for all
samples because of their conserved assumption; see
above). When these element masses are transformed
into concentrations (Fig. 2), the element concentrations
in the daughter samples underwent either enrichment
or dilution when compared to those of the parent rock,
no matter if the element was actually conserved or
not (cf. Fig. 1). This means, not only did the system
size of the rocks change, but also did all the element
concentrations (Fig. 2), particularly TiO, and Zr. It is
worth noting that SiO,, AL, O,, TiO, and Zr decreased
in samples that have added mass, while the rest of
the other elements displayed an overall gradual
enrichment (Fig. 2).
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Estimated Isomass results are presented in
figure 3 (data provided in Table 2). Table 2 includes
Isomass results for TiO,, Zr and Al O, as possible
conserved elements, considering daughter system
sizes (S,) and relative material transfer (dr,). Note
that results for TiO, and Zr are identical, with their
dr, values being 0, which makes sense because these
two elements are actually conserved. In fact, TiO,
suffers no material transfer when Zr is assumed to be
conserved and vice versa. Furthermore, the relative
material transfer percentage for any other element
is exactly the same whether calculated with Zr of
TiO,. In contrast, when a non-conserved element
(e.g.,AlL,O,, Sr, P,O,) is assumed to be conserved, no
other element is predicted to be conserved (Fig. 3),
which means that all of the calculated relative material
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FIG. 1. Masses of major oxide and trace elements for the numerically generated dataset. Red triangle: parent sample. Green triangles:
daughter samples that lost mass relative to the parent sample. Blue triangles: daughter samples that gained mass relative to the

parent sample. See table 1 for calculation details.
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FIG. 2. Concentrations of major oxide and trace elements for the numerically generated dataset. See table 1 for calculation details.

Symbols as in figure 1.

transfers dr, are wrong (e.g., P,O, material transfers
predicted in figure 3 are contrary to the actual material
transfer tendencies presented in figure 1). These
calculations do not validate conservation because
the prior conserved assumption is not confirmed
by a second conserved element. In consequence,
element conservation cannot be validated when
only one conserved element exists. At least two such
elements are therefore required.

Following the above reasoning, when a pair of
elements k, and k, are plottedona S, /S, VersusS S,
diagram, the daughter system s1ze rat10s for the
conserved element will plot at unity for all samples,
and when both elements are conserved, all plotted
data will fall in a line with a unity slope. In addition,
if the element in the ordinate denominator is a
conserved element, samples with loss of material

will plot below the unity line trend, whereas those
with material gain will plot above the unity line trend.

Figure 4 presents the daughter system size ratios
for the same sixteen elements presented in figure 3

compared with the daughter system sizes for S, /S dﬂ o

(vertical axes) and S,/S . S, /S, 0y S, /S
SIS P05 (horizontal axes) shown n table 2 Results

1nd1cate that only the conservated element pair (TiO,-
Zr; upper left panel) estimates the same rock sizes for
every sample. Although other element pairs display
relatively high correlation coefficients (e.g., Al,O,),
the data define trends with slopes that depart from
unity and/or have intercepts far from zero. The plots

forS,/S .. 0,V$: S /SdA]O,S IS VersusS /S and
S, /S VS S S, P05 show that the estlmated daughter

system size rat10s are higher than 1 in samples A1-A3
and lower than 1 in samples A4-A7.
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When, by these means, it is not possible to identify
a pair of conserved elements, it is suggested to use as
nearly conserved elements those elements displaying
the closest results to the conserved element pair
behaviour. This is: the closest distribution of data
to the unity slope in a daughter system size ratios
diagram. In case a pair of non-conserved elements
show identical concentration changes, they will
depart from the unity slope line yet will still display
a highly correlated distribution. This is because
elements that show coherent mobility (proportional
concentration changes) do not necessarily reflect
proportional mass changes.

The example from above illustrates that
concentrations alone do not accurately describe the
behaviour of element material transfers when affected
by geochemically open geological processes. Such
material transfers can be calculated by using the

Isomass method when elements actually conserved
can be identified. The detailed Isomass calculations
are present in Supplementary material 2.

