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Executive Summary

T

Measurements inSeptember2021 were conducted on gabbro sites (7, 22 & 23) and
granophyre sites4, 5, 6 & 21) with thdocationsdetermined through the CSIRO monitgy
program.Monitoring of the culturally significant Climbing Man site and of the adjacent split
rock was also assessed.

Replicate rock washing experiments weareade at eachsite. Normallyduplicate data sets
agreeto within a 5% range of soluble catioasd anions

The surface pH and chloridand the redox voltages were measureat all sitesand the
Pourbaix plots(voltage vs. pMH confirmed the decay mechanismsare dominated by
manganese solution chemistand, in some cases, by iron solution equilibria.

In contrast to 2020, half the fourteen rock washing data returned measurable concentrations
of iron in solution Sites6, 7 & 22continued to bebelow the iron detection limit.

The colour difference betweerthe engravings and the host rodorrelated well withthe
minimum pHrecorded in 202.

Sites 57, 23 and the Climbing Man split rog&ve no detectabl®oron, indicating no loss of
chlorite. The mean concentration of boran the wash solutions was.9 +0.1 x 10’ M and
was independent of the mean surface acidity. Tago of chloride to boron indicatedhost
of the boron comes from sea salts

The absence of major cyclonic rainfall events saw an accumulation of chloride salts on many
of the exposed roclsurfaces with surface spot readings up to several hundred ppm. The
solution washing data shows much lower concentrations at 2.1 + 1.1 ppm at 11 of the
duplicate eight sitesSites 6, 21 and 23 had a mean chloride level of 44 £1Q ppm

Themeannitrate corcentration in wash solutions 2021 washigher at 0.31 + 0.27 ppm than
the 2021 value 00.17 = 0.10 ppmThe 2021 nitrate waapproximately half the value @.7
0.6during 20172019

There is a strong correlation betwedoth the mean and theminimum pH and the surface
nitrate concentrations found on the rocks.

The mean sulphate concentration for moderate to low chloride ion activity was 0.9 0.6 ppm
Threehigh sulphate siteg6, 21& 23) showedcorrespondingly high chloride activjtgll of
which iscontrolled by deposition of sea salts.

Most sites show uniformhorizontal pH profilesacross the rock surface#\cidity generally
increaseglown the rock surface response to higher lels ofmoisture and micronutrients.

Data from thenew ASD spectrophotometer readingse accessible through the CSIRO team
at Kensington. Thmineralogy of the surfaces is comparable to the earlier studies.

Data from theKonica Minoltachromameterhas beenindependently audited and reviewed
by Australian Microfading Services.



Background

To comply with the regulations concerning retention of its operating licence, EPBC 2008/4546, Yara
Pilbara Nitrates engage@GB Solutionto develop appropriate methodolags to conduct colour
monitoring measurements on the six sites surrounding the ammonia and ammonium nitrate plants
in the Burrup. The lead consultant (Warren Fish) conducted meetings with the management team
from Yara to develop thémetable and to engagevith key community members of the Murujuga
Aboriginal Corporation for permission to come to countmSeptember2021 to repeat the colour
measurements done in previous years by the CSIRO tAamining refamiliarizationsession was
undertaken by MacLabwith Dr lan Lau, of CSIRO Kensington, to ensure thatpbetral and colour
measurementswould be compliant and woulgrovide relevant data for the assessment of the
condition of the rock engravingblacLeod retired from the Western Australian Museum in 2016 and

is now the Principal of Heritage Conservation Solutamd haspublished peereviewed papers on

the conservabn of Aboriginal rock art and has 0S| NEQ SELISNASYy OS Ay YI (¢
(Appendix I).

During the first phase (2063004) of research into the condition of the rock surfaces in the Burrup,
aSOSNI f SYaNl SR NRO]l & A yexdmk&l reqaadim Bar\acidity2(asLJ2 dzy R
measured with a surface pH electrode), wassduble minerals on the rock surfaces and the
microbiological activity. Samples of the rock surface were swabbed with sterile culture material and

placed into prepared phiald he biological material was stored at zero degrees before being taken to
laboratories in Perth (Department of Agriculture) for characterisation. Other reference
measurements were conducted on Gidley and Dolphin Islands in the Dampier Archipelagogo act a
reference points away from industrial activities associated with the Woodside gas plant and iron ore
shipping out of Dampier ports.

Analysis of the solution chemistcpllected between 2003 and 20@fovided strong indications af
possiblelink betweenthe amount of nitrate on the rocks and the level of microbiological activity.
Theacidic metabolites from the organismappeared to becontributing to the overall acidification of

the rock surfaces and mobilisation of key minerals containing both ironmn@anthanese, as well as
copper and nickelTo assess any potential impacts that emissions from the Pilbara Nitrates plant
might have solution sampling on the rock surfaces on the six CSIRO approved sites within the 2 km
radius of the Pilbara Nitrates plantere conducted The rock irrigation data was done in conjunction
with surface measurements of the pldhloride ion activityand the redox potential of the rock
surfaces at the samiecations The wash solutions were analysed for sulphate, sulphitegte, and

nitrite ions,ammonia and ammonium iores well as foa wide range of metal cation$¥he electrical
conductivity of the wash solutions was also measured as a guide to the overall nature of the soluble
minerals and salts that were mobilised durifg tfive minutes of sample collection.

Field work was conducted on the six monitoring stations around the Yara pl&#ptember2021

and at the additional site 4which is close to the service road near the Woodside old flare tower
This report includesommentary orthe interpretation of the colour measurements from the Konica
Minolta ChromameterThe Yarasiteswere part of the CSIRO colour and mineralogy monitoring of
the Burrup that has been undergoing continuous evaluation for the pastehrs. In ddition to
conducting the required ASD spectrophotometer readings, used to determine the mineralogy of the
rock surfaces and that of the associated engravings, and the chromameter measurements, a series
of pH chlorideand redox potentiafeadings were taén directly on the rockthemselves or at sites
adjacent to the CSIRO monitoring poinlts.the light of operational complexities in 2020 with the
original machine, the new ASD spectrophotometer and driving laptop were taken in 2021 and
worked seamlesslyData fromthe flat surface pHchloride electrodesand redox potentials was
combined with analyses fromtistilled water irrigaion ofthe rocks These analyses included maktal

ions and chloride, nitrate, nitrite, oxalate, and sulphatrions The refrigrated samples were
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stored off site until they were transported by air to the Bentley based laboratories of the
ChemcCentre for independent NATA accredited chemical analyses.

476000 477000 478000 479000

CsSG

SOLUTIONS

Colour and
Spectral Mineralogy
gMeasurement Sites
E

7722000

7721000

7720000

7719000

7718000

Datum: GDAG4
Projection: MGA Zone 50

7717000

Date 171072019
Status: Draft

Figure 1

Shost Size: A3

Internal Reference: Spectral Sites
Orawn by: asM
Requestedby:  WF

/A
\GRIFFIN

N SPATIAL & MAPPING.

476000 477000 478000 479000

Figure2: View of themainYara monitoring points in the Burrppninsular



This report examines in detail the solution chemistry and provides a synthesis on the historical data
relating to two sets of solution and surface pH measurements conducte@-1Y ¥ears before the

present work was conducted. Théarareferened sites of interest included granophyre at the
Burrup Road (5), the Water Tanks (6) and Yara West (21) sites, while gabbro rocks were found on
sites at Deep Gorge (7), Yara North East (22) and Yara East (23). All these sites lie within a 2 km
radius of the present operational sites of the ammonia plant and the Technical Ammonium Nitrate
(TAN) siteThe additional site that was chemically assessed was number 4, adjacent to the Woodside
plant about two hundred metres from the flare tow¢see Figure 2)Apatt from the CSIRO colour

coded and recorded sites, the split rock adjacent to the Climbing Man in the eponymously named
gully, at the head of which site 4 is located, was also recorded for comparative purposes.

Measurement of pH and chlori@etivity and rdoxpotentials

The pH and chloride ion measurements taken on rocks adjacent to the CSIRO reference engraved
sitesin cases where concern was held regarding potential impact of thecpldride, and redox
measurements. Other than for sites 6, 7 all measwrata were done directly on the CSIRO rocks.
The pH data was recorded using a flat surface pH electrode which had been calibrated each morning
using standard pH buffers at pH 4 and pH 7 before the field measurements commenced. The pH
meter was temperature @ampensated using a thermocouple connected to ffleS AquaH meter
(pH/ORPIC)and the glass electrode was a VWR model no W7567287. Readings of the surface pH
were standardised by recording the values after an elapsed interval of one minute. If the suafsce
more responsive and the pH reading stabilised in 40 seconds, then that value was recorded and
keeping the probe in position did not alter the steady value that had been noted. Owing to the
porous nature of the rock substrate prolonged equilibratiomeés can result in pH values that are

not reflective of the local microenvironment. A small amount of water is needed to keep the bulb
wet and the solution in contact with the internal reference electrode. The electrical circuit of the pH
electrode is compted through connecting the internal Ag/AgCI reference electrode through two
fine wicks which are situated at 18t each other on either side of the glass membrane and held in
place by the soft plastic ring fitting inside the-afn external diameter saliepoxy body.

The chloride ion activity was measured using a TPSWBnpHmMV-°C meter coupled with m

Orion Thermo1609186881 chloride ion specific electrode. The rocks were wetted with two drops
(0.08 ml) of a @5 molar sodium nitrate solution to nvide an electrolyte to stabilise the liquid
junction between the sensing head and the rock surface. Stable readings of the chloride activity
were obtained within a minute. The electrode was calibrated daily with a 1,000 and -pph@0
chloride reference @ution before any field measurements were made.

The redox potential or voltage was recorded with a high impedance digital voltmeter, Tes® 760
TRMS Multimeter on the auto ranging DC voltage setting. A sponge rubber pad had a cross cut in the
surface tlmough which the 2 mm od platinum electrode protruded and a $iR§lejunction AgCl
reference electrode, filled with a gel based 3 M KCI solution to connect the internal salt bridge, was
placedalongside the platinum electrode. The reference electr¢dBSL808246960)was calibrated

at +0.210 mV vs. the standard hydrogen electrode using a saturated quinhydrone solution in a pH
4.0 buffer solution. The reference electrode voltage was regularly checked and remained stable for
the duration of the measuremergeason.

Analysis of sea borne salts on the rocks

The amounts of surface chloride detected on the rock surfaces provide direct evidence of the impact
of the marine environment and indicate that salt weathering of rocks, with extensive dehydration
and rehydration cycleplaysa significant role in the lot&nvironment. The wash solutions from the
rock surfaces showed up a range of ions commonly associated with sea water, narmédy Ma”,

C&*, Cland SG. Analysis of the way in which the concentrations varied across the Burrup was
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consistent with kown weather patterns of prevailing winds and proximity to the s@aother
noticeable factor is the location of the reference washing rocks in terms of being in eshéidw

of larger rocks, which protect the surfaces from significant salt deposit@hen the wash
concentrations of sulphate are plotted as a function of the chloride, most of the data follow a linear
relation that reflects the common ratios of the anions that are found in seawater. Data from the
most recent irrigationexperiments obtained in September2021 is shown in Table 1When
significantdifferences from the normal ratios found in seawater ageorded forrock surfaces in the
Burrup these can be explained in terms of specifiteraction of electrolytes with the surface
minerals found on the rocksExamples of this type of interaction are when higher ratio§fo} are

due to specific interaction of sulphate ions with calcareous microfossils, leading to loss of sulphate
through the formation of gypsum, CaSZH.0.

The microenvionment of the rocks was assessed through a combination of surface chloride (Orion
Thermo combination Cl electrode) and surface pH (WVR flat electrode) measurements on the rock
surfaces. The first round of measurements was made using a 0.05 MsNaN@on in distilled

water electrolyte was used for chloride measurements and the pH was recorded after equilibration
with two to three drops (0.04€.06 ml) of distilled water on the rock surface. T®leemistry Centre

of WA determined thesoluble nitrate, nitrite sulphate, chloride, oxalate concentrations on the rock
surfaces by ion chromatography frothe distilled water washingsvhich covered 200 cnt area.

Metal ions in the wash solutions were determined by inductively coupled plasmass
spectrometric (ICBMS) methods. This study is based on an initial survey in June 2003 (winter) of
relocated engraved rocks which was then extended in August 2003 (spring) to include several sites
located at a distance from known emission sources was concluded in Februar{sR@ter) with
repeated measurements on the Burrup.

Table 1: Ratio of salts in sea water and in the rock washings around the Yara plant

Rock Cl/Na" | CHSQ?Z | Cl/Ca* | C&/K* | C&'Ba® | Mg?/Ca | Na/K*
Sea 1.8 7.1 47 1 8,000 3.1 27
water
Site 4 a | Granophyre| 1.1 2.5 4.7 2.3 184 0.14 10
Site4 b 3.5 9.3 9.3 0.8 375 Mg?*BDL| 2
Site 5 a | Granophyre| 1.7 4.6 115 1 191 0.5 6.8
Site 5b 1 1.9 1.2 3.3 765 Mg* BDL| 3.8
Site 6 a | Granophyre| 25.8 24 123 0.7 400 0.5 3.2
Site6 b 2.3 2.3 8.3 3 300 0.33 11
Site 7a | Gabbro 14 2.7 4.5 0.9 500 0.33 2.9
Site 7b 1.8 2.3 4.7 1 333 Mg?*BDL| 2.7
Site 21 a| Granophyre| 1.3 3.4 5.4 2.5 345 0.2 10.8
Site 21 b 3.5 3.4 15 3.7 250 0.5 15.2
Site 22 a| Gabbro 0.6 6.5 4.3 0.2 231 0.67 1.4
Site 22 b 0.8 3.3 2.6 1 312 0.2 3.2
Site 23 a| Gabbro 0.8 2.6 3.3 1.3 333 Mg* BDL| 5.3
Site 23 b 22.2 3.3 64 2 444 0.25 5.8
CMs a | Granophyre| 6.2 4.2 6.6 2.8 518 0.14 3
CMsb 0.7 2.7 2 0.8 364 Mg BDL| 2.4

*CMs relates to the large split recapproximately 3 metres to the left of the main Climbing Man
panel.BDL: below detection limit of 0.1 ppm.
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Data obtained for the2017-2021 measurements for cations measurements were made on 200 ml
samples and anions 200 ml sample bottles collected oven @rea of approximately 500 érilrhe

main difference in the data collection method was that for the second time,adjacent rocksvere
washed with ultrapure waterto test the reproducibility of the measurement¥heresults of the
general test of electcal conductivity of the wash solutions, gave agreement within the range of +
5% of the values, which is remarkably close agreement (Appendix Ill). Where the deviations on
specific anions and cations were noted, the differences were understood in terntiseolocal
microenvironment of the rock e.g., if it was more exposed or sheltered than the other one tested.
Studies by the CSIRO mineralogy team have shown that one of the common weathering minerals
from both the gabbro and the granophyre rocks is kaa@inabSOs(OH) and many other clajike
minerals The only sites with measurable aluminium ions in the washing solutions were at the
granophyre sites 4 and at the Climbing Man split rock and at site 5.

