gigeologic mapping using lake sediment geochemistry
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Introduction et [ i Classification and Prediction (ALR or ILR) T T Variogram maps ofraw data - | - | |

Government geological surveys and mineral exploration companies collect < Melville Penninsula (cr) ) \ This set of data provides an opportunity to test the ability of the lake The raw data were analysed to ascertain the spatial structure of the distribution of the 16 elements. Experimental semivariogram maps were calculated using 30 lags with a lag value of

large amounts of geochemical data that are used in search for mineral f S | Map Code St 21 sediment geochemistry to predict the underlying geology. Each sample I 5km and a tolerance of 4 sectors using 36 sectors in total. Asummary of the variography is shown in Table 3. All elements, except Sr, exhibit anisotropy, the directions differ, as does the

commodities or environmental studies. These surveys consist of many : ) o %333 s | HR f: 211 site was coded with a geological map unit code. The data were parsed i degree of anisotropy present.

thousands of samples (observations) with as many as 50 elements i R Na S and 8 classes were extracted for which there were a sufficient number " : : : : : . : : : : : : : -

determined for each. Because the nature of the data is compositional, they ; = S cs o s mEeE of sites foreach class (see Table 1). Using the full range of 46 elements In addition t.° consideration Of the entire region, the stu_dy region was su_bd|v!ded into a SE and N\.N p_art V.V'th aviewto a_scertaln whether ’Ehere areany dlffere_nc_es In the spatlal contmu!ty

must be treated according to the protocols established by Aitchison (1’986) & o Amgn S e ST Al e A e e e e 1 e e Lo e Y [ T e e of the data in the two subregions compared to the entire region. The directions of greatest continuity differ markedly in the two subregions and for the majority of elements the spatial

This contribution details an approach based on the application of the alr C“'. 5 _ fsz:w thelalr fransformt C ehwas chosen asthe divisor. Stancjard sequential . features of the NW region are those that determine the overall spatial continuity. Exceptions are As, La, Mo, Sr, U and Zn, where the Penrhyn group dominates the spatial behaviour.

and ilr transforms for process discovery and validation. ’ 5 e e Th balances wera c,:alculated for the ilr transform. Regardless of the Variogram maps of Fe and Cu are shown for three regions over the lake sediment survey area. Figures 10a and 10d show variograms for Fe and Cu for the entire survey area. Figures
I o : o Palr2 RbCF'Mn . transform, the application of a linear discriminant analysis (LDA) in R - - 10b and 10e show variogram maps for the northwest part of the area (dominantly intrusive domain) and Figures 10c and 10f show variogram maps for the southeast (Penrhyn Group)
g e 5 ac ¥ Pa2v i ’ . P . : : : . . . . . .

This poster highlights the value of multi-element geochemical data as an aid . ‘ ¥ 5 S Ps3 P: resulted in similar results. The LDA was carried out using a cross- part of the survey area. The circular map shows the variability of variance as a function of angle and lag distance. The accompanying semi-variogram line drawings highlight the

to regional geological mapping and potential base- and precious metal : = iy - Co Mg 5Ga validation procedure of repeated sampling (20 times) to determine an _ differences/similarities for 4 specific directions and a range of lag distances. These figures demonstrate the spatial variability that exists due to the differences and spatial orientation of

deposits through the collection and evaluation of regional geochemical A ? s, . average accuracy of the classification, which is shown in Table 2. A the lithologies. The study of the variography demonstrates the significant differences that exist within regional geologic domains.

Sl_Jrvey data in the MG'VI"G Peninsula .area of Nunavut, Canada (Flgure 1 ) T e e e T g. Sb Y, neural network prediction technique was also applied to the data and ) ) ) ) ) ) )

Figure 2 showsfa generalized geological map and a corresponding digital Nunavut i 1i yielded similar results. Figure 7 showsa plot of the linear discriminant .. .. = . Spat|a| Multivariate Ana|ys|s using the MAF transformation of the Lake sediment data

elevation model forthe area. Figure 1. Location of the Melville Peninsula area. s | cd B, o scores on the first two linear discriminant axes. The observations are L S——— e - - = =~ MAF (Minimum/maximum Autocorrelation Factors) (Switzer and Green, 1984) is in essence carried out by first calculating the principal component analysis of the given data, and using

The gealogy of the area is describsd by Gorrigan et al. (2011). The Melvills _ shown by colour and symbol to reflect the underlying geology Postef'Opf\ PJObab"'tY Posteﬂolfaﬁrobab'"ty Posterior Probability the matrix that diagonalises the correlation matrix of the given data to transform the data to new attributes which are uncorrelated at separation distance 0. This step is succeeded by a