3.2. Real cases

The real-case datasets investigate material transfer
associated with soil development (Jiang et al.,
2018), magmatic fractionation (Shore, 1996), and
hydrothermal metasomatism (Mori ef al., 2003). The
background information and conserved elements
validated by the Isomass method are summarized
in table 3. Although numerous geological examples
of material transfer are available in the literature
(Alderton ef al., 1980; Smith ef al., 1982; Aguirre,
1988; Ague, 1991; Magloughin, 1992; Goddard,
1993; Condie et al., 1995; Christidis, 1998; Bach,
2001; Oliver et al., 2004; Malviya et al., 2000;
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TABLE 3. BACKGROUND INFORMATION AND SUMMARIZED ISOMASS RESULTS FOR THE REAL-CASE

STUDIES.
Geological Author Age-Locality Materials Minerals Process Conserved
Process elements

Soil Jiang et al. Mio-Pliocene, Soil, saprolite, Kaolinite, iron Desilication, TiO,-Hf
development (2018) Hainan Island semiweathered oxyhydroxides, ferralitization

(China) basalt, tholeiitic ~ gibbsite, bohemite

basalt

Magmatic Shore (1996) ~2710 Ma, Komatiite lava Olivine, spinel, Cooling and ALO-V
fractionation Ontario (flow C) augite, pigeonite, crystallization of

(Canada) serpentine, glass alava flow
Hydrothermal Mori et al. Late Cretaceous, Epidote blue Winchite, epidote, Retrograde Cr-Sc-V
metasomatism (2003) Nishisonogi schists chlorite, calcite, dolomite-calcite

(Japan) albite, quartz, vein in basic

amphibole, illite, schist

dolomite

Liu et al., 2016), the specific studies mentioned above
were chosen due to the large number of elements
analysed, good knowledge about the mobility that
these elements underwent, and the presence of a
conserved element.

In the first example, data from a >15 m-thick soil/
saprolite profile from a weathered tholeiitic basalt
was tested with the Isomass method. This basalt
was affected by silica loss and iron oxidation during
weathering in an extreme tropical climate on the island
of Hainan (South China). The mineral assemblage
is dominated by Fe-oxides/hydroxides and gibbsite
(or boehmite), and the authors (Jiang et al., 2018)
tested the hypothesis that Nb was the most stable
immobile element.

The second example involves the cooling and
crystallization history of komatiitic lava flows in
Munro, Ontario, Canada. These flows were affected
by seawater convection that caused both cooling
and fracturing, resulting in the serpentinization of
the rocks. Magnesium-rich olivine crystallization
dominated the fractionation process, and the author
(Shore, 1996) hypothesized that Th was conserved.

The third and last example involves rocks that
were intruded by carbonate veins. Analysed by
Mori et al. (2003) using the Isocon method, they
concluded that Cr, Sc, V, Al, and Ti were conserved or
nearly conserved elements. They studied the material
transfer reaction paths in alteration zones around
dolomite-calcite veins in basic schists affected by
epidote-blueschist metamorphism at Nishisonogi,
southwest Japan.

After running the Isomass code (Supplementary
material 1) for these real-case examples, TiO, and Hf
were identified as conserved for the saprolite profile,
ALQ, and V were for the komatiite lavas, and Cr
and V for the basic schists. Figure 5 illustrates the
relative material transfer percentages for TiO,, ALO,,
and Cr, whereas the daughter system size ratios for
the conserved element pairs are shown in figure 6.

The patterns displayed in figure 5 are different
in each case due to differences in parent rock
compositions and the processes affecting daughter
samples. All element pairs identified as conserved by
the Isomass method produce the expected conserved
element behaviours on both plots (Figs. 5 and 6).
However, some of the elements originally thought
to be conserved by the former authors were not
confirmed as conserved in our case study application.

The data displayed in figure 5A, B illustrate that
material transfer processes are mainly controlled by
the removal of mass via leaching of almost all major
elements, with the exception of Al,O, and Fe,O,.
Material transfer of trace elements is more diverse,
with alkali and alkaline earth elements strongly lost
(dr, below -60%), transition metals moderately lost
(dr, between -60 and -20%) or added (dr, between
20% and 60%), and high field strength elements
weakly lost or added (dr, between -20% and 20%).
Overall, material transfer in this saprolite example
displays expected patterns consistent with tropical
weathering, with almost complete loss of Na,O, CaO,
K,O, and MgO, minor loss of SiO,, and residual
enrichment of Fe,O, and ALO,.
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The patterns in the komatiitic lava flow are
consistent with the sampling levels within the flow
(Fig. 5C, D). Larger material transfer occurs in MgO
and SiO, (consistent with olivine fractionation) as
well as in K,O and Na,O (consistent with post-
emplacement alteration). The same tendencies are
reflected in trace elements by Ni-Cr-Co and Rb-Ba-Sr,
so magmatic differentiation processes are interpreted
to generate these patterns.