Ratios of chloride to sodium
Very high §/ng ratios of 24.0 +2.6, compared with the expected sea salt value of 1.8 were reported
on one of the rocks at site 6 and at site 23. In both cases the high chloride to sodium ratios are
associated with a mean chloride level of 50+ 1 ppm in the washdgssie 23 the high chloride
NI GA2 GSad axdsS ¢l a yodp YSGNBa FdzZNIKSNI 6Sad  dzLd
OY RA&GEY(d T NI&area 6fthdneasiRe® $urfatd: chlabide activity @SIRO rock 23
was very high, with a maximuof 161 ppm on the bottom row and at the mbint. The least salty
part of site 23 gave a chloride readinga® ppm on the second row of measurements towards the
more sheltered lefthand sidelnspection of the rock at a raking angle showed up sparkid¢slite
(NaCl crystals) on the surfag®.comparable situationccurred at site 6, the water tanks, where the
reference rocks were within 40 cm of each other but the site with the high chloride activity (rock 6a)
was associated with a natural depression the rock. A similar surface topography describes
reference rock 23b and so there appears to be specific adsorption phenomena associated with these
weathered rocks, in which sodium cations are absorbed through a®jxohange procesd-uture
monitoring mesurements will avoid rocks with this topography, to get a more representative
surface that better reflects the nature of the engraved surfaces, rather than consideration of the
ease of collecting the washing samples. Fourtethrer samplesvhich had gen# sloping and easy
drainage surface topographiethe mean{/n4 ratiowas 2.9 + 2.4or the balance of the washed
rocks

500 T

450 + -o-rowl —A—row2 —X—row3
400 +
350 +
300 T+

250 +
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200 +

150 +

100 +

50 +
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distance from left side of rock, cm

Figure 3: Chloride distribution plot along thaxis of site 6, moving from left to right
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Site 6 showed an extreme example awthe wind shadow areas of the monitoring rock surfaces
can reflect the impact of wintborne sea salt deposition. In moving from the left side of the rock
towards the sheltered end, the chloride ion concentration increased, as seen schematically in Figure
3 and in the image of the rock itself in Figure 4. The shadow of the higher rocks to thhamght

side of the measurement sites creates a microenvironment where accumulation of salts occurs
because of the combination of being in a wind and sunshine ahddom the prevailing westerly
direction up the gully, from whence the wirmbrne sea salts come to land on the site and increase
the surface alkalinity.

Figured: Site 6 surface Ceadings (ppm) and effect of the green wind shadow

Ratios of chloride to sulphate

The normal analytical ratio of chloride ions to sulphate in 36 ppt sea water is 7.1 (Talvid t)is

NFGA2 6Fa | LIINRFOKSR G aA0SAmS N 1daladHETYy I yRLIARA
which is exposed to ocean breezes and for these the mean fitie}{was 6.8 + 2.4 halite crystals

could be seen sparkling in the sun on all the above sfesall the other rocks thé{so} ratio was

3.0 £ 0.6 whikb indicates that there is more than twice as much sulphate present as would be
expected for the oxyanion coming from maritime salt spi@iye 4 is close to the flare tower of the

NW Shelf gas plant, site 5 is close to the Pluto flare tower, site 6h ilee of the hills behind the

old Woodside gas plant and site 7 is exposed to emissions from the Woodside plant. In,general

there appears to be elevated sulphate on the rocks in many of the monitoring sites.

The mean concentration of sulphate in the Wasolutions covered sites 4, 5, 6 b, 7, 21a, 22, 23a and
at the Climbing Man site and was 0.87 £ 0.59 ppm, which is an indication that for these rocks there
was not much sulphate present. However, for sites 6a, 21b and 23b the mean sulphate
concentration vas 15.0 = 5.5 ppm which is significantly higher than those found on the other
sampling sitesThere has been little focus in the past decade on the potential impact of sulphates on
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the acidification of the Burrup rock art sites, as the main interrogati@as lbeen on the
concentration of soluble nitrates, whichre a primary determinant in the overall biologically
controlled deterioration of rock surfaced.o assess any potential impact of the sulphate on the
acidification of the sites, a plot of the minimupH on the monitoring sites was made against the
measured sulphate in the wash solutions. Just as the mechanisms of adsorptiop afidN®Qonto

the moistened rock surfaces are yet to be unequivocally established, the presence of a direct
relationship béween the concentration of sulphate in the wash solutions with the underlying acidity
can be regarded as a dacto correlation.
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Figure 5Plot ofminimum pH with sulphate concentratiom the rocks

The data can be conveniently split into the pH foghhichloride ion activities and those for low
saltiness of the washed rocks. The regression line for the high salt background materials gave
Equation 1, viz.,

PH min 02= 6.38-0.088 [SGF] ...cvvevreeireeiiieieeciie e @
For this regression analysis tf& was 0.97 and the intercept value was 6.38 = 0.24 pH, which is

GeLAOIE 2F GKS FE1FtAYS yIEiGdNB 2F NROl &dNFI O84

of significant chloride concentratigit takes 11.4 + 0.5 ppm of sulphate lboing about apH change
of one or a terAold increase in acidityThe pHmin Sensitivity or slop was-0.088 + 0.015 pH/ppm
SQZ. For the lower chloride rocks the pH intercept at zero sulphate was 5.18 + 0.05 and the
regression equation no 2 had &&of 0.94,

pH min 01 = 5.18-0.46 [SQ2] .................................................... (2)
The minimum pH at zero sulphate is typical of the natural range of pH of the Burrup rocks in the
absence of specific microbial activity. The reasdty the second equation has just over five times
the sensitivity to sulphate is simply due to the much loweffer capacity of the salt solutions to
acidic metabolites when bacteria are utilising sulphate as an energy source. The five other sites that
show no clear relationship of pH with sulphate ion concentration in the rdh8.2 ppm had a
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mean pHmin 0f 5.68 + 0.08 and for these sites there appears to be no specific response by the
microflora to the presence of sulphate ions.

Ratio of chloride to calcium

For all but two of the 16 rock washing samples the mé&&s}{ratio was 5.9 + 3.8 which is very rhuc
lower than the ratio found in seaater, which is47 times, owing to the lower solubility of calcium in
sea water due to the balance between the pH adphate causing commeion effects which
enhance precipitation of calcium carbonates in the marinei@mment. The[®/c4 ratio was 123 for
NREO] célé YR cn T2NJ NPO|l Hoé£0¢ YR GKS&AS Gg2 :
concentrations of 4ppm and 51 ppm respectivelyA more detailed analysis of th§g/c3 ratios
shows that theyare quite different for gabbro with a mean value of 3.9 + 0.9 while the valud &f {
for the granophyre rock sites was 7.1 + 4.4, which is consistent twéhmuch higher calcium
content of the gabbro rock crust, 1&:9.9% Ca@wering the §/c4 ratio from 7.1 to 3.9. It is noted
that the granophyre crughas1.4+0.8 % CaQRamanaidou and Fonteneau, 2017)

Ratio of calcium to potassium

In normal sea water the ratio of{y} is 1:1and this was observed for all three gabbro sites (7, 22 &

23) where tle mean value off/«} was 1.1 + 0.6, with the high calcium oxide concentration in the

gabbro rocks providing a form of buffering for the balance between potassium and calcium, which

will be key elements for maintaining the health of the microflora livanghe rock surfaceg:-or the

five granophyre sites thé’{,} ratio was 1.2 + 1.1 butforsge | = poX co6 FyR GKS [ f ]
rock the mean value was 2.9 + Qfér these sites a possible reason behind the elevated® {

value is the low potassin levels found on these reference washing rocks, as the values are close to

the limit of detection. Thus, there is no hidden or sinister reason why half of the granophyre rocks

had apparently elevated of{} ratios.

Ratio of calcium to barium

The low solubility of barium in seawater is due toeir NGt | G A PSS | 6dzy R yOS& Ay
underlying the oceansAll the washings from the Burrup rock art sites showetkd significantly
depressed ratios, compared with the sea water value of 8,0@pection of the concentrations of
calcium show normal values and so the twefdld drop in the ratio is a strong indicator of
mobilisation of barium minerals from the rock surface are the reason for the chaffge mean
gabbro ratio for §¥s4 was 359 97 while the granophyre rocks showed a higher standard deviation
of the mean value of 369 + 17Phelower background concentration of calcium in granophyre rocks
means that there will be more random variations in their distribution across the weatherek
surfacesPlots of p[B&] against the mean surface pH showed no systematic trend, which indicates
that the surface mineralogy of barium does not contain significant concentrations of barium oxide.
In a similar vein, plots of p[€hagainst the meapH of the eight sites studied showed no response
of solubility with the range of mean pH values observed on the sifé® mean barium
concentration in the wash solutions was 1.7x8® which, when combined with the mean sulphate
concentration of 7.3 x@°M, gave a mean ionic product of 1.2 x*%Which is below the solubility
product of 1.1 x 18°, which is why the data for sites 4, 6, 21 and Climbing Man (all granophyre sites)
showed a steady decrease in the concentration of free barium with intrgasulphate
concentration in the wash solution.

Ratio of magnesium to calcium

¢KS YIFEAYdzY YI3ySaadzy Ay (KS ¢l aK &az2fdzirAzya ¢l a
is associated with the high chloride salt levels and so can beaeg@rst a rdéction on the higher

sea salt surface concentration. With the meafd/ {3 ratio for the gabbro rocks was 0.36 + 0.21

being statistically identical with the granophyre ratio of 0.34 + 0.17 this ratio is not able to
discriminate between the surface chenrigiof the gabbro and granophyre rocks. The mean value of
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the {93 ratio for all the Burrup rocks of 0.35 + 0.17 is nine times less than the ratio found in
seawater and this is just a reflection of the average calcium content of the host gabbro and
grangphyre rocks.

Ratio of sodium to potassium

The mean ratio ofV¥} for the 16 washing samples was 5.6 + 4.1 or roughlyfiftieof the ratios
found in normal seawater. This is consistent with the weathered crusts on the rock containing
minerals with a lgh potassium content, rather than being due to a decreased sodium corifbet.
ratios showed some differentiation with rock type but the differences in the mean values of the
gabbro rock atN¥«} of 3.5 + 1.7 and those of the granophyre cohort at 6.8.& were not
statistically significant as the scatter of the data for the latter rock type was larger than the
difference between the two mean values.

Environmental monitoring by Yara at weather stations

In conjunction with its normal environmental proag@s Yara has threenvironmental monitoring
stations at Burrup Road (site 5), the Water Tanks (site 6) and at Deep Gorge (site 7) for which data
on the nature of the electrolytes and the pH of rainfall is recor¢ieidure6). The water is analysed

for nitrite, nitrate, chloride and sulphate, among other species and traditional variable such as
hardnesswhich acts as an indicator of contributions from sea salts.

Site 6: Water Tanks

Site 5: Burrup Road

Westem 5

oundary®
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Site 7: Deep Gorge A Air Monitoring

Stations
A
YARA N

Figure6: Location of the environmental monitoring stations around Yara plants

Key observations from théve sets of records fothe water tanks (site 6) and Deep Gorge (site 7)
but no rainfall was recorded at site 5 for the whole periofdthe monitoring locations between
January andune2021 ¢ there is no data available for theegod of June to September 2021 as there
has been no rainfall events during that tingte 5 seems to be regularly in a rain shadow area.

Rainwater at the Water Tanks, site 6

For the water tanks site, which was noted for the very high salt depositicasanethe wind shadow
created by adjacent rocks, the pH of the rain water was linearly dependent on the sodium
concentration, as shown in Equation 3.
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site 6: N H rain = 629+ 019 [Na'] ppm (3)
The intercept value is within the range of normal.G&urated water at a value of 6.29+ 0.10 and
the slope of equation 3 i.e., the pH dependence on the sodium ion concentration).d@st 0.08
which is steeper than in 2020. There were only three points on the regressiorRlife8B8) so not
too much carbe read into the specific slope and intercept values.

There was a simple relationship between the pH of the rainfall and the amount of nitrate in the rain,
as shown in equation 4. The slope or pH dependence on the nitrate concentration was 1.98 + 0.45
pH/ppm [NQ] and not unexpectedly, the intercept pH was 0.5 greater than for the sodium
dependence value of pH.

site 6:NOBH 1in = 678 -1.98[NO5T ppm vvveveerrveereeireeirieireeireesreeeanead @
The regression equation hath Rvalue of 0.9 and the associated errors with the intercept are +
0.10 and the slope is 9©.45 which representerrors of 1.4% and?22.8% respectively.The air
monitoring station data showed that there was a 1:1 equivalence of theiN@e air which was
converted into N®@ soluble nitrate in solution.

The environmental monitoring also reports the total nitrogen content, as determined by the Kjeldahl
method (TK) which includes all forms of nitrogen (organic and inorganic) and for the Water Tanks
site the regression analys{equation 5)had anR of 0.88 and the intercept was 6.76 + 0.11, which is
the same as for plots of pH with just nitrate, as shown by equation 4.

site BN_TH)H 1ain = 6.76 -1.36 [N total K] ppm «eeveereeereereesreeireareeireereesreennn 5)
Using data on the organic and inorganic nitrogen eaotg of the rain showed less of a pH
dependence than with the nitrate alone as the slope was86 + 0.36 which is not statistically
significant, owing to the relative scatter of data.

Although there was no reported S@vels the sulphate concentratiomwas plotted against the pH of
the rain waterand the three data points showed a linear decrease in pH with increasing sulphate ion
concentration, as shown in Equatid) for which theR was 0.96, with errors of + 0.12 in the
intercept and = 0.43 in thebe of equatiors,

Site 6: SOHH rain = 7.00-2.25 [SQ?] ppm c-veeveeerveeireeireeiieeireeireeseeennend 6)
The slopes of equations 4 ar@lwere experimentally the saméut in the absence of data on
gaseous sulphur oxides it is not possible to draw any more conclusions. However, there are
indications that the presence of sulphates does contribute to the acidity of the rainfall.

Rainwater at Deep Gorge, site 7
The 2021 data came from the relocatadonitoring station at Deep Gorgevhich is now on the
other side of the ridge an®f 2 a SNJ G 2 | T8 prold@Eeaycniparisod @ e saltiness of the
rainfall at site 6 with site 7, the pH of the rain was plotted against the sodium ion concentration, to
provide the regression equiatn no7, for which theR was 0.96.

Site 7N H rain = 6.68 + 0.19 [NBppm «vveevveeveeirieiieeireeireeeieeevee e (7N
The same slope of 0.19 + 0.03 pH/ppm*®Meas found as at site 6, but the intercept was more
alkaline at a pH value of 6.68 + 0.08, compared with 6.29 for sita@morealkaline intercept value
of the pH is due to the higher bicarbonate concentration in the rain water at site 7 (5.3 ppm) HCO
compared with site 6 (3.5 ppm HED

There was a linear relationship between the pH of the rainfall and the amount of nitréte irain,
as shown in equatio8, which had ar® value of 0.91, which indicates a good fit. The slope or pH
dependence on the nitrate concentration was 32 0.51 pH/ppm [Ng) and the intercept pH was
6.67 £ 0.11 greater than for the sodium dependence value of pH.

Ste:NOPH rain = 6.67C 3.29 [NQ] ppm ceveververrerreereereerieriereesieeenens (8

16



The intercept pH (the rainfall pH at zero nitrate concentration) was the same as found for the Water
Tanks site 6 locatiorthe mean concentration of sulphate in the rain water at Deep Gorge was 0.50
ppm which is higher than at site 6, whereetmean value was 0.27 ppm. The higher concentration of
sulphate at site 7 is consistent with the apparent greater sensitivity of the rain water pH to the
nitrate concentration i.e., the slope™ /s 6} ratio was 1.7 and the sulphate concentrationioat

were 1.8, which indicates a strong connection between the two anions and the observed pH
sensitivity. Tie air monitoring station data showettie samel:1 equivalence of the NGn the air
which was converted into NGsoluble nitrate in solutiomn siie 7 as initially observed at site 6.

The environmental monitoring also reports the total nitrogen content, as determined by the Kjeldahl
method (TK), which includes all forms of nitrogen (organic and inorganic) and for the Deep Gorge
site the regressionralysis had af® of 0.99 and the intercept was 6.42 + 0.03, which is the same as
for plots of pH with just nitrate, as shown by equation 4.

