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Porphyry Cu Geochemistry Workshop
Part 1 Magma chemistry

Using 4 acid digest ICP analyses to map rock compositions, magmatic processes, and hydrothermal alteration.
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Scott Halley, 29/04/2021
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This is a subset of the drill hole analyses from Vizcachitas porphyry copper deposit. Vizcachitas has a measured and Indicated Copper Resource of 1.28 billion tonnes at a copper grade of 0.40% and a copper equivalent grade of 0.45%. It is a Miocene porphyry system between Rio Blanco-Los Bronces and Los Pelambres (figure 1).
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Figure 1. Vizcachitas location map.
 



Introduction
The Vizcachitas porphyry copper deposit is related to Miocene diorites that have intruded a flat-lying sequence of basaltic andesite to dacitic volcaniclastics. The volcaniclastics include some coarse fragmental rocks that are difficult to correlate from hole to hole. However, the different eruptive units are quite distinctive in their trace element signatures, and this allows correlations to be made with reasonable confidence. In this part of Chile, some of the country rock units are mid crustal melts with quite distinct low pressure fractionation signatures. This contrasts strongly with a hornblende-titanite fractionation signature in the porphyry-related magmas. In this workshop, you will see how the immobile trace elements can be used to aid logging and recognize correlations from hole to hole. Also, the contrast between the fractionated country rock unit and the suite of porphyry Cu diorites serves to highlight the distinctive signatures of porphyry-related magmas that are seen throughout this class of mineral deposits.
The geochemical analyses provided in this workshop are drill core samples which were analysed using a 4-acid digest and ICP AES+MS analytical method. Except for zircons, this method achieved close to a total digest. Mining and mineral exploration companies choose analytical methods that give the best possible analyses for Cu, Mo, S and other pathfinder elements. A 4-acid digest ICP AES with or without ICP MS is very suitable for this purpose. These methods also provide high quality analyses for many other elements. This workshop is designed to show how we can extract useful information from those other elements. 
The idea of this workshop is that you should be able to follow the provided notes and replicate the interpretation process for yourself using ioGAS software. This workshop relates specifically to porphyry copper chemistry. The objective of this workshop is to demonstrate a workflow that will enable a geologist to use the immobile trace element chemistry to define compositional groups in the data, and to identify the magma types that are genetically related to the copper mineralization. Interpreting the chemistry in this way is an aid to improve the consistency of logging and the creation of a more robust geological model. The introductory notes provide some background information about the distinctive characteristics of porphyry copper magmas and fractionation processes. As you work through the tutorial, you should be able to firstly pick the compositional units in the data, but then recognize and subdivide those units that have the distinctive characteristics of porphyry-related magmas. 
Trace elements are usually much more sensitive indicators of fractionation processes than major elements. The high field strength elements are mostly quite immobile during hydrothermal processes, so we can still use patterns in the HFSE’s as indicators of magmatic provenance and evolution in altered rocks. 
Think of trace elements as being compatible or incompatible. Compatible elements are readily accommodated into crystallizing mineral phases. Ti is a good example of a compatible mineral. It occurs in rutile, ilmenite, magnetite, titanite, amphibole and biotite.  Calc-alkaline magmas always evolve to lower TiO2 with increasing SiO2 (figure 2). 
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Figure 2. SiO2 vs TiO2
Incompatible elements do not easily fit into common mineral lattices, so they increase in abundance as SiO2 increases. An example is Thorium (figure 3).
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Figure 3. SiO2 vs Th
Some elements change from being incompatible to compatible as a result of a new mineral beginning to crystallize as a magma cools, eg Zr. Figure 4 is typical of fractionating mid-crustal melts, where zircon crystallization and fractionation begins once the magma has cooled to around 750 to 800o, at about 70% SiO2.
[image: ]
Figure 4. SiO2 vs Zr
Magmas that have to potential to form porphyry Cu systems have distinctive characteristics that relate to the pressure, temperature, oxidation state and sequence of minerals that crystallize and fractionate. We can use ratios of trace elements that are accommodated in the same mineral to tell from whole rock assays when particular minerals are fractionating.  For example, consider Sc and V; both are compatible elements (figure 5). Sc substitutes for Fe in silicate minerals (behaves like the silicate-hosted component of Fe). V3+ behaves the same way as Sc. V4+ behaves more like Ti. V4+ is less compatible in Fe silicates, but highly compatible in magnetite. Therefore, Sc and V have the same trajectories in reduced magma, but different trajectories in oxidized melts. They will differentiate in opposite directions depending on whether a melt is fractionating mostly amphibole or magnetite.
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Figure 5. SiO2 vs Sc, V
Figure 5 shows the compatible behaviour of Sc and V; decreasing levels with increasing SiO2. However, if we plot a ratio of V/Sc against SiO2, then this data shows a decreasing ratio with increasing SiO2 (figure 6). This is a signature of fractional crystallization of magnetite in a typical mid-crustal (low pressure) environment. 
[image: ][image: ][image: ]
Figure 6. SiO2 versus V/Sc. Upper; magnetite fractionation in the Mount Read Volcanics. Lower; hornblende fractionation in porphyry Cu systems, from Loucks, 2014.
Loucks (2014) identified increasing V/Sc with increasing SiO2 as a key indicator for prospectivity in porphyry Cu magmas (figure 6). This signature is rarely found in any magma types other than porphyry Cu systems. His interpretation of this signature is that there is a window in P-T-aH2O space where hornblende crystallizes before magnetite. In a somewhat oxidized melt, crystallization of hornblende before magnetite would remove Sc from the melt faster than V, so the ratio should increase with fractionation.
Another distinctive characteristic of porphyry Cu magmas is high Sr and low Y (Richards, 2012, Loucks 2014, figure 7). High water content promotes melting of plagioclase in the source region, and high water plus high pressure lowers the liquidus for plagioclase. With delayed plagioclase crystallization, Sr is retained in the melt. The conventional interpretation of low Y contents in porphyry Cu magmas is that it indicates garnet +/- hornblende fractionation in the source region. Garnet stability tells us the crust is thick (>20 km) and hornblende indicates that the melts are hydrous (>4% water). 
In the melting of amphibolite, the reaction is amphibole + intermediate composition plagioclase => hydrous Na-rich melt (albite preferentially melts) and the residue is an anhydrous assemblage of Ca-rich plagioclase, pyroxene, ±garnet (pers. Comm. John Dilles).  The reason Sr is elevated in the melt is that both low-T and Na-rich plag are Sr-rich, whereas high T and Ca-rich plag is Sr-poor. 

