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The petrogenesis of Vancouver Island’s Nanoose Complex in relation to surrounding units is poorly understood, with a limited amount of 
geochemical research performed in the area. Previous work by Yorath et al (1999) and Ruks (2015) attempts to characterize the volcanic 
setting of the complex with mixed results. Since 2009, VIU students have built on this foundational work by using various discrimination 
methods and an expanding library of geochemical data. 

The aim of this project is threefold: 1) complete the major oxide and trace element data catalogue for previously collected basalt samples; 2) 
re-visit discrimination diagrams with a larger dataset; and 3) complete a geographic analysis of trends in discrimination-based distributions. 
By completing these goals, we hope to find clear geographic relationships in the data and better explain the petrogenesis of Nanoose Bay 
basalts. 

Our sample areas include Dolphin Beach and Ainsley Beach, located to the North and South of a pluton, respectively. We found that Dolphin 
Beach’s basalts are more evolved relative to Ainsley Beach’s basalts, with an anomalously high Sr/Y ratio between them.
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Sicker Group: A suite of rocks created during a volcanic arc, represented by the Duck Lake, Nitinat, and McLaughlin Ridge formations. The 
Duck Lake formation is representative of oceanic crust, while the Nitinat and McLaughlin Ridge formations represent the volcanic arc 
(Yorath et al, 1999). Previous study using 207Pb/204Pb, 206Pb/204Pb, 208Pb/204Pb, 87Sr/86Sr, uranium and thorium isotopic systems found 
the Sicker group to be representative of typical arc volcanism (Andrew, 1987). 

Nanoose Complex: A complex of volcanic and sedimentary rocks comprised of 7 distinct units. This project is concerned with unit Pnca, 
characterized by basaltic and andesitic pillow lavas. These lavas contact with a quartz diorite pluton belonging to the Island Intrusions, and 
share a strike/slip fault contact with the Karmutsen formation (Yorath et al, 1999). Most recently, the Nanoose Complex has been estimated to 
be Early Permian in age based on detrital zircon ages and conodonts recovered from crinoidal limestones. This new age estimate suggests that 
Nanoose Complex pillow basalts overlie pre-existing Late Devonian through Visean igneous centres (Ruks, 2015).  Previous geochemical 
work in this area by VIU students has been inconclusive, plotting variably as ocean island basalt (OIB) (Dean et al, 2020), a rifted back-arc 
basin basalt (O’Keefe et al, 2020), or a combination of OIBs, mid-ocean ridge basalts (MORBs), and island arc basalts (IABs) (Wagner et al, 
2020). Many of these conclusions were developed through major oxide analysis.

Karmutsen Formation: A part of the Vancouver group, the mantle-sourced Karmutsen formation is characterized by pillows, pillow breccias, 
and flood basalts, reaching up to 6 kilometres thick. It shares an unconformable basal boundary with the Buttle Lake group (Yorath et al, 
1999) and a strike/slip fault boundary with the Nanoose complex on the Ballenas islands (Ruks, 2015). Previous geochronology using the 
Ar-Ar isotopic system returned an age of 213.7 ± 20.5 Ma. Additional U-Pb geochronology returned ages between 228 and 226 Ma (Greene et 
al, 2010). 

Island Intrusions: A suite of plutonic rocks spanning a large section of southern Vancouver Island. They’re separated into three zones; for the 
scope of this project, the Eastern zone is the most relevant. This zone is composed mainly of granodiorite, quartz diorite, and quartz 
monzonite, with rare gneissic structures. At Nanoose Bay, Nanoose complex rocks are intruded by the Winchelsea pluton. This pluton has a 
granitic core, and has undergone greenschist facies metamorphism (Yorath et al, 1999).
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Fig.2: Relative formational timescale of relevant geological units at Nanoose Bay.  Ages derived from 
Ruks, 2015, and the 2018 GSA geologic time scale v.5.0. While there has been no direct dating of the 
Nanoose complex basalts, the age depicted in this diagram is inferred through detrital zircon analysis 
and biochronology of interbedded sedimentary rocks (Ruks 2015).