Site 7 N_THH 1ain = 6.42-2.02 [Niotal K] ppm «eeeveeereeeveerreeireeaiueenreeseeannns 9
Using data on the organic and inorganic nitrogemntents of the rain showed less of a pH
dependence than with the nitrate alone as the slope wa€92 + 011 and the two slopes are
statistically significantly different. For both site 6 and site 7 the dependence of pH on the total
nitrogen is approximaty 60% of the straight inorganic nitrate concentrations.

Although the direct influence of sulphate ions on the rainwater pH cannot be readily separated as to
what is a sea salt contribution and what may have been derived from adsorption processes
converthg SQinto SQ? ions

site 7: SO H 140 = 6.50-0.76[SQ7] ppm «eeveerveereerreeveireeireireesieeeeineas (10
The closeness of the fit of pH with the sulphate concentration was not as good as at site 6, Rfith an
value of 0.89 and so the slope had an error of + 0.19 or 25% which igstficaintly different to the
slope of the pH with sulphate found on site 6. The intercept value for equatiomas 6.50+ 0.12
which is more acidic than the 7.00 value for site 6 and this is consistent withOditaving a higher
mean sulphate concentrati.

Production management and site integrity improvements have had their impact on the amount of
ammonia being found in the rainwater at the air monitoring sites. The only recorded NH
concentration was 0.1 ppm in week 9 at the Water Tanks site and @37Ni at Deep Gorge. The
differences between the two sitemay bedue to the direction of the prevailing wind. It was noted
that in 2018 only site ¥hay have been affected by an accidental loss of ammonia or other industrial
emissions in the airshed

The background NQCemissions are around 15 mgfnirom the plant while the package boiler
contributes between 17®0 mg/n¥. Site 6is 1.1 km from the rain plants while sites 5 and 7 are
equidistant at 1.4 km. The Bureau of Meteorology records for Karffaththe 12months preceding

the site measurements at total of 381.8 mm of rain fell and there were rainfall events in the period
covered by the environment reports from Yara where the mean precipitation was 33.7 + 21.6 mm.
These periods of rainfall were p®d up on the monitoring stations, which also had seven rain
events in the seven monitoring months. There is a lelgdnce of very polarised rainfall in the region
(MacLeod and Fish, 2021).

Records from the plant operains indicate that thereare shot-term elevated NO, emissions
associated with thestart-up of the TAN plantvhich areregulatedunder the sites operating licence

This data is valuable in that it shows the direct interaction of anthropogenically sourced gases with
exposed surfaces, such as rocks and monitorilagioss. Future monitoring workmay involve
sampling of rocks and soils adjacent to the Yara monitoring stations to develop a conversion
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parameter that will enable emissions (mgfrinto solution concentrations of mg/litre so that acid
loads, in terms of milliequivalents, can be calibratedbas the monitoring stations.
120 T

100 +

80 T

60 +

Rainfall, mm

a0 +

20 T

Oct-20 Nov-20 Dec-20 Jan-21 Feb-21 Mar-21 Apr-21 May-21 Jun-21 Jul-21 Aug-21 Sep-21
Month & year

Figure7: Distribution ofainfall at Karratha airport for one year prior to Sept 21

Electrolytes and conductivity of wash solutions
Support for the aerosols from the ocean being deposited on the Burrup rodisitag the primary
sources of naturally alkaline materials comes from examination of the electrical conductivity of the
filtered wash solutions. The data collected in 2q&ovidescompelling evidencesupporting this
view, since there are sixteen sets of aserements across the eight sites shown in Figur@ Since
chloride is the dominant anion in seawater, it is appropriate to plot the electrical conductivity
against the chloride concentration and only two of the sixteen sites deviated from a linear
relationship, shown in Equation 10, and shown in Fi@ure

Electrical Conductivity = 0.46 + 0.457 [Cl].....ccooiiiiiiiiiineennnnnd (1)
The one point, at 32 ppm chlorideshicht A S&4 0SSt 2¢ (KS 3ISYySNIf NBINBaa
which lies on top of a small hill just to the wedtthe Yara plant. This location also has high calcium
and magnesium and sulphate ion, due to the sea salt spray and microfossils in the rock. This leads to
lower conductivity due to iomairing effects in the weak electrolyte system. TRe for the
relationship between conductivity and chlorinity is very high at 0.996 and this gives a slope error of +
0.006 or 1.4%. However, the error in the intercept is 23% at + 0.3fnetre which is associated
with the variations in the wash solutions ofher anions and cations that are not solely due to the
presence, or absence, of sea water evaporites.
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Figure8: Plot of September2021 electrical conductivity versus chloride in washed
rocks

Interpretation of solution chemistry and cation mobilisati
Because the concentrations of cations in the wash solutions are low, it is more convenient to use a
logarithmic value, expressed as pM, in the same format as pH represents the hydrogen ion activity.
Higher pM values mean less metal ion activity sinceigpbtiual to the log of the inverse of the metal
ion concentration.e., -log[M™]. When mineralisation (rock corrosion) products from the weathering
of the rock crusts are dissolveke processnvolves neutralisation of either oxides or hydroxides of
metal ions. When metal hydroxides are mobilized by acid dissolution the generic dissolution reaction
can be written in the form show in Equatidg,

MOH)+NHT >MA" + NHO......cooiiiiiiieeee e 12)
In equationl12 the nvalue is the oxidation state of the metal, typically 2 and 3 for iron and mixtures
of 2, 3, 4 etc. for manganese. The concentration of the metal ions is derived from the general
equilibrium constant for the dissolution of a metal hydroxide into the congrarelements. Thus
Ksp = [OH" x [M™], is mathematically the same if we rewrite the expression using the reciprocal
values i.e.

YKsp = L1TOHITE X /IMMY o (13)
Since the logarithm of4} is pX, then equatiof3 can be expressed by the formula
PKep =N PIOH] + PIMIH. e eeeeiiiiiiiee ettt (14)

The formula, p[OH] = pk ¢ pH, can be substituted into equatiod4 then rearranged to give
equation nol5, remembering that the seibnisation constant of water, pkhas a value of 14.

pM hydroxides= pr‘f‘ n(pH-14) .......................................................... (15)
Thus, for plots of the pM values for metal ions the intercept at zero pH is equal 4o-1gk). For
metal oxides of the general formula,®, dissolving to give metal ions and wat#dre concentration
of the metal is given by Equatid®,

PMoxides= X {PKeph + 200X} PH v (a6)



When the pM values are plotted as a function of pH it is theoretically possible to determine if the
dissolution process involves a hydroxide, which has a slopdoofthe pM vs. pH plot. If the product
dissolving is a mixed valey oxide, the slope of the pM vs. pH ploR¥sy, if the soluble ion is an un
complexed free metal ion.

Mobilisation ofcalciumandbarium

Calcium solubility from 2062021

The most significant difference in the behavioolbserved at the beginning of the monitoring
programis that for the February 2004 data theveasa change of mechanism of solubilisation of
calcium as the slope of the p [Ca] vs pH plots changed fron{Egqation 17) to two in 2004 (see
Table 2)To bring about a change in dissolution mechanism implies that the surface chemistry of the
rocks has undergone reotable changeThe most likely mechanism is that for a 1:1 reaction it is the
dissolution of calciuncarbonate to form a soluble bicarbonate complex,
CaCe+ HTh [ | @)ty 17)

This is the reaction that dominates the solution processes for the 2003 ancesiodts from 2017

2020 Owing to the changed microenvironmental conditioti,e mechanism changetb a 1:2
reaction for February 2004 in which the calcium carbonate would have dissolved fully as the

disassociated bicarbonate, as shown in Equati®n

concentration was pH indepeedt and constant apM of 4.77 + 0.21 or 1.69 + 0.07 x*¥@olar.

CaC@+2HTIM A EHCQ...ceeeeece e, (18)

The most likely reason for the change in mechanism is due to the increasing acidity of the local
environment, as the mean pH changed-8/7 or an increase in acidity by a factor of five, as seen in
Table 2 below. Focalcium minerals, the slope in 2012018 2019 and again in 2023 for
dissolution as the bicarbonat@he dramatic difference for the 2021 season of measurements is that
the plots of gCqd vs. the mean surface pH values had a zmder slope i.e., the calcium

The mean pH values recorded for all the sites in 2021 was 5.96 + 0.29 which is significantly more
alkaline than in previous years. The change in mean surface pH is consistent with timellatioun

of sea salts on the rock surfaces and this acts as a natural buffer to acidity arising from metabolites
from the microflora.So, apart from an excursion during the acidic period in February 2004, the
original slope or pH dependence of calcium bdity as observed in August 20081e slope has
remainedasa 1:1 for the impact of pH on the mobilisation of calcium on the rock surfades

mean slope moved upwards to 1.5 (a mixture of reactions involving equatitasd 18 on a 1:1
basis)in August 2019vhen the acidity moved back towards the February 2004 values. With the
impact of cyclone Damien in February 2020, the meaingkeasedoy 0.6i.e.,the acidity decreased

by a factor of five times and the stoichiometry o&tmobilisation of calcium minerals moved back to
equation I7 or loss via formation of the soluble calcium bicarbonate.

Table 2: Solution properties of calcium and barium washings on the Burrup rocks

Date mean pH mean p[Ca] | mean p[Ba]| slope slope
p[Ca]/pH p[Ba]/pH
l dz3dza i |5.0%05 3.6 0.4 6.6+02 [1.0£0.1 0.4+0.2
CS o NHzl N{4.3+05 41+0.6 72+04 [20%0.2 2
b2@SYo6S|57+05 2.0+0.6 52+03 [13+0.3 0.5+0.1
{ SLWid W 55+08 3.3+0.2 79+32 [13%05 0.2+0.1
l dz3dza i |4.6+0.3 4.4+0.6 75+63 [15+0.2 24+0.7
hOG20SN{52+05 45+4.1 77+47 [12+0.2 1.1+0.2
{ SLIWiSYo6[6.0+£0.3 48+0.2 78+03 |-03%0.2 0.1+0.3
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The data presented in Tabkis shown graphically in FiguBwhere there is a clear correlation
between the increasing acidity of the sites and the number of protons involved in the mobilisation of
calcium ionsThe trend in decreasing slope with increasing pH ceased for the yehrs 2018 and

2020 and stayed constant at a 1:1 slope, consistent with mobilisation involving uptake of a single
proton.
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Figure9: Plot of the seasonal variation in slope of p[IGs. pH 2002021

The impact of the release of ammonia, which acta a$l buffer on the rocksind of cyclonic rainfall
is shown by thehree points fromAugust 2003, February 2004 and August 2019 fibrerregression
line shown in Figur® and equation 9,
Slope P [Ca]/pléeasona': 7.68-1.33 pH ......................................... (19)
The measurements from 2017, 2018 and 2020 lie as the orange circles off the regression line as
these reflect the impact of cyclonic rainfall resetting the acidity clock on the ritclssnowreadily
apparent that the solubility of calcium on the rock faaes is directly affected by the mean acidity of
the environment.

¢tKS OKSYAOIt lyltegaira R2yS o0& /{Lwh 2y G4KS YAyS|
show up any significant amounts of barium, so it is considered likely that the presenegyofg
amounts of this heavy alkaline earth metal came from the sea. The chemistry of the barium minerals
was considered a likely candidate to see if there was any systematic change in the rock chemistry
from the time of the original measurements made2@03 and the present round of data collected in
2020. Plots of the p[B#] versus pHlid not follow any monotonic trend but for the more acidic years
in 2004 and 2019the slopes had a 2:1 stoichiometry which is consistent with acid dissolution of
bariumoxide, Equatior20, viz.,

BaO + 2 HDBE + HoO...ocvvvevieieiecie et (20)
A similar stoichiometry would be obtained for the acid dissolution of barium carbonate. With the
more alkaline mean pH values observed in November 2017 (5.7 +0.5) and ten months later in
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September 208 (6.5 + 0.8 the slope is 1.5, which means that there is a mixture of barium dissolving
as abicarbonateand a free barium ionThe mean ionic product of barium and sulphate for the 202
wash solutions was 2.x 102 and baite or BaS®has a pKof 9.6, which gives an ionic product of
1.1 x 10 which is more tharl10times higher thanthe mean ionic productor the wash solutions
measured in 2021.

3.0 ¢

N
N
25 S ~ % 2003, 2004 & 2018 A 17,19,20& 21
S+ Ny
~A
S
N
N
~
1 N
2.0 X —
N N
~
\\\ N &
~
:5_ 15 4 \\\\ 5 R
S \‘\\ N slope log Ba vs pHo; = 9.74-1.62 pH
= e A Py R?=0.98
2 104 S N
k) N ~
N S
“g’. slope log Ba vs pH o, = 8.52-1.55 pH ~~_ ~
= R?=0.90 e g
05 4 S A
X ..
~
\‘\ )K h N
‘\\ \A
00 -
\\
\\
\\\\
-05 + SN
Ru
\\.
-1.0 +
4 4.5 5 5.5 6 6.5

mean surface pH

Figurel0: Plot of the seasonal variation in slope of p[Bas. pH 2002021

Inspection of the graph in Figur#0 shows two parallel lines, which indicates that the chemistry of
the solubilisation of barium from the rock surfaces reflected the same mechanism. The slopes of the
first regression line wa<.6 + 0.2 which was experimeniathe same as the second regression line,
which had the slope of 1.6 + 0.5 The only difference between the two sets of data shown in Table

2 were the intercepts at zero slope i.e., where the solubility of the barium salts was independent of
pH, and ths means that there were no oxides or hydroxides of barium involved in the solubility
parameters.The intercept values for the regression equations shown in FibQiveere 9.7 + 0.9 and

8.5 = 2.6 which shows that they are not significantly different to esibler i.e., the difference in the
intercept values is not different when the errors in the regression lines are considered.

This means that despite a mean sulphate concentration of 7 + 5 ppm there is still insufficient
sulphate to cause any problems withecipitation of barium as barite on the rock surfacEer the
higher sulphate concentrations, the solubility of barium was given by equation 21,

[Bahpm= 0.0033; 0.0001 [SGF Jppm--eeeeveeerveerreesemrieeerieesreeseeannes (21
There is nothing special about the chemistry of this equatiortesit just relates to the way in which
increased sulphate will decrease mobilisation on barium on the rock surfaces. There was a cluster of
data points at the low sulphate region where there was no trend and for this zone the mean barium
concentration wag1.9 +1.9 )x 1& ppm and the mean sulphate wdg.1 + 2.2) x 1®ppm. The zero
slope for the p[Ba] vs. pH plots in 2021 simply indicates that the varying solubility of barium in the
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wash solutions was not due to water reacting with any oxide or hydroxide species in the rock
minerals. This also indicates that the presemf barium is tied up with complex surface mineralogy.

Mobilisation of metal cations from the rock surfaces

Boron

The sixteen rock washings provided an opportunity to see how mobile various transitiortdockp
metals respondedo the post cyclonic ria and the average drgnvironmens. The most solubl@-
blockmetal was boron, with a mean pM @&.23 + 0.09. This equates to a molar concentration of 5.9

x 10’M , is below the 1 x 1M concentration considered to be indicative ofrrosion The data

from 2021 showed that the concentration of boron wald independent. Since the mean pH of all

the rock sites from direct surface measurements W&k + 0.3 it could be said that the cut off point

for mobilisation of boron is close to the natural pH of weattteBurrup rock surfacesince the

main boron containing mineral in the Burrup rocks is chlorite, which is a complex sheet silicate
mineral (Mg,Al,Fe,Li,Mn,N§Si,Al,B,FePDio(OH.Oy, the data on boron solubility has provided a-de
facto measure of the ay in which chlorite responds to the solution pH. The lackajor rainfall
events in the preceding 12 months has resulted in the accumulation of measurable amounts of sea
salts, which has led to the increased alkalinisation of the rock surfaces andssdinfiaished
dissolution of chlorite and other mineral species.