[image: ]Figure 7. SiO2 vs Sr/Y
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In most magma types, HFSE’s (eg., Nb, Th, REE’s, Y) are incompatible and keep increasing with increasing SiO2. In porphyry Cu systems, the HFSE’s actually decline with increasing SiO2. The plots below show a suite of porphyry Cu magmas associated with the Eocene Coroccohuayco deposit (Chelle-Michou, 2013). Note the similarity of the SiO2 vs Nb, Th, La, Y plots (figure 8) with the SiO2 vs Zr plot (figure 4). The mineral phase in porphyry Cu systems that takes up all of these elements is titanite. In PCD’s, titanite crystallization begins at about 60%SiO2.  Importantly, note how the trajectory of Y mirrors those of the other HFSE’s. 
[image: ]
Figure 8. SiO2 versus Nb, Th, La, Y; Coroccohuayco District, (Chelle-Michou, 2013).
An important study by Olsen et al (2015) looked at the trace element contents in titanite compared to whole rock concentrations of HFSE’s (figure 9). They demonstrated that titanite accommodated almost all of the HFSE’s in the porphyry magmas, and that fractionation of even a small amount of titanite would have a significant impact on trace element patterns. It is inevitable that titanite fractionation makes a huge difference to the Yttrium budget in these magmas. 
[image: ]
Figure 9. REE and HFSE spider plots from Pebble Porphyry Cu, Olsen et al, 2015.
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Figure 10. SiO2 vs Sr/Y. Coroccohuayco District, (Chelle-Michou, 2013).
The trend of increasing Sr/Y in porphyry Cu magmas is commonly interpreted to result from increasing depth (pressure) at the source of melting. However the information presented above suggests that the increase in Sr/Y as porphyry Cu magmas evolve is a result of titanite fractionation rather than the effect of Y retention in garnet at the source region. This has important implications for the interpretation of the geodynamic processes in porphyry Cu provinces.
In the absence of SiO2 analyses, this can be inferred from plotting TiO2 versus Nb (figure 11). In all other types of magmas, Nb increases as Ti decreases. In porphyry Cu systems, both Ti and Nb decrease together and head back towards the origin with increasing SiO2. Because of the influence of titanite, porphyry Cu magmas typically have around 2000 to 4000ppm Ti, 2 to 4 ppm Nb, 2 to 4 ppm Th, low LREE’s and 80 to 100ppm Zr.
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Figure 11. TiO2 vs Nb, Mount Read Volcanics, VMS province; magnetite fractionation. b.) Coroccohuayco District, (Chelle-Michou, 2013); titanite fractionation.
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Figure 12. SiO2 vs Sr/Y; oceanic island arc porphyry Cu system, Indonesia
As further evidence that low Y is not related to thick crust and high-pressure melting, oceanic island arc porphyry systems show the same Sr/Y signatures as Andean porphyry systems. Figure 12 is an example from an Indonesian porphyry Cu deposit comparing the mineralized diorite in red, with the andesitic volcaniclastic country rock in green. 
It is quite informative to compare porphyry Cu magmatic signatures with granitoids in Archean greenstones. High Sr/Y magmas are common among the Archean granitoids. The following plots were derived from data collected across the Yilgarn Craton in AMIRA project P482. The granitoids were classified based on compositional characteristics, with the most common categories including high Ca, low Ca, mafic granitoids and syenites. The Archean high Ca granites have strongly elevated Sr/Y, they have not fractionated plagioclase as indicated by the lack of a Europium anomaly, and they consistently have significantly lower HFSE’s than the low Ca granites. These have clearly also fractionated titanite. By comparing these two “adakite-like” environments, we can say that these magmas are generated in P-T-aH2O conditions where hornblende begins crystallizing before magnetite, and titanite begins crystallizing before plagioclase. This requires high pressure melting of a hydrous mafic source region under at least moderately oxidized conditions.
[image: ]
Figure 13. SiO2 vs Eu* and TiOs vs Nb, AMIRA P482, Yilgarn Granites database
What are the differences between Alkalic and Calc-alkalic magmas? Alkalic magmas are interpreted to be the product of a low degree of partial melting from a metasomatized source. The low degree of partial melting means that they are K-Na rich rather than Ca. It seems that with a low Ca content, titanite does not crystallize, therefore the HFSE’s remain incompatible. Alkalic magmas have an initial high content of HFSE’s and evolve to even higher contents. In hydrothermally altered rocks, the alkalic signature cannot be interpreted just from whole rock K and Na.
[image: ]
Figure 14. Zr versus Hf, Wallaby gold deposit, Yilgarn craton.
Alkalic magmas do not have a negative Eu anomaly, have high Sr and Ba due to the metasomatized source, have a high Sr/Y ratio but still plot on the high Y side of the adakite field, have high V/Sc, high levels of REE’s, especially LREE’s and are phosphorous-rich. The vast majority of igneous rocks have a Zr/Hf ratio of around 36, although in melts that evolve beyond 70% SiO2, the Zr/Hf ratio trends to lower values as zircons crystallize and fractionate. A distinctive characteristic of genuine alkalic magmas is that they have higher whole rock Zr/Hf ratios, often around 50. An explanation for this is that they contain another Zr mineral with a higher Zr/Hf ratio than zircons. Alkalic magmas have higher Zr contents at comparable SiO2 values than other magma types but are typically silica undersaturated. The additional zirconium mineral is likely to be baddeleyite (ZrO2). Figure 14 is from Wallaby, an Archean gold deposit in Western Australia. The red points are from a suite of alkalic intrusive rocks and the green points are from basaltic clastic country rocks. 