Peninsula is located in the north-central Rea Craton of the western Churchill e e e ——————— S o associated at each point. The figure shows three distinct groups: gtk 9 APWs rescaling. Following this an experimental covariance matrix derived from the transformed data at a separation distance greater than 0 is used to reduce correlation between pairs of

Srovites (0L TE COF © 5 celen o [ElEEre A e A\ d || === 5‘ 04 03 02 04 00 01 02 03 04 05 1) PHg-PS1/2-PS3-Agu that represents the sediments of the attributes at other distances. This is achieved by diagonalising the chosen covariance matrix. The resulting factors are approximately spatially uncorrelated and so any subsequent

polydeformed Archean cratons unconformably overlain by Paleoproterozoic | == B = PC 1 Penrhyn group and grainitoid rocks with a similar chemistry (Agu). modelllr_mg can be perfor_med_ on the individual factors, thus alleviating the_ burden of m_ferrlng ajoint model _of spatial depen_denqe forthe data. The covariance matrlx is _usually chosenata

supracrustal sequences and intruded by various intra-plate Proterozoic | iz B | Figure 4. Bipiot of the first two principal components based on a cir 2) Akg-Agu-Agd are massive granitoid units that reflect felsic separation distance w_hlch lies between 0 and_ the range of autocorre_latlon for the given datq, and a choice of a_separatlo_n d_|stance_ clo_se to the sampling distance is common, but not

magmatic suites. It is characterized by widespread tectonothermal B - ‘| transform. The legend lists the lithologies associated with the lake igneous processes,. . — mandatory. The resulting factors are ordered in such a way that the first factor exhibits the highest autocorrelation and with increasing index the strength of autocorrelation decreases

with the last few factors often exhibiting pure nugget

sediment sample collection site. A screeplot of the eigenvalues is

reactivation related to the assembly of the supercontinent Nuna during the g e

: 3) Agd-Amgn-APWs represent gneisses and sediments that are
interval 1.95-1.80 Ga.

distinctly more clastic in nature than those in Group 1 above.

. There is considerable overlap between these groups and the accuracy

f matrix of Table 2 shows that the overall accuracy is poor for the PHg
and Amgn classes. The overall accuracy is 60%. However, given that
the lake sediment geochemistry represents a certain degree of

For the lake sediment data the 16 standardised variables (Al, As, Ca, Co, Cr, Cu, Ga, La, Mo, Ni, Sb, Sc, Sr, Th, U, Zn) were considered and MAF-transformed using a separation
distance 15 km. Experimental semivariogram maps indicate that factors 1 to 10 exhibit anisotropy of varying strength and direction of greatest continuity, factors 11-16 are isotropic with
very short ranges of autocorrelation. The most pronounced anisotropy is present in factor 1 which exhibits zonal anisotropy. A summary of the MAF features is shown in Table 4. Because
the MAF factors are made up of combinations of the original variables, the individual factors can be used to identify geological features and thereby assist the interpretation of the
observed distribution of elements. Figure 11a highlights the difference between the Archean granitoid and supracrustal Penrhyn Group. Figure 11b (MAF 2), highlights the Archean
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The data used in this study have been published in the Geological Survey of Principal Component 1