In the 2020 season it was found from the p{ B} vs. pH plots that the mobilisation mechanism
involved reaction given by equation no 22 and the corresponding connection shown in equation 23
viz,

4 HBQITHOHBO + H+ 5 HO...oviiiiiiiieeee e (22)
For this equilibrium, the relationship between boron solubility and pH is
P[B] =-2.28 €D Ll (23)

These two equations illustrate some of the complex solution chemistry associated with this metal,
which has aemarkable ability to form mukvalent oxyanionsPlots of the pM vs. pH data from
October 2020 had a slope of+which simply reflectshe equilibrium betweerH:BG and HBO;
whichis governed by equation 22

In determining the origin of the boronnothe rocks it is instructive to look at the ratio of chloride to
boron in the wash solutions, since the borate buffer system is the second most important to the
carbonate system, which controls the pH of normal seawater. Chloride ions are dominant anion a
18,980 ppm in normal sea watandthe boron level is only 4.6 ppm, giving a ratio{df} of 4,126

and for the2021 Burrup rocks the mean ratiof {¢/g} was227 + 40, which is likely due tmcreased

boron activities on the rock surface than in seaem There was no statistically valid difference
between the ratios observed on the granophyre compared with the gabbro rocks. The cause of the
reduction in the{®/g} ratio indicates that both the gabbro and the granophyre rocks are providing
additional sources of boron through their own mineralodye response of boron solubility to pH
showed a slight increase in solubility with increasing acigiich indicates a pesible amphoteric
response or very complex mineralogy that is to be determifidee detailed examination by CSIRO

of the parent and weathered rock surfaces of the gabbro and granophyre rocks in the Burrup has
provided an exhaustive list of the minerals tlaae present in the mineral crusts on the gabbro and
granophyre rocks (Ramanaidou et.al. 201Hor more details regarding the complex solution
chemistry of boron, the reader should peruse the Pourbaix ARasirbaix 158.67).

Mobilisation of metal catios

Iron
Analysiof the wash solutionsollected inSeptember2021 showed thatseven of the 1@&ssessment
rocks3+ @S a2t dzofS ANRBY Ay (GKS gFrakKAy3 gl G§SNWP ¢ KSNJI

23



iron being released and it was at the level of 6 pphbich is only just above the limit of detection at

5 ppb. By way of contrast the mean iron concentration on granophyre rock testing locations was 8.8
+ 5.2 ppb or 1.6 x 1M, which is below the normal 1 concentration considered to represent
corrosionof a metal or mineral specie$he mean phtof all the sites in 2021 was 6.0 + 0.3 and so
very low mobility of irorwas not unexpected.

Zinc

The concentration of zinc increased from a pM of 7.15 in 2019 to 6.84 in OctoberB@2) mean
value of 7.13 + A3 for September 2021, which is the same as in 2019. Thera wnesponse to pH

of the zinc concentration, with thelope in the pM {Zn} vs. pH plbeing 0.75, which is consistent
with mobilisation of the mineral Z(0OH)CL. This stoichiometry is consint with the increased
chloride ion concentration on the rock surfaces which had developed to a higher level due to the
lack of significant rain events.

Manganese
Although the data is limited, sites 7, 22 and the Climbing Man reference rocks gave adehtio
with a p{"/,} slope of 1.5 + 0.1 which is consistent with mobilisatiothefbrown, blackmineral
Mn,0;, Vviz.,

PIMN] = 0.13 +1.BH oo (24)
This ratio is consistent with the following reaction scheme which results in solubtéhyuroxy
species, as shown in equatioB,2

Mn:O:+3HTMH ay GIMA(OHY ..o (25)
The formation of the dihydroxy and the monohydroxy complexes have their analogues with iron
when there is acidic dissolution of X&&.

Copper
The mean solubility of copper the 2021 season was 3.0 x8®l or a {p Cu} value of 7.51 +0.22 and
as such it canndbe a major contributor to the loss of surface entrained minerals in the granophyre
and gabbro rocks. The mean slope of the {p Cu} vs. pH1Was 04 which is consistanwith
previous experience in the more acidic monitoring season at various Burrup sites in 2003 and 2004,
and the relevant dissolution reaction is given by equation 27 viz.,

CUOF2HTH A AZHO..ccoi e (26)
The presence of tenorite (CuO) as part of the rmaiace has beenalermined by the CSIRO applied
mineralogy studies.

Arsenic, cadmium, chromium, cobalt, leaitkel,and vanadium

For the secondtime since monitoring began for Yara in 2017 there wasargenic, cadmium
chromium, or nickeldetected in the 16 wash solutions. Additionally, only siée[4@roducedany
vanadiumand it was at 0.1 part per billion (ppb) and just above the limit of cixd@. This same rock

also recorded 0.1 ppb cobalt somore detailed examination in future monitoriqrogramswill be

done to ascertain if there are any specific micromorphological features that can explain the presence
of ultra-trace amounts of vanadiuand cobalt.

In terms of metal dissolution reactions, it is common to interpret an equilibrium metal ion
concentration of 16 M or pM™ of 6.0 as beingsa y 2 O 2 NNE alitige yhétal long Bhowin 2n
Table 3 fall into this category i.e., the rocke giving off very little soluble material (Pourbaix 1974)
While there is discernible mobilisation of the metal ions, given the high sensitivity of the analytical
methods used at the Chemistry Centre of WA, it cannot be said that there is active mineral
dissolution at the sites that were examined.
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Table 3: Summary of solubility dependence of metataedmonitoring points

Element Mean pM Standard deviation| pM vs. pH slope
Boron 6.23 0.09 7.85- 0.27 pH
Copper 7.51 0.40 3.29+1.87pH
Lead 9.32 0.01 9.32+ 0.00pH
Zinc 7.17 0.17 2.49+ 0.76 pH

For coppeythe mean pMCuof 75 + 04 comes with a 2 pM to pH slope, which is consistent with
the dissolution of tenorite (CuO) from the mineral surfadéss noted that the mean solubility of
zinc isslightly higher than for copperLead is clearly the least soluble mineral, whicim ine with
the nomal trends for metal ions in the natural environment.

Interpretation of the pH effects on iron and manganese mobilisatitre rockpatina
Previously published work by MacLeod (2005) and MacLeod et. al.,(201§ has shown that at

the pH values recaled in 2003 and 2004 (Appendix 1V) there was measurable mobilisation of iron
and manganese containing minerals. Analysis of the wash solutions from the early data sets has
shown up significant concentrations of aluminium, iron, manganese, nickel, copdesamne zinc

and lead from the parent rock crusts. Because the mineralogy of the highly weathered gabbro and
granophyre is characterized by a series of mixed amorphous inmnganese oxides, in the form of
desertor rockvarnish, iron(lll) oxpydroxides ad weathered minerals such as smectite, kaolinite,
illite and mica (Clark 2004) it is not unexpected to find mobilization of metallic cations under the
acidic conditions. It is helpful when undertaking a review of metal ion solubility to understand that
the dissolution of the key elements in the rock patina is controlled by the pH or the acidity of the
microenvironment.

The more acidic surfaces in the 2003 spring and the February 2004 summer measurements were
amenable to this form of analysis and plots fmn showed that for both seasons the p[Fe] vs. pH
plots have an average slope of +1.98 £+ 0.06 pH which confirms the following mechanism:

FeOOH + 2ZHHFe(OH) + HO ....vvviiieececciieeee e 27
The Pourbaix diagram for iron in the range of pH observed on the rock surfaces #hat the
Fe(OHy ion is the dominant form of soluble iron(lll) under oxidizing conditions (Pourbaix 1974).
The historic pH datafor 20032004 is shown in Appendix 1V. Similar plots indicate that copper is
mobilized by dissolution reactions involvingayrotons per metal ion as is the case for nickel.

Using washing solution data for the mobilisation of aluminium allows similar plots for the solubility
of aluminium with surface pH to be determined. For the Burrup rocks the aluminium mobilisation
graphshad an average slope of #@.2 pH, which is consistent with the dissolution of kaolinite
(ALSEOs(OH)) to give the Al(OH)ion and AlSDs* as shown in Equatio28,

ALSEOs(OH)+ 3HThH ! f BHhAISEDs + 3 HO ..o (28)
Kaolinite has beeidentified as one of the aluminium containing minerals on the Burrup rocks along
with feldspar, chlorite, mica, smectite and some gibbsite (Clark 2004) and it was a major mineral
identified in the CSIRO Accelerated Weathering experiments (CSIRO 2&16dt lumexpected for
aluminium ions to have been mobilized under the very mild sample collection regime that was
used. In September2021 aluminium ions were found in the washings from sites 4, 5 and the
Climbing Man, with a mean concentration of 0.012 @08. ppm or 4.5 x T0M, which istwice the
detection limit 0of1.9x10’ M. It is likely that the higher amount of chloride ions on the rock surfaces
may have assisted in the mobilisation of aluminium through the formation of hydroxy chloride
complexes, wlih are commonly used in deodorants. The impact of increased mobilisation of
aluminium chloride complexes on the viability of the normal rock microflora is not yet established.
| 26 SOSNE GKS LINBaSyOS 27F | f dzYAy A dzYasd tfie bifiera Q @ NJ
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capacity of the salts on the rocks in the absence of major cyclonic rainfall events, which leads to
higher pH values across those sitgdader the alkaline conditions found in 2021, the plots of p{Al}
vs. pH do not provide any clear indicatifor dissolution from an individual mineral species but it is
consistent with aluminium being solubilised from other mineral species including clays and other

minerals associated with weathered metamorphosed volcanic rocks.

Table4: Mean pH andolubility of iron and manganese minerals from

rock irrigation

Time Mean pH Mean p Fe mean p Mn Slope p Fe/pH | slope p Mn/pH
AugO03 4.97 +0.48 6.0 £ 2.0 7.2+0.5 2.0+0.1 09+04
Feb04 4,78 +0.27 6.3+0.4 7.31+0.35 2.0+0.1 21+0.1
b2@SYo S 5.69+0.51 6.8+0.2 5.03+0.35 0.3 1.1+0.1
{ SLJi SY 06| 5.52+0.84 Nil soluble 6.79+0.35 Not applicable | 1.2 £ 0.9
l dz3dza i |4.62+0.26 6.2+0.4 6.91 + 0.48 0.4 23+0.4
hOG20SN521+051 6.8+ 3.2 7.02+4.2 Not applicable | 1.1 + 0.1
{ SLIi SYo|6.02+0.30 6.9+0.2 7.45+0.22 Not applicable | 0.7 + 0.1

The lower standard deviation of the Feb 2004 and the Nov 2017 data on iron solubility provides
evidence that the solubility of the iron minerals decreases \itlieasing pH, despite the apparent
change of mechanisnPlots of the mean p[Fe] versus annual mean pH over the whole period of
measurements from 2003 to 2@2shows that apart from the initial data in August 2008)e
regression analysis (shown in equatti29) has alopeof 0.5 p{Fe} vs. pH.

P{FE} = 3.960:50 PH ..oviiiieiiiiiiiiiee e (29)
The R value was 0.84, with an associated error in the intercept of + 0.67 and an error of + 0.13 in
the slope. The less than unity value for the slope of the p{Fe} vs. pH plot reflects the mobilisation of
iron coming not from discrete minerals associated withnirich ore bodies, but most likely from
amorphous iron degradation product§he take away feature of equation 29 is that the solubility of
iron falls with increasing mean pH (Table 4).

As has been previously notemhanganese compounds are more solubteneutral pH than their iron
analogues are reflected in the 20 data from the Burrup rock art washingshen the mean
solubility had increased to 9.3 x4, and the corresponding level of iron was 1.6 x"\0 or sixty
times less.The reasons for this lie in thenderlying chemistry associated with the position of
manganese and iron in the Periodic Tablkis observation is supported by data from Krauskopf
(1957) who found that Fe compounds are less soluble than corresponding iMpocmds under
naturally occurring EjpH conditions.The mean p Mn values show an average of 50 times lower
solubility in 2018 than in 2017, pMn 6.8 for 2018 compared with 5.0 in November 2017, as seen in
Table4. The mean solubility of manganese has comid to decreasdetween 2019 and in 202
because othe mean pH increasingVNith the decreasing manganese solubility, the iron levels are
more dramatically affected by the changing.pH

The concentration of manganese in the rock irrigation measurementg @oSeptember2021 had
amaximumofi ®n np T LILIY orla pMnDA6E8 Sr 1103 ¥ 16 M. When all the manganese
data was plotted as a function of surface phkhe regression analysis confirms that the likely
dissolution reaction is shown in equati@® for sites7, 22 and Climbing Maras the p{Mn} vs pH
plot had aw slopeviz.,

MnO;+3H Th a y &R MNGOHF ..o (30)
There wasa high degree of fit of the pM and pH dataith an R of 0.99, and so the pM vs. pH slope
was0.68+ 005. For this equation30) the intercept pH wag0.09 +0.32which simply attests to the
relative insolubility of MnOs speciesas itwould need al M acid solutiorto get a | M solution of
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manganeséons in solutio. The sites thabhad this or a closely related slope included 6, 7, 22, 23
and the Climbing Man reference rocks.

Electrochemical characterisation of dissolution mechanism

Although insitu measurement of pH and chloride ion activity has been part of the monitoring
program since first measurements were done in June 2003, it was only after field experience on
early bronze age sites in central Anatolia (Turkey) that the santbadelogy was applied to the

rock surfaces as part of the Yara monitoring program in 2018 (MacLeod 2018). The measurement of
the redox feduction oxidation) potential ismanagedby placing a platinum wire electrode through a
moistened sponge rubber toontact the rock surface and the reference electrodes Ag/AgCl 1 M

KCI reference) which is laid close to the point where the platinum electrode is planddthis
completes the electrical circuit
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Figurell: Pourbaix diagram for sifd, Sept.2021 showng two manganese reactions

The redox data is collated and then the combination of the redox potential (corrected to the normal
hydrogen electrode via the calibration of the silver chloride reference voltelgieh was + 0.210
volts vs. NHEand surface pht used to plot Pourbaix diagrams for each of the rock art monitoring
sites. Inspection of the slopes in the Pourbaix diagram in Fidureshows that there are two
mechanisms controlling thelissolution of soluble manganese species site 21, the large #t
sloping rock on top of the hill located immediately to the west of the main Yara.plaet are two
reaction schemgshown in equatior81 and 32.