A clear bimodal distribution is observed in two of our four geochemical plots. By plotting the data spatially, we observed that these bimodal 
distributions represent rocks to the north and south of the Island Intrusions. This suggests that the rocks mapped as Karmutsen basalt and 
Nanoose Complex rocks are geochemically discrete. Many of our results do not share affinity with arc environments, suggesting that these 
rocks may have been sourced from partial melting of the mantle.

Overall, we gained some insight into the petrogenetic processes that created the rocks at Dolphin beach and Ainsley beach. The higher Nb values 
in the northern group of samples suggest a more enriched magma than the southern group. Nb is a HFSE that preferentially partitions into the 
melt fraction. Since these values are normalized to N-MORB, we can infer that both groups of samples represent rocks that are significantly 
more evolved than a pure mantle source. This is broadly consistent with previous interpretations of these rock as arc basalts (Yorath et al., 1999). 

If the northern basalts are arc basalts, we should expect to see evidence of slab melting influence the geochemical signature. Sr/Y ratios have 
previously been used as a proxy for slab melt proportion (Munker et al., 2004). As a LILE, Sr is especially mobile during flux melting and is 
underrepresented in highly evolved magmas due to its incompatible behavior. Generally, ratios >30 are considered to have a large proportion of 
slab melt. Although a few samples adjacent to the contact between Nanoose complex basalts and Island Plutonic Suite intrusives do have Sr/Y 
ratios well above 30, these are absent elsewhere. An alternate explanation is that Sr rich fluids expelled from the pluton have enriched the rocks 
near the contact. Interestingly, most of the samples have a Sr/Y ratio between 10 and 20, which is consistent with magmas sourced from a 
depleted mantle wedge (Munker et al., 2004). 

There is no clear spatial trend between rock types as plotted on the Si-Ti-Sr ternary discrimination diagram. On the diagram, there is very little 
disparity between the groups, Suggesting that they may fit into a more complex tectonic setting. On the Ti/V discrimination, many southern 
samples plot as MORB/BAB. The northern samples are highly enriched in Ti and plot as OIB and Alkaline OIB. Because Ti has a similar ionic 
radius to and tends to substitute for K, which behaves incompatibly, this suggests a more evolved melt than the southern samples. 

In conclusion, we found that samples taken to the north of the Island Plutonic Suite intrusions display characteristics of a relatively 
evolved basalt but show little evidence of subduction influence. Rather than being associated with arc rocks, they may have been 
generated from the mantle by a low degree of partial melting. Rocks to the south likely represent a relatively unevolved magma. The 
Sr/Y ratios suggest expulsion of Sr-rich fluids from the pluton at Nankivell point, or that these magmas may have been sourced from a 
depleted mantle wedge; however, these results may be skewed by alteration and more work is required to understand if they are 
representative.

● Detailed structural and lithological mapping of the Nanoose complex to understand metamorphic conditions and determine if variations in 
elemental concentrations can be explained by alteration or fault emplacement.

● Isotopic dating of the rocks at Ainsley beach and Dolphin beach to determine if they are temporally correlated with their current mapped 
stratigraphic units.

● Collection of basalt samples from the Nanoose complex and Karmutsen formation on the Ballenas islands for geochemical analysis.

Fig. 1: BCGS bedrock geology basemap of Nanoose peninsula with 2009-2020 
sample locations shown.

Fig.3: Distribution of Ti/V ratios at Nanoose Bay. Titanium and vanadium are similarly compatible, relatively immobile, and 
exceed detection limits. Titanium is a High Field Strength Element (HFSE) and vanadium commonly substitutes for 
ferromagnesian elements (Mg and Fe). Vanadium’s ionic state ranges from reduced V3+, similar to trace elements, to oxidized 
V5+, similar to HFSE such as Ti. The range correlates to the amount of oxygen, an environmental fingerprint. Titanium is an 
effective discriminator to vanadium due to its predictable behaviour (Shervais, 1982). Above, we see a clear geographic 
distribution of Ti/V with OIB north and BAB/MORB south. 