Tutorial
This workshop is specifically tailored for porphyry copper systems. We will use immobile trace elements to identify samples that have a common source, that is from the same magmatic event. We also want to understand why each geochemical group has a specific trace element signature. What does the trace element signature tell us about the magma source, fractionation history and porphyry Cu potential?
The first-pass classification of igneous rock types is based on the SiO2 content; eg basalt, andesite, dacite rhyolite. Si cannot be assayed with a 4 acid digest because Si forms a volatile fluoride complex. Instead we will use Scandium as a guide to how mafic the rocks are. Sc is a compatible element that decreases in abundance as SiO2 increases. Sc substitutes for Fe in silicates such as hornblende, pyroxene, biotite and chlorite. As a guide;
Basalt 30 to 50ppm Sc
Andesite 20 to 30ppm
Dacite 10 to 20 ppm
Rhyolite <10ppm Sc
[image: ]
Figure 15. SiO2 vs Sc.
Workflow
Scandium; Immobile, Substitutes for Fe in silicate minerals.
Plot Sc vs Ti, Th, V, Zr, P, Nb, Al, Cr
Titanium; Immobile, Occurs in Fe-Ti oxides + biotite, amphibole.
Plot Ti vs Sc, Th, V, Zr, P, Nb, Al, Cr
Individual plots to pick specific signatures;
· V/Sc vs Sc; to pick signatures of high pressure melting of an amphibole-bearing source, or fractional crystallization of magnetite.
· Ti vs Nb; to characterize opaque oxide mineralogy.
· Sr/Y vs Y; to pick high P melting of plagioclase in hydrous environment.