MN(OH)+ Hoh  Th a YOrHI+Re .o, (31

Mn*2+2Hh Th a YOHRIHB 2€ oo (32
Forequation 31 the slopewas 34+ 3 mV/pH is consistent with thexidation of the hydroxy Mn(ll)
via oxidative hydrolysiso produce the dihydroxy Mn(lIV) complex iofihe standard redox voltage,
obtained by the regression analysis, at zero pH is the intéreafue in the equation shown in
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Figurell is 0.720 = 0.0200lts is consistent with the mechanism given in EquaBibriThe reaction
scheme shown in equation 32oduces one proton per electron and so the oxidized product is still
the same Mn(OHJ* as h equation 31, but the starting material is the free manganous ion?*Mn
itself, rather than the partially hydrolysed species shown in the same equation as the starting form
of soluble manganesdetails of the regression analyses for this and all the otherl 202s are
given in Appendi¥ and are summarised below in Taldle

Table 5: Redox equations deduced from3aept.2021 Pourbaix diagrams

MnZ+2Hh TIb a4+ 2e, slope 120 mV/pH
Location Pourbaix slope Intercept R

Site 5 -0.120 £ 0.008 1.142 £ 0.104 0.96
Mn*2+2Hh T a y?6+H2IH% 2 e slope 60 mV/pH
Site 4 -0.060 + 0.002 0.774 £ 0.020 0.98

Site 21 -0.056 + 0.003 0.719 £0.021 0.98

Site 22 -0.055 +£0.006 0.706 +£0.035 0.96

Site 23 -0.058 £ 0.005 0.708 + 0.029 0.99

Climbing Man -0.057 £ 0.004 0.753 £ 0.047 0.94

MNn(OHY + Bh  NMp(OHY? '+ H + 2 e slope 30 mV/pH
Site 6 -0.026 + 0.002 0.545 + 0.012 0.96

Site 7 -0.035 £+ 0.003 0.608 + 0.009 0.98

Site 21 -0.034 £ 0.004 0.564 + 0.023 0.98

Although the slope of the Pourbaix plotshislpful in determining the ratio of protons to electrons,
there are alternative relationships that both give the same sldpm example, the same 30 mV/pH
slope is found for any redox couple that has a ratio of two electrons per praenshown in
equation33and31 viz.,

2Fe(OH)+Hh Th CBOFR(OK)+ H+2€ ..o, (33)
Inspection of the range of extrapolated voltages at zero(pblumn 3 in Table 5) in combination
with data collected from the rock washings, give the most likely candidates for the redox responses
to pH. In other words, for sites where there was the same 30 mV/pH slope it can be readily
discerned from the metal o solubilities in the washing solutions which transition metal is the
dominant one in determining the equilibridhe washing solution data also provides the pjMs.
pH plots which can also signify the dominant equilibria controlling mineral mobilisatie power
of having the redox and pH measurements done on the rocks demonstrates that there are
competing equilibria across the rock surface, whialm vary from2.4 m? for site 4, t00.17 nt for
site five.

The environment in 2021 was very different tthat in 2020 when most of the rocks had a
reasonable drenching, at least on some of the surfa®s site 4 in 2020 the Pourbaix diagram
included formation of Mg0s (see equation 34)

SMP"+4Hh Ths@uyY8H+2€. i, (39
but in 2021 the maximum Pourbaix slope &i21was120 mV/pH associated with the formation of
black manganese diox@dTable 5)The Pourbaix data has provided unequivocal information about
the competing reactions that are taking place on the sursafehe rocls.

Increased surface chloride ions has resulted in increased mobilisation of aluminium into the
washing solutiongn 2021 and a similar impact was noted on iron solubility. In 2020 there was only
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one site with a measurable amount of iron in thastk solutions but in 2021 there were sites 4, 5

21, 23 and the Climbing Man split rock site. The mean concentration of iron had a p{Fe} of 6.89
+0.20 or approximately 1.3 x ¥Gnolar. It is well established that iron(lll) forms strong complexes
with chloride ions and so the increased salinity appears to have been more than sufficient to
overcome the elevated mean pH values and result in the increased reporting of iron into the wash
solutions.

The only stable ionic species in the pH range of5450is theMn?* ion. Redox processes that are
commonly facilitated by fungieadily reduce Mn(IV) species to Mnions (Gadd 2004). There is a
direct increase in the manganese ions in the wash solution with increasing acidity of the rock
surfaces. The solution chestiy of manganese is extraordinarily complex, with solid phases 6f Mn
being MnO and Mn(Ok)for Mr* there is MnQs and for the mixed valence of M@s, which is a
mixture, like its iron analogue magnetite, of one frand two Mr#* ions. In addition, there are
equilibria involving the precipitation ahanganese dioxide.

Part of the reason why there is a mixture of electrochemical reactions on the individual rocks can be
gleaned from inspection of the pH data in the Appendixes or by looking at the annotated in Figure
12. In 2021 field assistant Erin Fish noted the values that were orally transmitted and so a complete
record ofthe pH, chlorideand voltage data on all the séwas preparedStatistical analysis of the

pH data gives a mean value 6f18 + 029 with a maximum of &0 and a minimum 0f5.58
indicating very low bacterial activity since the minimum pH is associated with just the natural
hydrolysis constants foran and manganese ions on Burrup rodkspection of the data in Tabk

for 2021 shows that rather than several sites showing dual behaviour of competing ionic and redox
equilibria, like that shown on site 5, the heavier salt concentration at site 7rimiéat 34 ppm) has
made for a more uniform microenvironment, as the salt levels the year before after the inundation
from cyclone Damien was 4.8 + 2.4 ppm.

As has been previously reported in reviews developed for Yara, the mean pH values at the top of the
rock aremore alkaline than at the bottom row at the foot of the rock. Thassite 7the mean pH of
the first six points in row 1 was 6.24 + 0.39, while row 2 was the same but with less scatter at 6.25 *
0.22 while the bottom row was 6.06 + 0.24, whishlL.5 times more acidic than the top row. This is
due to the angle of the rock which promotes gradual movement of water and micronutrients from
the top to the bottom of the rockPlots of the Pourbaix data for site 7 is 2021 shows only one
oxidative procss viz.,

Mn(OHY + Bh  h a Wo+HH+R e
This reaction (equation 21) describes the redox behaviour on this site, withalue of 0.98 with
a 7,4} slope of37 £ 2 mV and an intercept value of 0.614 + 0.013 volts vs. the normal hydrogen
electrode.

An additional complication to the electrochemistry of site 7 at times of higher chloride
concentration is that there is a distinct correlation between increased chloride ion and increased
acidity i.e., there appear to be chloride obligate batevhich become more biologically active in
an increased salty microenvironment. The regression analysis for this data g&efah98 for six
data spots andhe regression analysis was given by equation 35,

pH Cl dependent bacteria 6.62( 0.019 [Q| ........................................... (35)
The slope or pH dependence on chloride concentration 0319 + 0.001P{/ ¢ ppry and the pH
intercept at zero chloride concentration was 6.62 + 0.05. Five of the eighteen pH measurements
showed no response to changes in the chloride ion actiaiiyoss the rock surface. This is an
excellent example of how the rock microenvironment will dictate the localised responses to
environmental stimuli.

When the redox potential was plotted as a function of chloride ion activity there was a strong
correlation across the scattered data, with & of 0.83 and a relationship given by equation 36 viz.,
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OB, = 0.358 + 0.0007 [GHneeevvoverererreeeeeeeerereeseeseeereeeeseseeeeenenns (36)
The intercept value fol, was 0.358 + 0.005 volts and the slope wasbT n 5 n®mMo >=x LIS
chloride.

Figurel2: Deep Gorge site 7 with pH data recorded onto the im8gpt.2021

Examination of the chloride distribution data across rock 7 showdtdgh degree of correlation,
with an R of 0.94for the top row of measurements, that showed a linear increase in ctiori
activity of 075 ppm/cmin moving from left to the windward direction (rigiiand side) which is the
position closest to the source of chlorides blowing across the flat land near thd NE 2y Q& [ 2 O
Road with clear ocean views beyond the hills to theseaf the NW Shelf gas plarfthe maximum
was 130 ppm, compared with onlyl ppmin 202Q This relationship is given by equatidn
2021 Cl]firstrow = 76+ 0750 wvviieieeiiece et 37
Forthe regression equation n86, the value ofl is the distance in cm from the left side of the rock.
The second and third row of chloride measurements showed no systematic trends with distance
across the rock.

It is instructive to review the full range of pH data on this site, which dates téirdtaneasurements

in August 2003 and this information is shown graphically in FigBird tyclonic rain event between
August 2003 and February 2004 saw the pH increase from 4.6 to 5.0, thus a reduction in acidity by
being washed with fresh watemlhe seies of cyclonic rain eventee Tableé, in between the years
leading to 2017 saw the pH increase to 5.6, which is the natural pH of iron and manganese minerals
hydrolysing in distilled water to produce a mildly acidic microenvironm8atubilisation of M and

Fe compounds in rock varnish can lead to removal of important compounds required to bind clay
minerals to form the hard, outer layer of the varnish and to bind it to rock inner surfaces. A
predominant Mn compound in rock varnish is birnessite, whiabhexagonal structured sheets with
binding clay mineral§(Na.sCa 1Ko.1)(Mn**,Mn®*"),0,-1.5H0}. Lefkowitz et al. (2013) demonstrated

that birnessite sheets were disrupted when pH was < 7.0. Urldermildly acidic conditions
observed in the Burrupthe varnish would become thinner and softer with removal of these
manganese compound3he alkalineexcursion to a mean pH of 6.8&hich then fell to a mean pH

of 4.42 in 2019 is most likely due to a combination of l@sorption processes plus the reaction of
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bacterial nitrification converting the adsorbed ammonia into nitrate ions, hence the inalease
acidity. Alternatively, the changes with other industrial emissions in the airshed may have been the
underlying cause of the changes.
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Figure B: Mean pH at Deep Gorge between 2003 andl202

2 KSy GKS al ypoetidlpadgaciatedithitheccidental loss cimmoniain 2018and
the apparent activity of nitrifying bacteria are removed from consideration, it is apparent from the
regression line in Figure 13 that there is a systematic trend towards increasing alkalinisation of the
Yara monitoring rock art site no 7 at the rate of 0.000182 + 0.00003 pH/day or 0.067 pH per year, as
shown in equatior88 viz.,

meanpH site 7 = @O0182t -2.16 .....ccooviviiiiieee e (38)
In equation B the t interval is one day. Th&# was moderately high at 0.90 with aissociated error
in the slope of equation 37 being + 3.44.0° and the intercept value wa.16.The listing of major
NI AyFrft S@Syita 2y (GKS . dzNNHzLJZ |a NBLR2NISR a4
shown in Table 6. It is noted thathen there are major rainfall events directly impacting on the
engraved rock surfaces

The Yarammonia planthad an accidental loss of ammonisefore the 2018 pH measurements were
done and thismay have contributed toa pH alkaline spike when the mean wval at this site
increased to 6.9There was no significant alkaline response at any of the other nearby monitoring
locations.However,a local increase in nitrate concentration on the rock surface saw the pH fall to
4.4 in 201%nd it is likely that the loal increase in nitrate was due to bacterial activity oxidizing the
ammonia to nitrate When the mean pH is plotted against the mean nitrate concentration (Table 7)
from the periods 2002004 followed by the interregnum of data collection to the continuing
assessment from 2012021, it was possible to discern some systematic behaviour, which is found in
equation no 3viz.,
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meaNpH site 7 = 5.9 0.28 [NGQlppm «+eevervrerrereninninininiiiniiines (39)
For this relationship th& is 0.86 and the intercept error at a theoretical zero nitrate was + 0ri7
2.8% and the error in the slope 6ffyo3 was + 0.065, which amounts to 23%.

Table6: Major rainfall (mm) events in the Burrup 268&1

Date of rain event Rainfall mm
2-Mar-04 190.8
10-Jar06 212.4
25-Junl3 209.4
31-Decl3 112.8
6-May-14 107.4
9-Feb17 210.6
6-Junl8 62.4
8 & 9-Feb20 235.2
11-Dec20 63.8
5-May-21 62.8

Table 7: Mean nitrate and mean pHsite 7, 200& 2021

Date mean NG@ ppm | mean pH
28/08/2003 5.0 4.59
23/02/2004 3.0 4.98
8/11/2017 0.4 5.57
4/09/2018 0.8 6.88
19/08/2019 2.1 4.42
23/10/2020 0.3 5.75
8/09/2021 0.4 6.18

Inspection of the pH versus nitrate concentration shown in Figure 14 it is not surprising to
find some significant scatter around the low nitrate concentrations owing to the sensitivity
of the sites to small nitrateoncentration increases from a very ldsvel will provide the

microflora with stimulants for growthThere are two significant excursions from the regression
equation, which were parked for the analyses, but they possibly relate to an accidental loss of
ammonia in 2018 when the pH on rock 7 ledhean value of 6.88, the most alkaline of any of the
1,300 pH measurements done on the Burrup since 2D@8ing the interpretation of the reported
data on rock nitrate concentration found in 2019, thewas no apparent explanation for the

high concentrationlt has now become apparent that there is a strong likelihood that the
local microflora were able to convert the absorbed ammonia into absorbed nitrate ions
during the 11 months between the 2018 artet2019 measurementgélternatively,

increased levels of N@rom airshed emissions may have been a contributory source of the
changes, for athis time there were no major cyclonic rain events to wash the
micronutrients from the rock surfaces. When cyaddamien arrived in February 2020 and
dumped 235 mm of rain in the region within a-Bdur period, this would have drenched

the exposed rock at site 7 and so remoaty significant excess amounts of nitrate. This
was reflected in the fall of the nitrateoacentration from 2.1 to 0.3 ppm recorded in
October 2020. The weaker rainfall events in December 2020 of 64 mm and 63 mm in May of
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2021 appear to have haadinor impactby the time the measurements were done in
September 2021. At this point the site hadtegved a significant deposition of sea salt and
so the surfaces were provided with an increased alkaline buffer reserve, which assisted in
reducing the impact of microflora metabolites on the local rock surface pH values.
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Figure 14: Plot of mean pH aiesr versus mean nitrate concentration 262321

During the statistical analysis of the historic data on surface pH across the Burrup undertaken by Fox
(Fox 2020) it was noted that there seems to be a trend toward increasing acidity when moving down
the rock face and that the values tend to be isobaric moving lateraltg. 2021 measurements at

site 7 are illustrated in Figure 12 and show these common trdPlds$s of the acid profiles down the

rock faces across all the sites varied, without systematiferdiices between granophyre and
gabbro rocks, in terms of the intercept or pH values at the upper most parts of the rock surfaces.
This is only natural since the mean pH of each site is dependent on the amount of chloride and the
amount of both nitrate andto a lesser extent, the amount of sulphate, present in the local
environment. However, the graphs of the pH/cm slope as a function of the pH at the top of the rocks
all have the same slope-8#.5+ 0.5H/cm distance down from the top of the rock

Anionsin wash solutions

Oxalates:

Analyses from thdive field trips showed that only two reference rocks in the collection of the
Western Australian Museum had measurable amounts of oxalate ie@s2Qwhich were 1.8 mg/I

from Enderby Island (B7477) and Org/l from Happy Valley (B2494) in the Burrup. These rocks
were collected at a time before there was any industrial activity on the Burrup. The washing samples
analysed for oxalate were from June and August 2003, February, R@@émber 2017September

2018, August 20190ctober2020,and September 20210ther thanin 202Q there were no oxalates
found in the wash solutiong he only sitsto return oxalates in the wash solutioins 2020 weresite

23, which had a mean pH 4f6 + 0.4and this indicates that there were active microflora or lichens
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etc. that were biologically activ&.he other location was one of the rocks by the Climbing Man, but
which was located close to the gully flo@xalates are major biodeterioration of pigmenin the
Kimberley region where the monsoonal climate has characteristic wet and dry periods. By
comparisonthe arid climate of the Burrup is less amenable to a wide range of bacteria and plants
which produce oxalates as their metabolitdie mean levedf oxalateat the two locations in 2020
was0.13 + 0.03ppm which indicates thabxalatedoes not appear to have a significant present role

in biodeterioration of the rock art in theurrent Burrupmicroenvironment

Chlorides

The amounts of surface chide detected on the rock surfaces provide direct evidence of the impact

of the marine environment and indicates that salt weathering of rocks, with extensive dehydration
and rehydration cycles, play a significant role in the local environment. The wiasiose from the

rock surfaces showed up a range of ions commonly associated with sea water, narmédy Ma’”,

C&*, B&", B, S@* and Cl. Analysis of the way in which the concentrations varied across the
Burrup was possible as the February 2004adacluded several remote sites such as Gidley and
Dolphin Islands in the Dampier Archipelago (MacLeod 2005). The deposition of sea salt on the rock
surfaces means that the carbonate and bicarbonate ions will tend to act as buffers and minimize any
change in the surface acidity resulting from a combination of microbiological and chemical
reactions on the surfaces.