Canada Open File 6269 (Day et al., 2009) based on earlier studies by |
Hornbook et al. (1978a, 1978b). Details on the sampling methodology and |
analytical protocols are documented in Open File 6269.
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Y - - = : homogenization of the surrounding country rock into the lake basins granitoids that are associated with the supracustal rocks in the Penrhyn and Woodburn Lake areas. Figure 11¢c (MAF3) highlights the supracrustal rocks of the Penrhyn Group and the
The results presented here are from a campaign to re-analyze sample pulps | = M-t e , = and the terrain is variable in its depositional and erosional history, the
using modern analytical methods including Inductively Coupled Plasma | _ —~ 2% =_ & .. ... .. s ; — results of this classification are considered acceptable as a tool for -~ "
Mass Spectrometry (ICP-MS) and Instrumental Neutron Activation Analysis |Map Geology UTM regional remote predictive mapping in areas where the geology is less
(INAA). In cases where elements have been analyzed using two or more well-known. Table 3 - Variography interpretation for selected
methods, the elements were evaluated in terms of detection limit suitability Figure 2. Generalized geology of the Melville Peninsula area based on : - :
and visual examination of the correlation of the element with each method. Skulski (Open File 5577, in prep.). A map of the digital elevation model w The resulting predictive classified observations were imaged the gstat | S slements rom the \akesediamentgeaehemlesldals
This included the evaluation of the degree of censoring (values less than &sofg"w" on the right. Lake sediment survey sites are shown as grey package in R and plotted based on the posterior probability : e DA :
lower limit of detection[<IId]). : _ ? determined in the application of the LDA. The interpolated maps, by S F— Melville Melville NW |Melville Penrhyn
e - TSR ) - T kriging, are shown in Figure 8. The patterns displayed in these images _ - _ - - Al INO N10 Isotropic in short range
Dealing with Censored Geochemical Data "/ j/ , , sl/ 5’/ i/ Ei__/ closely correspond with the observed geology. Posteno;\kPgrobablllty Posterlgrs 1P/r20bablllty Posterlo/r-\ gPL:obablllty As _ IN45 No clear N45
One Of the pr.imary pu rp.oses Of QGOChemicaI data analySiS iS the r.ecognition | :.,_:1 ”:N‘:"" ‘”;': “‘m‘ | ;l:"' ":r:"" ":m“ ,..:‘.:_ Figure 5_ Map showing the ﬁrst component plotted over Co NO NO N60 ''''' i
of geochemical/geological processes. Processes are recognized by a |,. ™ 1 " . T the regional geology and digital elevation model for the Cr__ [Short NO NO N30
continuum of variable responses and the relative increase/decrease of __/ i ‘,/ | 1 ./ | B it o] 8L aiea- F_’OSltIV: :cor?S_ age 78809'ated with the upper Cu |N80 NO N45-N60
these variables. The presence of censored data generally do not affect the e hem s Seet  weim e Vo fe‘,";’:"‘t/’::':c‘r’e;see ’dn’%aG:f(";tﬁg"',’:‘g’o’ ‘.”!,’::ﬁ”':gfgr_a’?b Melville Lake Sediments - Linear Discriminant Analysis Ga |N5/N10 N10 N8O
results_ of a process recognition investigation. In the compositi_onal data E i | ’/ B i [ ; ¥ / This combination of elements is interpreted to represent - © L - I . La |N45 N30 N60
analysis framework, the problem of censored data was recognized early bl | 18| | e | Pt | —J ‘ Pl 12 the concentration of mineralogies associated with the Mo IN50 Detection N45
(Aitchison, 1986). Martin-Fernandez et al. (2003) discusses various - e - - - . - ?OmO.qlenl_Z?_tlon of regional bedrock lithologies resulting Ni IN10 NO nugget
replacement options based on the nature of the censored data. Recognizing |1 114 17 /11 W 8 A AR rom giaciation. ° - I { | sb_|isotropic lsotropic ___ |N45
the difference between missing values and censored data is crucial in |’ =} b T f’/ LR / SRR ~ . sc IN10 N10 N90 el
deciding how a replacement value, if any, should be estimated. More " < e ) PHRCIRl COMPONENt 2 g 2 _ex_x= ox wx wn -~ Th [N60 N20 N8O Figure 10. Variogram maps of Fe and Cu for three regions over the lake sediment survey area. Figures 10a and 10d show variograms
recently, Hron et al. (2010) describes a method based on neural networks |, 7 ( T A 7 = " ' » Fos U NGO T — Not clear for Fe and Cu for the entire survey area. Figures 10b and 10e show variogram maps for the northwest part of the area (dominantly
that provides estimates of replacement values. This methodology, which is ] ,/ gl __J / | / || = 1;; - = 5 > N10NZD NE B : intrusive domain) and Figures 10c and 10f show variogram maps for the southeast (Penrhyn Group) part of the survey area.