Fig.6: Distribution of Si/Ti/Sr ratios at Nanoose Bay. Si/Ti/Sr ratios were used to discriminate Ocean Island basalt (OIB), Mid 
Ocean Ridge Basalt (MORB) and Island Arc Basalt (IAB). OIB is enriched in Ti and Sr comparatively to Si because OIB is from 
a mantle source where silicon is depleted comparatively to the crust. OIB also incorporates incompatible elements (Sr,Ti) 
preferentially during mantle melting. MORB is enriched in Ti and Si comparatively to Sr because Sr is removed post formation 
due to being a LILE, which are less resistant to migration by hydrothermal fluids and alteration by metamorphism. IAB is 
enriched in Si and Sr and depleted in Ti, as Ti is a HFS element and thus resistant to migration by hydrothermal fluids and less 
preferentially incorporated during flux melting. Spatially, our data overlaps OIB and MORB in both the Nanoose complex and 
the Karmutsen formation, which could indicate the presence of another process. Diagram adapted from Vermeesch, 2006.

Fig.4: Distribution of Sr/Y ratios  at Nanoose Bay. Sr/Y ratios have been used as a proxy for the proportion of slab melt 
incorporated into arc magmas (Munker et al., 2004) since Sr preferentially partitions into melt during flux melting of a 
subducting slab. The higher the ratio, the higher the slab melt content. Nanoose complex basalt has traditionally been interpreted 
as an arc basalt, in which case we should see elevated Sr/Y ratios. All samples taken near Nankivell Point have Sr/Y ratios >30, 
which is associated with high slab melt content, however most other samples have relatively low ratios, suggesting limited 
primary subduction influence. As a HFSE, Sr is relatively mobile in hydrothermal fluids, so these high ratios may be best 
explained by contact metamorphism from the Jurassic Island Plutonic Suite.

Discrimination Plot Results

Ti/V (Fig. 3)
A clear trend is visible in this plot. Most of the southern sample groups have Ti/V ratios between 20 and 43, 
corresponding to a Mid Ocean Ridge (MORB) or Back Arc Basin (BAB) tectonic setting. Those in the 
Northern group however, display a northerly trend of increasing values, with most plotting in the Ocean 
Island Basalt (OIB) field (43-75) or the Alkaline OIB field (>75)

Sr/Y (Fig. 4)
Extremely high Sr/Y values are observed at the northern margin of the Island Plutonic suite. The rest of the 
northern sample group display irregular values, generally <20. The southern group of samples is broadly 
similar. This suggests that these rocks were not majorly influenced by subduction.

Niobium (Fig. 5)
The Southern section of our field site is slightly enriched relative to N-type Mid Ocean Ridge Basalts 
(N-MORB) and all samples have similar values. The northern section overall has much higher 
concentrations of Nb, suggesting that those rocks may be derived from a more evolved melt.

Si/Ti/Sr (Fig. 6)
Both the Northern and Southern sections of our field site plotted variably as Ocean Island Basalts (OIB), 
MORB, and Island Arc Basalts (IAB). On the ternary discrimination diagram, there is not clear seperability 
between the groups, nor is there a clear spatial relationship.

Fig.5: Distribution of niobium at Nanoose Bay. Niobium is a High-field strength element that preferentially partitions into the 
melt fraction of evolving magmas. It is relatively insoluble in hydrothermal fluids, and therefore can offer insight into the 
enrichment of the original magmatic source. In this case, we normalized to N-type mid ocean ridge basalts as a baseline. All 
samples are enriched compared to N-MORB, however those mapped as the Nanoose complex are significantly more so, 
suggesting a more evolved source. This result is consistent with a low degree of partial melting in the mantle, which correlates 
with the distribution of the alkaline OIB field in figure 3. The points here are classified using natural breaks in order to capture 
the clustering that exists within the Nb values.
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First, samples collected from 2009 up to 2020 were evaluated for their usefulness and complete geochemical data. Any samples with missing data were selected for additional ICP-MS geochemical analysis at ALS laboratories in Vancouver, BC. Concurrently, 
selected samples had additional geochemical analysis performed on them using a Vanta VCR model handheld XRF device operated by Dr. Rhy McMillan. Based on these analyses, a complete catalog of geochemical data was developed for all project samples 
with trace elements by PPM and major oxides by weight percent, sorted by year and analytical method.

Discrimination diagrams were reproduced from previous research, and new ones were developed to best reflect geochemical results and tectonic setting distribution. Any discrimination methods with clear linear trends were selected for geographical distribution 
analysis using GIS software (ESRI: ArcMap and Q-GIS).

Our conclusions and interpretations were drawn using known geological history, with further recommendations presented based our on results.
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