The initial monitoring conducted in 2003 and 2004 involved direct measurement of the surface pH
and the surface chloride ion concentrations.dddition, the washing of the rock surfaces in August
2003 and February 2004 provided data on the solution concentrations of chloride ions. All the data
was then assessed through linear regression analyses and the results are summarised i)y Table
which showed that the pH increased with increasing chloride ion activity. This buffering reaction is
demonstrated by the relation between the pH and chloride concentration on the rocks as shown in
Equationrd0,

PHmean =@+ D [CF] covviiiiiiie e (40
The 20022004 linear regression analyses showed that there was a common slope of the pH vs [CI]
plots but they had different intercepts, as shown in TabBleThe intercept values relate to their
primary geology of the underlying rocks and the impact ofdiecsuch as the amount of nitrate on
the rock surfaces, which is discussed in the following section of this report.

When themean surfacepH from 2021 is plotted against the mean surface chloride values it was
found that there appeared to be no differertehaviour or response based on the geological rock
type. for the granophyrerocks the post cyclone Damien response was given by Equdfipand in
Figure 4.

20210H mean=6.31- 0.003[Cllsurface «+reereerreeereeereesersrenereesiessieeans 41
Because of the scattered data at the lower lev&ishloride, where there was significant standard
deviation in the mean values, tHé was only 0.86 and equation 39 had an intercept error 6f@8
and a slope®{/c} error of + 0.0006 or 20% of the stated value. The pH decreases with increasing
chloride, as expected if the dominant microflora are chloride obligates. In 2020 when the mean salt
levels were significantly less, due to the washing impact of cyclone Dasaiies)the pH was more
sensitive by more than a sigld difference, and this is due to the higher buffer capacity of the saltier
surfaces to resist pH changes due to metabolic activities of the endemic rock microflora.

The two outlying points ifrigure 14 are the sites at 2Where there were some very salty areas
since the mean value was 179 92 ppm chloride, so the pH is being dominated by the sea salts on
the rock surface. For site 23 the lower pH is probably due to the relatively high costoemtof

nitrate ions, at 0.65 ppm, compared with 0.25 ppm at site Rllicidation of the acidification and
alkalinisation mechanism would be assistethdtagenomic analysis of the rock surfaces in the field
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conditions be conducted to establish the natuoé the distinct groupsof organisms that are
controlling the pH and to see if there are measurable biological differences in the colonisation of the
two rock types.
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Figure 15: Plot of mean surface pH vs. mean rock surface chloride (ppm) for 2021

Thedata in Table8 covers all the sets of measurements of rocks in the Burrup and iD#mepier,
Archipelagashows thatthe build-up ofsea saldeposits on the rocks does havengasurablémpact
on the way in which the rocks respond to changes in the chanmdavironment One way of
eliminating the impact of chlorinity on the pH of the rocks is to plot data from the individual rock
locations, where the pH dependence on the chloride concentration has been extrapolated to zero
ppm chloride i.e., to pHeo. Analysis ofthe data presented in Tabl8 shows thatthere is a
systematic decrease in the slopes of the pH vs. [CI] graphs between 2002 2hda20shown in
Figurel6 and equatiord2 viz.,

slope P c} = 0.02 G 0.012 PHuero weoveeeerereereeeeiieeeeeeeeeeee e eeeeeeree e (42)
Equation 2 had anR of 0.95 with an error of + 0.0052 in the intercept value and an error of +
0.0011 or 9% in the slop&his relationship confirms that all the pk, obtained from extrapolation
of the pH vs. ClI plots to theero-chloride concentration (intercpt pH value)and chloride data are
intimately linked. Inthe absence of other factors, the ability of the rocks to minimise the response to
the development of an acidic microenvironment is largely controlled by the amount of salt
deposition.

Inspectionof the data in Tabl@ shows that the solution washing concentration of chlorgimerally
reflects the surface data, except for situations like on site 6, 21 and 23 where local wind eddies tends
to focus chlorides on specific parts of the CSIRO monitaoogs. On some sites the washing
concentration was lower than the surface values, so it is these anomalous data sets that were
removed from the mean calculations of the pH{GheeSlopes and the mean pH.dhould be noted

that the solution washings were taken on rocks adjacent to the chloride and pH testing sites
Improvingthe methodologybeganin 2020by taking washings from two adjacent rocks, within 2
metres of the test rocks, an improvement in the degyaf confidence of the results was madidany

of the Yara /CSIRO referencecks have near vertical surfaces and this makes it impractical to
recover samples of enough volume to allow fediable chemical analysis of the surface wash
solutions.

Table8: Analysis of the relationship between chloride and mean pH
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Date mean Cl ppm |ntercept(a) lopdb) or{ “Mici}
June 2003 38 +40 3.4 0.030 0.98
August 203 34+31 3.4 0.033 0.98
February 2004 21+15 4.1 0.023 0.98
November 2017
Site 5:Burrup Road West 32128 5.0 0.008 0.95
Site 6: Water tanks 191+97 5.4 0.001 0.96
Site 7: Deep Gorge 22+12 5.0 0.026 0.77
Site 21 Yara west 125+ 44 5.8 0.006 0.64
Site 22: Yara north east 373124 5.3 0.0 0.70
Site 23: Yara east 13+17 5.5 0.021 0.77
September 2018
Site 4 Withnell Bay Road 22121 3.0¢ 2.7 0.93
Site 5: Burrup Road West 41+34 4.5 0.22 0.45
Site 6: Water tanks 2.3+3.2 6.1* 0.13 0.01
Site 7: Deep Gorge 19+8 6.0* 0.03 0.99
Site 21 Yara west 20+13 5.0 0.12 0.94
Site 22: Yara north east 10+11 55 0.03 0.34
Site 23: Yara east 30+ 17 3.9 0.02 0.96
August 2019
Site 4a Withnell Bay Road 49+20 4.75 0.092 0.96
Climbing Man sitesplit 14.4+0.2 4.27 0.020 0.93
Site 5: Burrup Road West 6.3+25 451 0.026 0.98
Site 6: Water tanks 9.7+£6.3 441 0.029 0.94
Site 7: Deep Gorge 8.6 +3.8 2.57 0.110 0.99
Site 21 Yara west 95+ 70 4.87 0.004 0.91
Site 22: Yara north east 305 4.18 0.015 0.98
Site 23: Yara east 30 +10 2.46 0.015 0.97
October 2020
Site 4a Withnell Bay Road 11.0+5.6 3.88 0.073 0.94
Climbing Man sitesplit 10.5+8.8 5.86 0.018 0.95
Site 5: Burrup Road West 55+4.2 3.76 0.065 0.99
Site 6: Water tanks 29 +17 4.39 0.015 0.9
Site 7: Deep Gorge 48+2.4 4.75 0.112 0.88
Site 21 Yara west 43 £ 31 4.67 0.013 0.98
Site 22: Yara north east 54 +73 4.60 0.010 0.93
Site 23: Yara east 65 + 20 3.44 0.018 0.94
September 2021
Site 4 Withnell Bay Road 38+12 6.83 -0.015 0.96
Climbing Man site, split 70+ 19 6.42 -0.007 0.91
Site 5: Burrup Road West 60 £ 16 6.92 -0.008 0.99
Site 6: Water tanks 242 + 84 7.87 -0.012 0.94
Site 7: Deep Gorge 46 + 24 6.62 -0.019 0.98
Site 21 Yara west 179 £ 92 6.98 -0.002 0.98
Site 22: Yara north east 146 = 26 7.36 -0.014 0.85
Site 23: Yara east 62 = 37 6.85 -0.029 0.99

9 Stared sitegxcluded owing to systematic errarsthe intercept values
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It is interesting that theslope of the graph has not been materially affected by cyclone Damien, for
the 2020 data points for the mean slope andphlplots lie in between the values observed in 2019
and 2018The lack of significant rainfall in the time preceding the measuremen2021 resulted in
moving the slope of’{/ci} from positive to negative valudmecause othe accumulated salts which
moved the intercept pH values to the most alkaline of those ever observed on the Burrup sites.

Nitrates:

Previous studies in 2003 and 2004 had focused on the acidity and the concentration of nitrate ions,
since there was strong data supporting the inference that nitrate ions were stimulating the overall
microbiological activity on the rocks. Since bacteriad &ungal metabolites are often acidic it was
decided to check to see if there was a correlation with the number of bacteria and the nitrate levels.
Data published in 2005 by MacLeod demonstrated that the logarithm of the number of bacteria was
causally reatedto the decreasing pH, thus the amount of nitrate ions, from both natural and human
sources, was likely to be a key determinant in the overall rates of weathering of the rock surfaces in
the Burrup. Owing to the contrasting nature of the engraved #&adkground areas there was
concern about the longerm impact of such accelerated ageing on the rock surfaces. Surface pH
values as low as 3.5 were recorded on raaksite 4, which was 250 metres closer to the road in the
same gully ashe Climbing Man anels When the initial surface pH readings were done on the
engraved goanna site 4, it was assumed that by baitjgcent to the Woodside operational flare
tower servicing trains -4, that it would be due to a high nitrate concentratiol\s part of the
February 2004 data collection, samples of rock pH, chloride and nitrate ions were collected on rock
engraving sites at Gidley and Dolphin Islands in the Dampier Archipelago, in the belief that these
remote sites would be low in nitrates, owing to their dista from apparent point sources on the
coastal lands associated with industrial developments.
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A summary of the relevant data is shown below in Té&hlevhich lists the mean nitrate for 2003,
2004, 2017 through to 202 as well as the range of the maximumtte minimum values that were
recordedin the analyses of the washing solutiofiie major cyclonic rainfall in February 2020, when
235 mm were recorded over twdays, appears to have had a major impact on washing the
accumulated nitrate ions from the rodurfaces. Inspection of the data in TaBlshows a foufold
reduction in the amount of nitrate, as measured on sites in a total of sixteen (16) rock locations at
the eight monitoring areasDuring the dry period of 2021 there were a couple of major fedi®

when 60 odd mm of rain fell on two occasions during the interval between assessment
measurements. It is likely that this moisture provided enough of a wetting of the rock surfaces to
assist in the adsorption of N@rom the atmosphere. It is noteddm Table 9 that site 7 at Deep
Gorge is very sensitive to absorption of emissions since it had the maximum values for three years in
a row.

Table9: Nitrate concentration ranges across Burrup

Date Maximum [NQ] ppm Minimum [NQ7] ppm Mean ppm
Aug03 | Withnell Bay,19 Burrup SW ¢2 1.5 6.3x5.1
Feb04 | Rock 938, 9.2 Deep Gorge 1.3 45+37
Now17 | Site21 1.8 Site5 0.10 0.6+0.7
Sepl8 | Site7 14 Site22 0.19 0.7+04
Augl9 | Site7 2.1 Climbing Man split  0.15 0.7+0.7
Oct20 | Site7b 0.46 Site22 b 0.06 0.17 +0.10
Sep2l1 | Site6a 1.1 Climbing Marb 0.08 0.31+0.27

Although themeannitrate concentration waghe same in August 2003 and February 2@Q@4thin
experimental rangeghe amountof [NQj] ppm, @s seen in Tab diminished by over 40%. Thidrs

line with the 30% reduction in the mean nitrate concentration between the two sets of
measurements. The dafa Tablel0 shows that common intercept pH values, at zero nitrate, at 5.69
for the 2003 and 2004 analyses. The common intercept value shows that the same chemical
mechanism is controlling the response of the rocks in those two seasons of measuremsimbstldt

be noted that with the Rvalue of 0.97 the 2003 intercept value of 5.33 value is within experimental
line fitting error the same as the 5.44 from rocks in the museum compound that was noted in
February 2004. Of concern were the lower igkkep: Values of 4.95 and 4.66 for sites that included
rocks in the museum compound as well as those at the Climbing Man, Deep Gorges and Withnell Bay
sites.

In the 18-years since the February 2003 data was collected, there wigid cyclonic rain events, as
listed in Tables, which deposited betwee$3-212 mm of rain in the region in 48-hour period.
These periods of inundation of the rock surfaeegs likely to be the underlying reason for the big
drop in the nitrate ion concentration found in the rock wagfsnin November 201@nd again in
October 2020 There was a 62.4 mm rainfall event off Bune 2018 which would have caused
significant washing of the rocks in the test are@ke fivefold fall in nitrate concentration would
have been expected to reduce the impact of the biological activity due to the nitrate concentration
but other factorsappear to have weighed heavily in bringing about a change in acidification. It has
been noted that the mean chloride ion concentration on the Yara sites is approximately 30 times
saltierin November 2017han the rocks that were sampled in February 20B%. the most recent
season of measurements there was a better correlation of the minimum pH with the solution
concentration of nitrate ions. For most of the sites fRevalue of 0.95 have a slope 6{nos) ppr} Of

-1.59 + 0.18 and an intercept pH of 3.2 0.06. The three other sites with a lowrvalue of 0.90

had larger errors and so the slope for sites 6 and 22,-v&8 +0.40 which makes it the same nitrate
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dependence as all the other sites. The intercept value was at a pH of 5.58 + 0.13 angl so th
extrapolated pH values are not sensitive to specific rock types, as both relationships contained both
representatives of gabbro and granophyre rocks.

Tablel0: Dependence of pH on the nitrate concentration found in wash solutions

Date PH zero NO3 Slope R
pH/[NO3]
Aug03 5.69, Climbing man, Deep Gorge & Compound -0.14 0.92
5.33, Burrup SW, King Bay & Compound -0.14 0.97
Feb04 5.69, Withnell & Compound -0.08 0.91
5.44, Compound -0.08 0.99
4.95, Withnell & Compound -0.07 0.66
4.66, Deepzorge & Climbing Man -0.08 0.78
Now17 6.18, Sites 5,6,7, 21, 22 & 23 +0.94 log [N} | 0.99
Sepl8 3.14 all sites other than 22 non-linear 0.86
Aug19 4.4, Sites 5, 21 & 22 0.39 0.97
3.76min, sites Climbing Man, 7 & 23 -0.22 0.87
4.60median, Sites CM, 6, 7, 22 & 23 -0.04 0.43
5.56 median,Sites 4a, 5 & 21 -1.13 0.79
Oct20 6.68nean, Sites 4, 5, 6, 21 and CM split -8.7 0.93
5.82nean Sites 4, 21 & 23 -7.2 0.81
5.6 7minimum, granophyre & 23 5.7 0.96
4 .96minimum, Sites 5 & 22 -4.7 n.a.
Sep21 5.97minimum, Sites 5, 7, 21, 23 & Climbing Man -1.6 0.95
5.58ninimum,Sites 6 a & b, 22 -1.7 0.90

Therougher and more complex surface of the gabbro rocks hold onto moisture for longer periods
and, ableto retain nitrate nutrients, and so provide a better microenvironment for the microflora
However, it is noted that the data scatter for the nitrate concentration values across these groups is
not statistically significanfThe nitrate dependence (slope) of the ro¢ks2021 were much smaller

than in 2020 because of the higher sea salt surfegecentrations. Sea salt evaporites deposit
calcareous minerals and so some of the acidity produced by the microflora is adsorbed by the
carbonates and is converted to less alkaline bicarbonate ions and this tends to be quite soluble and
is readily lost tathe external environment. When thepf/ nos} slopes are the same it is a strong
indication that the degradation mechanisms are the same. In the case of the Burrup granophyre and
gabbro rockghe principal form of degradation relates to acid assisteddlig®n of microscopic
amounts of the rock patina.