implemented within the R package (R-project, 2011) as robCompositions e mew B omm g e | § 8 © 4 ) L - nugee
is used in this presentation. B BE 1 4] 149 = i : " '
: ’// b ’/ ! / I / - Imputed values for responses < LLD ==} ::) = 02" i
Figure 3 shows quantile-quantile plots for the elements (raw data) prior to e B BN N B = n g N v Table 4 - Spatial characteristics 11a Factor 1 11b Factor 3 11c Factor 4
adjustments for censored values. The lower right plot of Figure 3 showsa |:: 71 / e An ;1 %L il i rreerers of the first 10 MA Eactors
quantile-quantile plot for Sb obtained by ICP-MS analysis. The black points Bl | B30 |03 ,_,ff" T __J 3 ° Agd MAF |Anisotropy Direction Type 7600 [ 7600 |
represent the data as reported with a significant amount of censoring. The : o i P F1 NGO e e e .
red points show the imputed values determined from the robCompositions  Figure 3. Q-Q plots of the elements. These plots are used to identify ¥ | Amgn - =X o o £2  INao cometric _ 11703 10661 | 1 1822
. . . . . . . ; ) . g APWs g 7550 0.8232 0.5945 7550 0.7809
package with the impKNNa function (Atichison distance option). These outliers and the degree of censoring. The lower right figure shows ~ PHg = =t i3 |Nso et | 0.6092 | 0.3405 | 0.am28
results are considered as reasonable estimates for replacement values. impute_d values for Sb where the reported value < lower limit of . Ps1/2 Posterior Probability Posterior Probability geame _C ] 02209 ] -2 g -t
detection (LLD). 1258 values out of 1981 values were reported at < LLD 8 C e Ps3 Amgn. Ps3. F4 N150 geometric N i-0.a070 |, L — -0.2774
of 0.1 ppm. The imputed average replacement value is 0.15 ppm. s milli T s | ‘ ‘ | | F5S  |Isotropic Isotropic B 5 2ao7 N0 oas gl
Multivariate Association of Geochemical Data T 4 2 0 2 4 F6  |N10 geometric
£ 4-2.5052 - +4-1.5066 £ 4-1.6569
A useful tool for process discovery in geochemical data is principal b Fi 6. Man showing th o orincioal ) i F7  IN20 geometric —— ~ 7450 |
component analvsis (PCA). PCA provides a summarv of multi-element able igure 0. viap snowing e seconda principal componen Figure 8. Interpolated images of posterior probabilities for 8 major lithologies in the Melville Peninsula. : :
o at?on Shinsin g f orr; 7 I?n earc o?nbin tions ofithe Vrayri ables (elements) Number of Lake Sediment Sites over each lithologic unit plotted over the regional geology. The patterns observed These images correspond closely with the mapped lithologies shown in Figure 2. F8 :sotrop!c :sotrop!c
e P f - lati Th Feit f th Lithologic Unit No. of Sites Lithologic Unit No. of Sites ;f’;,ﬂ;'s map are more representative of local bedrock Figure 7. Linear discriminant plot of LD1-LD2 for 2199 Ilake F9 sotropic s°tr°p'cl oy i - = Ve
| ase tond r(n|e?sturesf0 atSS°C|a '?\n (90r|redatlon). 'de at?)p IC?:I '0nt° ef Ab 1 APWk 2 ithologies. sediment samples. Lithologic distinction is evident in this plot. F10 [N60 geometric
ogcentred (clIr) transform to geochemical data provides the advantage o Ad 3 APWmY 21
preserving all of the variables although the covariance matrix is singular. This A g 273 APWSs 71 Figure 11. Kriged MAF maps of Factors 1, 3 and 4 that highlight specific spatially uncorrelated multielement patterns based on the entire lake
Singu|arity is not a problem for the interpretation of the components. Figure 4 9 sediment survey area. Figure 11a, MA’.: 1, highlights the same pattern of relative Ga-Al-K-Mg-Ti enrichn'!ent as PC1 (Figure 5). Factor 3 (Figure
is a biplot of the first two components that account for 42% of the total Agu 416 PHg 73 - - - - - - 11b) shows a pattern the Archean gneisses that occur throughout the central part of the survey area. Figure 11c (MAF 4), shows features that
. p P " " 0 Akg 396 Ps1/2 285 correspond the Penrhyn, Prince Albert and Woodburn Lake Groups. It also includes the area of missing samples. This suggests that further
V_a”ab"'tY)- The _ figure also show a “screeplot” (upper _”ght) for the Amg 3 Ps2v 2 refinement in the kriging parameters is required.
eigenvalues obtained from the 46 elements and 2199 lake sediment samples. Amgn 193 Ps3 298
The score for each observation is depicted by a symbol and colour of the APgn 8 . . . .
underlying geology of the sample site. Component 1 shows positive scores Uit chosen for classiication EStlmatlng Base MEtaI, REE and U/Th Mineral Potential
associated with relative enrichment of Ga-Al-K-Mg-Ti that represent feldspars