Lastly, the hydrothermal alteration around
carbonate veins does not indicate substantial material
transfer, as dr,are generally below +40% (Fig. SE, F).
Nevertheless, some concentration patterns can be
observed adjacent to the vein, with K,O and Ba added
proximally, and Cu lost distally. Na,O and CaO are
systematically lost almost everywhere, and SiO,,
TiO, and AL O, are almost conserved, exhibiting
only minor addition to the adjacent rocks.

The examples illustrated above suggest that any
changes in the size of the systems that underwent
geochemically open processes can be identified by
using the Isomass method. By knowing the size of
systems, the actual material transfer effects on rock
chemistry caused by these processes can be elucidated.

5. Discussion and conclusions

The Isomass method allows the validation of
conserved elements, and thus provides measures of
material transfer which can be compared to Pearce
Element Ratio (PER) analyses. In fact, they match
almost exactly, as the Pearce Element Ratio diagrams
are an effective means of portraying element variations
within igneous rock suites and interpreting the causes
of chemical diversity assuming a conserved element
(Russell et al., 1990). The Isomass method can

prevent errant interpretations sourced from methods
that identify conserved elements on a petrological
basis or from chemical concentration trends, not
considering therefore the possibility of using a non-
conserved element in material transfer calculations.

The Isomass method firstly involves the estimation
of the daughter system size (S,), from which an
estimate of the relative material transfer (dr,) can be
made. The sum of squares of these relative material
transfers for all the elements analysed provides a
quantitative measure of the conserved character of
every element. Figure 7 illustrates how a conserved
(or nearly conserved) group of elements minimizes
the relative material transfer sum of squares
(e.g., Sc-V-Cr in the hydrothermal alteration case).
This latter procedure identifies the elements most
involved in material transfer.

After deciding which elements are conserved
(dX,=0), the behaviour of other non-conserved elements
can be estimated by means of the daughter system
size ratios. This allows a graphical comparison of
the S, /S, between a pair of theoretically conserved
elements, and is an extension of and an alternative to
the Isocon method applied to all available samples,
as it explicitly compares the S, estimate of any
element to the S, estimate of the hypothetically
conserved element.

In case the rocks densities are known, it is possible
to calculate the real volume changes that occurred and
compare these with the mineral compositions and/or
the chemical reactions thought to be responsible of the
observed geological processes. This can provide an
additional way to validate the Isocon method results.

The Isomass method can be a useful approach to
the task of validating conserved elements in a rock
suite. It provides a strategy to visualize the changes
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FIG. 7. Sum of squares of estimates for the numerically generated case (A, B), soil profile (C, D), komatiitic lava (E, F), and hydrothermal
(G, H) examples. A conserved (or nearly conserved) group of elements will plot near the zero value.
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that a given element undergoes with respect to an
element assumed to be conserved. In the process,
the Isomass method makes it possible to calculate
all element mass changes in rocks affected by
geochemically open processes.

By modifying the mass balance equation proposed
by Grant (1986), we were able to obtain quantitative
estimates of individual mass changes for every
element in a system affected by a material transfer
process. These system changes affect the volume and
density of the rocks and provide hints on the actual
process (or processes) involved in material transfer.
The interpretation based on whole-rock analysis is
therefore limited by the analytical availability of
elements, the analytical technique used (the total
analytical error), the homogeneity and representativity
of the rock samples, and the identification of which
samples represent the parent rock best.

In the Isomass method, the larger the number
of elements available and analysed, the greater
the certainty of the results. Likewise, when more
parent samples are available, there is more accuracy
in the identification of the conserved elements. In
addition, despite the impact of system closure on rock
compositions, the Isomass method circumvents such
potential problems by providing a clear understanding
of the material transfer for each element of interest.

Any changes in the whole-rock chemical
composition during a geochemically open process
produce concentration changes caused by absolute
material transfer that can be diverse and complicated.
The Isomass method thus provides a pathway to
whole-rock chemical data interpretation which can
be utilized when a conserved element is available. In
conclusion, the Isomass method represents a powerful
quantitative tool to understand the mass transfer
processes reflected by whole-rock compositional
variations. This technique can be applied to any
material transfer process, no matter if the cause is
magmatic, metamorphic or hydrothermal.
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