Examples of the impact of NO Major Rainfall events is seen in a comparison of the 2020 and 2021
sensitivity of the {¥nog slope for in 2020 there was little salt to buffer the impact of the microflora
responding to increases in the nitrate concentration and so the slope had an average vauel of

for nitrate being>X0.25 ppm. In 2021 when there had been much less rain and therefore an
accumulation of sea salts, th&¥yo3 slope was-1.87 + 0.07 pH/pm, for nitrate concentration
being>0.70 ppm.This comparative data shows the real value of doing repeated measurements at
the same points and at roughly the same time of the year so that subtle or gross changes, such as
cyclonic rainfall, can be assedstor their overall impact on the corrosion chemistry of the rock
surfaces.
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Figurel7: Plot of mean pH in 2QZgainst the nitrate surface concentration

Analysis of the regression statistics for the data plotted in FigédEhws that the granophyre slope

of -1.82 + 0.19 is statistically the same as the gabbro slop&.82 + 0.28, as could be anticipated

since the deposition of buffering sea salts is not going to differentiate between the two main rock

types. Inspection ofhe graph shown in Figure7ldoes indicate that the more complex surface of

gabbro rocks gives a lower intercept pH value of 6.44 + 0.04 while the smoother surface of the
granophyre rocks had an intercept value6o66 + 0.12, which istatistically significantly different to

the gabbro intercept. This reflects the differences in the two rock types of being able to provide a
KAIKSNI Y2AaGdz2NBE O2yaSyid FNRBY (GKS 3AF060NRQa RSSLIX
populations.

In asimilar vein, there are similar differences in the way in which the minimum pH responded to
increases in the nitrate concentration between data collected in 2020 and 2021. Tyjilealigean

pH response, as indicated by the value ®f{os} was one tird the sensitivity in 2021, due to the
higher surface salt concentration giving good buffering of the acidic metabolites. The plots of the
minimum surface pH vs. nitrate are going to be subject to more errors than the mean, which is a
weighted average oéll the pH readings across the rock surfaddse natural grouping of the data

from the minimum pH values does not discriminate between granophyre and gabbro rocks. The lack
of differentiation isbecausethe minimum pH is &ite-specificvalue that reflecs areas of greatest
microbial activity.

The data in Figure 18 included additional monitoring sites towards Burrup Road, to the west of the
monitoring points at sites 21 and seven, where the Perdaman Urea plant might be constructed. The
data points associad with these readings are designated -P2 and the pH and nitrate
concentration fell into the same groupings as the minimum pH values recorded on the normal Yara
monitoring sites.
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Sulphate

The amount of sulphate in the washings also varied from one year to the next, as shown itiITable
which reports the data from the August 2003 and February 2004 rinses, along with the data on the
Yara sites from November 20ihtough to Septenber 2@®1.

Tablell: Range of sulphate ions in the wash solutions on Burrup and Yara sites

Date Maximum Minimum Mean [SG] ppm
Aug03 Rock 938, 66| Burrup SW2, 1/9.8+14.2
Feb04 Rock 938, 26| Deep Gorge, 0.l49+55

Now17 Site 23, 9 Site 22, 1/52+30

Sepl8 Site 6, 2| Site 22, 0{1.2+0.7

Augl9 Site 21, 19.1 | Site 4a, 0]45+6.4

Oct20 Site 23b, 9 Site 4a, 0{15+22

Sep21 Site 6, 2( Site 22, 0/35+6.1

The apparent drop in sulphates reporting to the surface washings in 2020 appears to be part of the
cycling of values, for the mean sulphate levels in 2018 were the same as in 2020. Since the cessation
of burninginferior quality fuel in the iron ore ship# had been supposed that there would be a
measurable decrease in the sulphate concentration, but the data does not discriminate from higher
sea salt deposition leading to higher sulphate ion concentrations. It is however of significance that
for three outof the last five years, site 22 (Yara Nkdd the lowest sulphate concentratioithe

high sulphate concentration at site 6 is also associated with a high chloride ion activity, you can see

41



the halite crystals glistening in the afternoon raking light. Nthedess,as commented upon in the
section on the ratios of seawater anions to each other, site 6 may be receiving extra sulphate from
SQ adsorption onto the concentrating rock surface, before the moisture from the salt spray
evaporates. If this is the nobhanism, it can be noted that the extra sulphate is coming from
emissions coming from the NW Gas Shelf processing plant on the windward side of the hills lying
between site 6 and the ocean.

It is apparent that there is a twinld drop in the mean sulphateoncentration in the wash solutions
between August 2003 and February 2004. The data shows that there has been essentially no change
in the amount of sulphate present in the 2017 compared with the 2004 readiitgshighest values
reported were found on @1 oy Ay GKS aYdzaSdzy O02YLRdzyRE @ KAC
Man gully and was located behind the hills from the Woodside gas production facility.
Unfortunately, there is no corresponding wash solution data from the relocated rock 938 in the June
2017 report. In August 20Q3he pH was 4.& 0.4 and in February 2004 it was 49.6 which makes

them statistically the same.e., there was no correlation between the wash solution sulphate
concentration and the underlying aciditit is not possible to state if the mean sulphate levels
recorded in 2019 are fully reflective of the current environment for the data measurements in 2018
and 2020 followed cyclonic rainfall evenkdowever, in the absence of major rainfall events such as
cyclone Dmien, the 202Imean sulphate levels are back to those found in 2019.

Although recent statistical analyses (Fox 2020) had indicated that there might be some association of
pH with sulphate in the wash solution, there was insufficient data to obtain a dalp@ion for his
analysis was done prior to measuremeinisthe past two yearsThe decision to conduct duplicate
rock sampling at each site has prowedbe a wise investment in time and money and the results are
shown inFigure 18 and in equations & and forty-four. Thereis a strong correlation between
decreasing pH and increasing sulphate, as shown in Equigibalow.

minimum nH 564= 6.38¢ 0.088 [SOZ] ppm eceveeerveerreerreeiieeireeieeseeennes 43)
Although limited to three data points from the higher chloride and thus higher stdphetivity, the
R value was high at 0.97. It has been previously noted that in the presence of halophytic microflora,
the pH will fall with increasing chloride ion activity. In the previous discussion on the impact of
chloride on the mean pl{ was notedthat the £ ci} slope was0.003 for the 2021, so if this fall in
pH is corrected for the impact of increased chlorinity then the sensitivity due to sulphate by itself is
reduced by only 3%n this case the lower sensitivity of the pH to sulphate concentration is roughly
one-tenth that found after cyclone Damien, and this indicates that the carbonate sea salts are
buffering the surface aciditynspection of the data plotted in Figure 18 show® distinct areas for
the lower sulphate levels, with values #2.2 ppm sulphate. For three data points there was a
significant decrease in pH with increasing sulphate, as shown in equdtion 4

MINMUM B 554=5.18 0.46 [SQ] ppm «e-eeveeereererrereererrereeresesenened (44)
The sensitiity of the £} slope at low sulphate in 2021 is roughly half that of the response post
cyclone Damien and this is again a reflection of the increased buffer capacity associated with
increased chlorinity on the rock surfac@ere is a group of nineadings with a mean pH of 5.68 +
0.08 at a mean [S£)] concentration of 1.0 + 0.6 ppm where the pHridependentof the sulphate
ion concentration. This form of behaviour may be an indication that the ditds 7, 21aand the
Climbing Man referenceocks may not be colonised by organisms that can metabolise sulphate ions.
The higher intercept on high chloride and sulphate pH response at 6.38 is significantly higher than
the zero response mean pH of 5.68 + 0.08, so the difference of 0.7 pH (an intredkalinity of
five) is a measure of the impact of accumulated salt spray on the rock surfaces.
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Figurel9: Plot of minimum pH versus sulphate concentraSeptembe2021

The corresponding slope for the way in which the minimum pH responds to nitrate iGr&psr

ppm [NQT] and the associated intercept pH vafuere 6.0 and 5.6 which isthe samethe mean

zero response taulphate pH value of B, for the lower chlorideenvironment that is consistent with

the impact of rain on the rock§ he nitratepH correlation issignificantlymore sensitive than the
corresponding response ®ulphate ion valuedt has been previously noted that the pH of the rock
surfaces is sigrndantly affected by the chloride levels, coming from the sea salts, so it is instructive
to see how the®/sosratios vary across the Burrup in the different periods of measuremehe
normal ratio of chloride to sulphate ions in seawater is 7.1 so vdahstsare lower than this indicate

that this is due to either additional sources of chloride ions or that sulphate ions have been in some
way sequestered on the rock surfaces.

Even a cursory inspection of the data in Tal#esiows that cyclone Damien sidaad a major impact

on the amount of sulphate on the rock surfacBata from 2020dr sites 4, 5, 21 and the Climbing
Man split rock the amount of sulphate wag.5 ppmbut in 2021 the mean amount of sulphate was
3.5 £ 6.1, which iassociatedwith increased deposition and accumulation of sea salts on the rock
surfaces Since the detection limit for ion chromatography for the sulphate ion is 0.1 ppm the errors
in the ratio are significantly amplified at low sulphate levdlse two sites with high®{so} ratios
were the rocks at site 4b and 22a, both of whidve microfossils on the rock surface, and this can
lead to lowered sulphate activity due to the formation of gypsum (G25&D).

During the inspectios of the Climbing Man site in 20192021 it was noted that there were
GadNBlIYaég 2F ANRBY O2yidlFAyAy3a YAYSNI, hkich dofrsed A y 3
down behind the main rock. These ligtaloured iron minerals may be due to upward facing rocks
lying at higher elevations than tHelimbing Man becoming increasingly weathered, as the condition

43

¢

NS



of the engraved panels on the near vertical rock surface do not appear to have changed in the past
18 years.

Table 2: Ratios of chloride to sulphate ions in the wash solutions from Burrkg. roc

Date mean high CI/SO4 low CI/SO4
Cl/SO4

Aug03 |5.7+54 11.8 £6.6, rock 162 & GM | 3.1 + 1.2, covering 14 sites

Feb04 |21+15 9.9 + 5.1, 14 sites includin 4.3 + 1.2, covering 27 sites with Gidley

CM, Rock 3 Dolphin Islands
Nowl17 | 1.1+0.3 2.2, site 22 0.7, site 7,
Sepl8 |28+1.8 6.0,site 22 Yara NE 0.7, site 4

Augl9 [3.0x1.3 47 +0.5sites21,22&CM | 2.1+0.5;4,4a,5,6, 7,23

Oct20 |[52+49 64 + 48 sites 4, 5, 6,7a,| 5.0+ 3.47b, 22a & 23b
21,23a & CM

Sept-21 | 3.6+£1.9 8.0 £ 2.0 sites 4b & 22a 3.0 £ 0.8, all other sites

UCM relates to the split rock to the left of the main panel at Climbing Man

It would be prudent to have experienced rangers and supervised personnel inspect the upper rocks
in the gully which li@bove the main engraving to see if there are any specific forms of deterioration,
and to take representative pH readings.

Comparison of pH between 2012021

Granophyre sites

A summary of the differences between the two seasons of measurements is fodiadbie 2 and in

Figures 19 ¢ 21 below. The granophyre sites nominated by the CSIRO are those listed as sites 4, 5, 6
and number 21 and the seasonal mean pH values for the five years of monitoring for Yara are shown
in Figure 19. For site 4 at the headtb& Woodside Gully there is a progressive decrease in acidity
from the very low value of 3.8 in 2017 to 4.3 in 2018 and then a smaller increase in alkalinity to a pH
value of 4.4 in 2019, which is within experimental error of there being no change ityachis site

was clearly impacted by heavy rainfall events associated with cyclone Damien which increased the
pH to 4.8. Finally, the 2021 mean pH was 6.1 due to the accumulation of sea salts from the wind
borne salinisation reactions.

By way of contrasthe small rock numbered 5 by CSIRO, the engraved cormorant near the Burrup
Road adjacent to the Yara monitoring station and close to the Woodside Pluto flare tower, showed a
progressive decrease in pH between 2017 and 2020, where the mean pH was thasaite 4

Clearly this site was not positively impacted by cyclone Damien as there was no decrease in acidity
and so it appears that the rock was in a rain shadow area during the heavy inundation period. When
the site was inspected in 2021, it was nothdt there were sparkling crystals of halite (NaCl) on the
rock and this has impacted on the mean pH by shifting the values from 4.7 to 6.3, ofold 40
decrease in acidity.

The Water Tanks, site 6, was ttierd most acidic site at an initial pH of 5which increased (like

site 4) to a value of 5.8, which is well within the standard deviation of the mean vdlnegH then

fell to 4.7 in 2019, a tefold increase in acidity before the impact of cyclone Damien, which
increased the pH to 5.3 or a fifeld decrease in acidity, which made it the same pH as the nearby
site 21, on top of the hill to the west of the Yara ammonia storage tanks. The increased chlorinity
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associated with the accumulation of sea salts on the large rock at site 6 saw the pHséntrdab,
which is only a small decrease in acidity a factor of two times, but a nevertheless a welcome
change.

The Yara West site (CSIRO no 21) sits as an inclined flat top rock abreast the top of a steep hill within
easy striking distance of the nma¥ara ammonia tanks. The overall trend in the pH of this site is like
the other nearest site, no 5, at Burrup Roadh a linear distance of 1.8 km between the sitas,

that there was increased acidity in 2018 and 2019, followed by a plateau @ftdone Damien,

which appears not to have directly impacted on the monitoring site. The final 2021 measurement
was done at a time of increased chlorinigndsothe pH increased from the 2020 value of 5.3%t@

or an eightfold decrease in acidity.

At the conclusion of the 2021 monitoring program three of the four granophyre higlthe same

pH, with an average value of 6.02 £ 0.32 andaktnded periodf dry weather has provided a new
measurement baselindhe complexities of site 6 have alreaddeh alluded in previous discussions

of the impact of rain shadows on the site, which explains why it had the widest range of pH values of
1.89, from the minimum of 4.67 to a maximum of 5.57.
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Figure20: Plot of mean pH between 20:2D21 for thegranophyre CSIRO sites

Gabbro sites between 2042021

Inspection of Figure 20, the plot of mean pH for the gabbro sites at 7, 22 and 23 (CSIRO labels) shows
some significant swings in the pH for site 7. The jump from a mean pH of 5.6 to 6.7 was due to the

site being downwind of the Yara ammonia tank farm and the local environment monitoring station,
0ST2NBE Al 61L& NBE20FGSR Oft2aSNJ (2 1 SINE2YyQa /20
occurred as rainfall near the time of the event confirmed #ignificant alkalinisation of the rain

water by ammonia and ammonium mixturd3uring the year between the alkaline excursion, it is
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possible that nitrifying bacteria converted the adsorbed ammonia into nitrate since the drop to a pH
of 4.4 was also assiated with the highest N©concentration for 2019. The Deep Gorge site was
severely impacted by cyclone Damien as the rock surface was stripped of chloride and nitrate in
heavy rain, which brought the pH up to 5.75. With no large rainfall event in thebgdare the 2021
measurements were taken the increased surface chloride readings and low rbnaight the pH

up to 6.18, which is the same mean pH as observed for three of the granophyre sites, as described
above.
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Figure 2: Plot of the mean surfagoH on the gabbro sites in 2021

In reviewing the pHime profiles for sites 22 and 23 it should be noted that site 22 sits high on a
ridge above a gully and at times the winds can be so strong as to topple a standingnéttiugfusts

of up to 55 km/hourbeing recorded in 2018. These two sites have a similar easting bearing and are
only 645 metres from each other, with site 23 being down on the flat area that characterises the
upper section of the ancient flood plain. For site 22 there was a high lonakntration of nitrate
found in 2019 which may have been associated with wind borne debris from the Technical
Ammonium Nitrate plant which is on a NE bearing from the TAN gRaihfall from cyclone Damien
resulted in an alkaline pH shift of 0.5 and thitwve increased sea salt deposition further increased
the pH to 5.9, which is within the standard deviation of site 7 mean value.