and mafic minerals (including clays) that are resistant to weathering in an

area where there was little ice movement and represents a “felsenmeer” of | Tapje 2 Estimating the potential of various types of mineralization can be done through the application of regression techniques. Principal component analysis is a useful technique that identifies significant trends in the data, within the first few components and these trends are typically associated with
] L] = = ] ] ] ] . " L] ] .
broken rock. This area occurs in the upper elevations of the Melville Peninsula | Linear Discriminant Analvsis A underlying lithologies (Grunsky, 2010). Figure 8 shows the principal mineral commodity showings in Melville Peninsula. _ _ _ _ _
(Figure 5). Negative PC1 scores shgvr\)/ a relative enrichment of Ca-Mg and — = nigj's CACSLacy Aka Amon APWs — PHa PsiZ  Ps3 The regression of, rare earth elements, (Ce, Eu, La, Lu, Sm, Tb) [REE] U, Cu, and Zn against the first five principal components derived from the lake sediment survey data provides a potentially useful means for separating background values of these elements from values that may be O n c u s I O n s
represents the carbonate platform that occurs at the lower elevations of the | [Prior Probabiltes __0.14___021___0.2__ 0.1__0.04__004__ 0.14__0.15 associated with rare events (under-sampled). Residual values (reported - predicted) of these elements are shown in Figures9a,b,c. Aregression was not performed on Au values and the reported analytical values are shown on the map in Figure 9d.

' ' ' Agd 8205 110 256 952 476 000 000 0.00 : - s i : : : : : , — : : :
gﬁﬂg]hsrﬁfntn;‘ar;rtZa?t?'nagltclammeén:crsh(eP éggc())r)]?h:to;?s?neigglISh:s\,’;zc?at;ecliav%ﬁ Agu 597 5553 1418 168 192 072 1370 529 Elevated residual U values, as shown in Figure 9a, occur within then southwestern part of the Penrhyn Group and the Archean granodioritic rocks in the northwest part of the lake sediment survey region. Residual REE elements (Figure 9b) show elevated values in the Archean granodioritic rocks This poster summarizes the procedures used to evaluate a geochemical survey dataset to enable
granitoid rocks . and Bi.zn-Ni-Cs.Cd-As-Sb-Te (P02y<p0) thgt e scsociated | A9 398 960 7576 6.06 429 000 076 025 in the northwest part of the lake sediment survey area and also in the Archean granitoid rocks within and adjacent to the Penrhyn Group sediments in the south and south-central parts of the area. Elevated residual Zn values (Figure 9¢) occur within the Penrhyn Group in the southern part of the regional geochemical interpretation. Through the application of data adjustment procedures,
with shales and fine grained sediments. The positive PC2 scores occur in the | [xmor. 2322 12-_;:) 3??3 32-_2‘; 43_-22 ggg ggg ggg compositional data analysis, and the application of statistically based classification procedures, we can
western part of the peninsula (Figure 6) and are associated with Archean-age | [pHg 0.00 1507 685 000 000 3151 17.81 28.77 - : — _ — —— — I — _ _ I P _ I . _ . N wEu gy tewu swe seos wwy uws wwy sews successfully interpret compositional (geochemical) data for the purposes of regional geological
granitoid rocks (Apg, Amgn). The negative PC2 scores occur in an area where | [Ps1/2 140 1789 070 000 000 456 57.19 18.2 legend o legend Legend el . f— mapping.
the geology is known as the Penrhyn group (PS1,2,3,PH), composed of black | |Ps3 0.00 17.79 034 0.00 0.00 4.03 21.81 56.04 Qs | i ‘ iog e et o _—— *R’\N_,l =

H i ©25-50 " 0-250 @ 1000 - 2000 ©5p- { - D.UO).T::?!:; | e, - . " . " . agn
shales and sediments. Qveral Acouroy 50.60] -ty ou .10 o500 S0 k% e | |5 g .-~ . The use of discriminant procedures through the use of cross-validation procedures and compositional
© ag-Pb-Zn-Cu ) 2500 - 3500 150 - 250 ° 0.0075...0.01 3 3 . . . . ; .
ggm oo o i 1 - i . ok - o  omom data adjustments allows for an effective means of classifying lake sediment geochemistry based on
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Figure 8. Principal mineral commodities in the Melville
Peninsula area.

Figure 9a. Calculated residual U values based on
regression of U with the first five principal components.

Figure 9b. Calculated residual REE values based on
regression of REE with the first five principal

Figure 9d. Calculated residual Cu values based on
regression of Cu with the first five principal

Figure 9e. Reported Au analytical values from the lake
sediment survey.

Figure 9c. Calculated residual Zn values based on
regression of Zn with the first five principal Acknowledgements
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