The data supplied for the Lithology module comes from a series of flat-lying andesitic to dacitic volcaniclastics that are intruded by dioritic porphyry Cu stocks.
Start ioGAS.
Open the Porphyry Cu Geochemistry Workshop Module1.
[image: ]
[image: ]
Ensure that the correct fields have been selected for East, North and Elevation.
Use the Guess Alias buttons if needed to make sure that all the elements are imported with the correct element name and units (ppb, ppm, pct). If this is the case, the Type will appear as a green dot rather than a blue dot.
In the list of Variables, select Sc, Th, Ti, V, P, Nb and Cr. (Usually I would select Zr, but these are Eocene porphyries, and I rocks of this age I know that not all of the zircons will dissolve in a 4 acid digest). To select a variable, highlight the element you want and double click to select it. Then click on OK to accept the selection.
 [image: ]

Make a YX plot. This will put Sc on the y axis and Th, Ti, V, P, Nb and Cr on the x axes.
[image: ]
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Add a point density contour overlay to help visualise where the clusters are in the data. To do this, use the Icon on the right-hand tool bar. The default setting uses 180 by 140 pixels on the plot. You can make the contouring tighter by using more colour pixels. To do this, use the Icon for the contour settings. 
[image: ]
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Pick a plot that clearly identifies populations in the data. I chose the Sc vs Th plot as a starting point.
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In the Attribute Manager, make a new colour group and use the Polygon Select tool to assign points in a cluster to that new colour.
[image: ]
Samples with high Sc (ie high Fe) and low Th are mafic. Make a green colour group, name it mafic, and assign the high Sc – low Th data points to this group.

[image: ]
Make a new colour group. Make it pale green and name the group Andesite. Select the cluster of points with around 20ppm Sc and 3 to 4ppm Th.

[image: ]
There are 2 clusters of more thorium rich points. These are more like dacitic compositions. Make 2 new colour groups. Call them Dacite1 and Dacite2. Note the yellow points in the plot above have a broad spread on this plot. These are likely to be volcaniclastics rather than coherent, homogenous facies like a lava or intrusion. 
[image: ]
I have picked out another dacitic group in pale blue. These do not form a tight cluster, and are also likely to be a heterogeneous volcaniclastic.

[image: ]
The remaining points are diorites. On the Sc vs Th plot, these appear to be bimodal. I have split them into Diorite1 (red) and Diorite2 (pink).
Go back to the full array of scatterplots; Sc versus Th, Ti, V, P, Nb and Cr. Check that the colour groupings defined on the Sc vs Th plot is consistent on all the other scatterplots. Where required, adjust the colour groupings to make sure there is consistency between all plots.
Note; in nearly all data sets, it will be some degree of overlap in the geochemical populations. Some points will always be ambiguous. The data used for this workshop is an example where the geochemical distinctions are quite obvious.   

[image: ]

The test to see if you have picked real geological units is to plot the data as a map or section and observe whether the spatial distribution of the colour groupings makes geological sense. With this data, use the Attribute 3D icon to open the 3D viewer. Rotate the data points until they are displayed in a cross section view.
[image: ]
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On this section, there are units that can be correlated from hole to hole and clearly define flat-lying volcaniclastic units, and others that are likely to be steeply-plunging stocks.

[image: ]
There are still more minor units that can be picked out from the data in this tutorial. In the Sc versus Th plot above there are a small number of points in the ellipse, coloured khaki. This is a subset of the mafic rocks. 

[image: ]
In the Sc versus Ti plot above, there is another subset of the mafic rocks in the ellipse, in dark green. Create these 2 new colour groups and again view these spatially using the 3D viewer. If this was data from your own project area, it would be wise to go back to the drill core and see if you can recognise the different chemical groups in the core.
[image: ]
There are also different populations in the diorites. In the Sc versus Th plot above I have selected a magenta coloured population but there might be better ways to subdivide the porphyry groups.

[image: ]
Another check on the way you have classified the colour groupings is to make anther set of YX plots. Use the same list of elements, but move Ti to the top of the list. The colour groupings should again appear as coherent populations, and there is a possibility that other subsets within the data might be apparent.
[image: ]

Magma Compositions
The way these data points have been classified seems to make a coherent geological section, so the next step is to consider what the geochemical classifications can tell you about magmatic processes. Look at the V/Sc ratios to determine which Fe minerals have fractionated from these magmas. In the top row of the tool bar, click on Calculation, then New Calculation. In the dialogue box, use the plus button to open 3 rows. Select V_ppm and Sc_ppm as the 2 input columns. In the 3rd row, the expression is A/B, to calculate V/Sc ratio, Then, Calculate All. V/Sc will appear as a new plotting variable. Select V/Sc and Sc as the plotting variables. Make a Yx plot.

[image: ]
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The yellow to pale blue to orange groups have fractionated magnetite, particularly the orange group. These are NOT porphyry Cu magmas. The red and pink groups have fractionated hornblende. The V/Sc is quite high, and the implication is that these are quite oxidized magmas, hence V is behaving in a more incompatible manner. For this data set, The V/Sc ratio plot clearly defines the porphyry Cu suite.
Next, go to Diagram on the top toolbar, Provided, Porphyry Cu Exploration, Adakites, SrY vs Y.
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[image: ]
The same high V/Sc suite of intrusions clearly stands out in this plot! These rocks are strongly altered and mineralized, but they contain hydrothermal feldspars and Sr is retained in anhydrite. Although this diagram is not supposed to work in altered rocks, here it does because the alteration has not been acidic.
The next thing to look for is evidence of titanite fractionation. The best plot to see this is Ti versus Nb. The Cu porphyries have low Ti and low Nb values that form linear arrays projecting pack towards the origin. 2 to 4 ppm for both Nb and Th are typical ranges for porphyry magmas that have fractionated titanite, along with low La and Ce (LREE’s).
[image: ]
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One last figure; this data table includes estimated SiO2 weight% values. Try plotting the immobile trace elements against SiO2.
To classify the alteration in ioGAS, we want to create a new colour legend and assign each analysis to a new colour group that describes the alteration signature in that sample. However, we still want to retain the interpretation of the rock compositions that we have just completed. In the top toolbar, click on Data, Make Variables From Colour. In the dialogue box that asks for a New Column Name for Colour, type in Composition, then click OK.
[image: ]
If you click on the Data icon, ioGAS will display the data table. Scroll to the far right of the data table and you will see a new column named Composition_Text. This contains the name of the colour group that each assay interval was assigned to. Now is a good time to save a copy of the ioGAS file.
[image: ]
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Onset of zircon crystallization
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