The monitoring rock no 23 is a near vertical site with a large expanse of engravings that are
sheltered from the sun in the mommg and are exposed in the afternoon light. The low pH value in
2019 was also associated with a high nitrate concentration and it was thought that this might be due
to dust being carried from the TAN plant across the plain in an easterly direction. HrepHevalue

in 2020 is essentially the same as it wa2@19 and this is most likely due to protection of the
surface from the prevailing winds that would have brought in the cyclonic rain. The increased
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chlorinity on the rock resulted in the same jumpgHh as had been observed on site 22, as can be
seen in Figure 20.

Climbing Man sites (ne@SIRO)

Apart from a hiatus in 2018vhen field operations prevented the recording of the pH on the split
rock to the left of the Climbing Man pan¢he Yara monitdang was done on a complimentary basis

to provide essential information to the Murujuga Aboriginal Corporation and to Yara about the
conditions prevailing on this most iconic of rock art sites in the Burrup. Owing to the deep social
significance of the maig@limbing Man panel, which @émostvertical in orientation, and to the very
exposed conditions for footholds, it was not possible to record the chloride ion and the redox
potentials directly on this sitélTherefore the conjugate rock, which split across on a diagonal line in
2018, was monitored in full detail like the seven Yara sites, which included the additional site 4 at
the head of the Climbing Man gully, adjacent to the Withnell Bay Rmatdsome 25 metres den in

a gully.
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Figure22: Comparative plots of mean surface ggHhe Climbing Man sites

The data on the Climbing Man site was initially alarming as the pH fell by 0.41 (2¥ increase in acidity)
between the first season of measurements in 2017 andftilewing year. This was followed by a
continued drop in ptbf an additional 1.45 units, giving a total fall of 1.86 or an increase in acidity by
72 times. When the site was inspected again in 2020 the pH was experimentally the same but when
the 2021 meastements were done the mean pH had increased to 5.73, at which very little iron and
manganese minerals will be mobilised (see above discussions on mobilisation of these indicator
transition metals). Clearly, the cyclonic rain from the direction of the odemhnot come to the
Climbing Man since the 2020 pH was the same as in 2019. During the long dry period it is apparent
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that the site adsorbed sea salt spray ahis neutralized the acidity from the microbial activity and
brought the pH back to a much safeondition.

The value of collecting data on the adjacent (now split) rock, which is approximately two metres
further up the gully than the main panel, is that it is oB5adegree slope from the horizontal and so

it is possible to collect reliable-situ data and to collect washings. Because this site is in the open it
was directly affected by the cyclonic rainfall and so the pH went #drto 6.1 with the rain i.e., the
acidity clock was reset. The accumulation of salts on this site was not as ssvereother areas,

such as at sites 5, 6, 7, 21, 22 and 23 and so the pH remained constant between the measurements
in 2020 and 2021.

The overall impact of the period of low rainfall and plenty of whmine sea salt deposition is
illustrated by the datan the righthand column in Table 13. The greatest increase in alkalinity was
noted on the Climbing Maand the Burrup Road (no Sjtes with a shift of 1.65 in plnd the least
affected was site 6, which was already partly stabilised at a pH of 5.34eflusition of sea salts

and the localised rainfall events, which are a characteristic of the arid hot environment of the
Burrup, had moved the most acidic site 4 (Woodside) monitoring rock from an initially very low value
of 3.8 in 2017 to 6.1 five yealater.

Table B: Meansurface pH between 2017 a2021 and delta pkb21.2020

Location 2021 | 2020 |2019 |2018 2017 pH changéf1-‘20
site 23 5.50 4.62 4.47 4.83 5.50 0.88
site 22 5.86 5.11 4.62 6.04 6.16 0.75
site 21 6.15 5.27 5.16 5.81 6.43 0.88
site 7 6.18 5.75 4.42 6.68 5.57 043
site 6 5.57 5.34 4.67 6.03 5.66 0.23
site 5 6.30 4.65 4.79 4.98 5.17 1.65
site 4 6.07 4.81 5.52 4.28 3.81 1.26
Climbing Man 6.06 4.41 4.36 5.81 6.04 1.65

In summary, the natural environment of the Burrgmminatesthe surface acidity of the rock
surfaces when periods of prolonged low rainfall events allow the accumulation of alkaline sea salts.
The salts have a neutralizing effect on the acidity producethéymicroflora. It is readily apparent

that the pH falls in response to increased nitrate availability on the surface. It would be
unreasonable to assume that just because of its iconic nature that the granophyre vertical engraved
surfaces on the main @lbing Man panel is not subject to the same environmental parameters as
the other granophyre rocks. Thus, it can be inferred that the cause of the increasing acidity at this
site during the 2018 and 2019 seasons is due to there being enough moisture aodiacilitate the
adsorption of N@from the atmosphere. Owing to the local microtopography, the main panels are
not readily exposed to rainfall events and therefore the acidic environment was not changed by

the heavy rains associated with cyclone DamiireFebruary of 2020.

Summary of the surface pH, chloride & redox at Yara sites

It should be noted that in the 2017 measurements on the Yara test sites only the surface pH and
chloride ion activities were recorded. The utilisation of redox data on theuBurocks was not
developed until July 2017 and was not adopted until after peer review had confirmed it was a viable
indicator of chemical activity on the rock surfag¢btacLeod 2019)or this section of the report, the
statistical analysis of the dighution of pH, chlorideand redox potentials for each of the sites is
discussed in turn.
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Summary observations on site 23

There was concern noted that there was an acidification trend for this reference rock, with a steady
decrease in the pH valufom 2017 through 2018 and down to 2019. There appears to be a
moderate amount of nitrate in the surface washing of the rock which could supply extra
micronutrients for the microflora living on the rock.

Table Ba: Statistical analysis of pH values os 28 from 20172021

2021 2020 2019 2018 2017
Mean 5.50 4.62 4.47 4.83 5.5
Standard Error 0.10 0.13 0.08 0.18 0.2
Median 5.53 4.68 4.6 4.63 5.65
Mode 5.46 4.76 4.62 4.63 #N/A
Standard Deviation | 0.33 0.44 0.28 0.64 0.62
Range 1.03 1.52 0.9 2.15 1.97
Minimum 492 3.82 3.8 4.16 4.42
Maximum 5.95 5.34 4.7 6.31 6.39
Count 12 12 12 13 10

Although the standard deviation of the pH values in 2019 and 2020 show thatitfet increasen

pH between the mean values, due to the cyclonic rains in February 2020, it is more telling to see that
the rains kept the minimum pH at the same level and that the rain impact was more noticeable in
the five-fold decrease in acidity after the big raifhe reassuring shift in the mean pH took place in
the period before the 2021 measurements, when the accumulation of sea salts restored the

buffering capacity of the rock.

Table #b: Statistical analysis of redox potergiah23: 208-2021 volts vs. NHE

2021 2020 2019 2018
Mean 0.357 0.323 0.397 0.484
Standard Error 0.004 0.005 0.006 0.004
Median 0.354 0.322 0.395 0.482
Mode #N/A 0.311 0.395 0.287
Standard Deviation | 0.015 0.018 0.019 0.016
Range 0.053 0.07 0.064 0.068
Minimum 0.339 0.294 0.361 0.238
Maximum 0.392 0.364 0.425 0.306
Count 12 12 13 14

There was a steady decrease in tBevalues during 2012020 which is consistent with lower
solubilities of electrochemically active iron species, which may also be expressed in terms of a
changed energy source for bacteria which can utilise the latent power in changing oxidation states
with iron and manganese mineralhe increased, value in 2021 islueto some more soluble iron
minerals, since the reference rock 23b had 5 ppb iron, but rock 23a was below the detectioti limit.

is noted however, that this reference site had the only meable amount of iron present in the
wash solutions on the adjacent rock, some 1.5 metres away but which were essentially horizontal in
aspect rather than being vertical.
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The full list ofchloridebasedsea salts, as indicated by the free chloride repmytto the wash
solutions and by the direct measurements of chloride activity on the rocks with thepeaific
electrode, is listed in Table 14€he winds coming up froh S N& 2 yexg@ain thg @I&tively

rapid build of chloride concentration aftehé cyclone and the local wind patterns must have
remained constant in the area since the mean chloride activity in 2021 is experimentally the same as
in 2020 and are roughly three times the initial data reported from 2017. Clearly, there are salty
patcheson the rock surface owing to the complex topography of the near vertical surface of the
engraved panel, as shown by the highest chloride lev@D21 being 161 ppm, which indicates that
rainfall events have not been common on this site for over a year.

Table 14 c: Chloride readings on site 23 between ZDP, values in ppm

2021 2020 2019 2018 2017
Mean 61.7 65.3 30.4 29.6 18.5
Standard Error 10.6 6 2.8 4.6 55
Median 48.5 70.5 30 25 11.5
Mode #N/A 70 32 #N/A 6
Standard Deviation 37 20.7 9.7 17.2 17.4
Range 133 71 40 53.7 50.5
Minimum 28 15 16 11.5 4.5
Maximum 161 86 56 65.2 55
Count 12 12 14 14 10

Summary observations on site 22

This site lies high on top of a hill on a ridge running towards the coast and the small, engraved rock
looks to the east and lies at about 7t the vertical, so it is well drained. The cyclone Damien
shifted the mean pH by 0.48r decreased the acidity by a factor of three tinese Table 15aA

year without significant rainfall saw the mean pH increfésan 5.11 to 5.86 and this is due to
increased salinity due to the accumulation of sea salts, which ranged from 39 to 24pech is a
three-fold reduction in acidityThe increased salinity on the rock has increased thiasarbuféring,

which resiséd the impact of microflora capitalising on a relatively high amount of nitrate at a mean
value of 0.25 + 0.03 ppm. The maximum pH of 6.5 is associated with the areas of highest surface salt
concentration.During the 2019 on site measurements the wind \gasting strongly, with estimates

of speeds up to 70 km per hour, which tended to knock the assessment team off their feet. The
location isto the North East of the Pilbara nitrates plant and the mearf@t2019wassignificantly

lower than it was in thewo previous yearsand this is due to the relatively low chloride surface
readings not being able to buffer the acidity from the bacterial response to the increased nitrate
levels, which are likely to be transported by strong wiredsl may be sourced to oerational
emissions of ammonia from the Yara Pilbara plants.

The data listed in Table 15 b summarises the way in which the electrochemically active minerals are
reporting to the platinum electrode. Between 2018 and 2019 there was a drop of more than\00 m

in the E, of the surfaces and this israeaningful changewhich is likely associated with changes in

the solubility of both iron and manganese mineraispection of the iron solubility reports for 2018
show that there is low solution activity on theréace and so the more positi& value is likely due

to increased surface concentrations of oxidized forms of manganese minehais.of the 202,

data as a function of chloride ion activity shows only a small dependertgenfchloride at about 3

mV per ppm chlorideAfter the initial fall in the redox potential at site 22 it has remained remarkably

50



constant, which indicates that the chemical environment is not changing, despite the very large

changes in chloride ion actiyishown in Table 15c below.

Table ba: Statistical analysis of pH values on site 22 from-202¥

2021 2020 2019 2018 2017
Mean 5.86 5.11 4.62 6.04 6.16
Standard Error 0.12 0.1 0.03 0.17 0.15
Median 5.87 5.15 4.61 5.82 6.42
Mode 6.26 n.a. 455 n.a. 6.42
Standard Deviation 0.42 0.41 0.1 0.57 0.48
Range 1.42 1.35 0.37 2.01 1.3
Minimum 5.06 458 4.48 5.3 5.3
Maximum 6.48 5.93 4.85 7.3 6.6
Count 12 16 14 12 12

Plots of the chloride distribution across the roskre made, consisting dbur measurements at a
common height then 13 cm down and a total of 26 cm down from the top fidvis analysishowed

up atypical phenomena. Instead of the normal isotropic choridlues across the rock, the chloride
ions were highly anisotropic. Plots of chloride concentration against the distance from the LHS of the
rock showedsequential falls in chloride: the uppermost row had a calculated edge valB@2qfpm

the second rowgave 279 ppm and slightly lower aR57 ppm for row 3. Instead of gravity fel
solutions resulting in increased chloride at lower leviiis, winds had driven the saltgowards and
backwardsacross the rock at the rate 5.5 + 1.6 ppm/cm distanc@®n the éft side of the rockthe
chloridesfell from 250 ppm to a steady value of 200 ppm for the second and third rows. Just 13 cm
across the rock from the first column, the secamdumnhad a value of 12ppmwhich increased to

a steady value of 200 ppm in the lower levéllke third column showed similarends to the first,

with a 70-ppm fall from 170 ppm to a steady value of 100 ppm. Data from the right side of the rock
was the mirror image of data from the left since it had a common level of 50 ppm for the first and
second row before climbing to 10Qom on the bottom row. This complex chloride distribution is

consistentwith a swirling wind pattern creating a series of microenvironments on the surface of the

quite smal48 x 40 cm sized rock.

Table bb: Statistical analysis of redox potergtias. NHEt site 22: 20172021

2021 2020 2019 2018
Mean 0.386 0.392 0.382 0.492
Standard Error 0.008 0.004 0.005 0.004
Median 0.385 0.39 0.387 0.495
Mode 0.345 0.408 0.388 0.491
Standard Deviation 0.029 0.014 0.018 0.012
Range 0.082 0.048 0.059 0.044
Minimum 0.345 0.365 0.348 0.458
Maximum 0.427 0.413 0.407 0.502
Count 12 16 14 12

Since there is the likelihood that some of the increased acidity is due to chloride obligate bacteria,
the pH measurements made in 2021 were plotted against the chloride ion concentration and the

51



data shows support for this supposition. Where there areobligate bacteria the mean surface pH
increases with chlorinity, due to the increased presence of alkaline sea salts on the rock surface. A
typical plot of pH vs. chloride gave a regression line given by equdiioia.4

pH site 22— 7.05-0.015 [C|]. .............................................................. (45)
The R for the regression line was 0.99 and the intercept at zero chloride had an error of + 0.15 or
2%, while the error in the slop&¥ic} was +0.002 or 10%.

Table bc: Statistical analysis of chloride ion activity (pprsjtat22: 20172021

2021 2020 2019 2018 2017
Mean 146 54.2 30.3 10.2 33.3
Standard Error 19 18.3 1.4 3.4 7.7
Median 158 16.8 30 8.5 26.3
Mode #N/A 16 33 n.a. n.a.
Standard Deviation | 66 73.1 4.9 11.2 24.3
Range 206 236 18 40 82.5
Minimum 39 4.2 21 1.4 14.5
Maximum 245 240 39 41 97
Count 12 16 14 12 16

The increased salinity on the surface in 2021 has changed the corrosion equations used to describe
the Pourbaix diagram for site 22fter cyclone Damieall the B,/ pH profiles had the same slope of

-29 mV/pH, but for the new environment the slope was5 + 4 mV/pH. Inspection of TatBeshows

that the 2020 slope was due tdn(OHY + Bh  h a y:?6+H +2 e and the dominant reaction

for the 2021 season wadn*?>+ 2Hh hH a ?H+h2 H+ 2 e with the mostlikely reasorbeing

due to the higher chloride background will stabilise the?Man through the formation of chloride
complexes and so avoid the formation of melhpdroxy manganous ion.

Summary observations on site 21

This granophyre site is uniquelpgitioned on top of what is a steep sided hill which rises 25 metres
above the flat land surrounding the Yara ammonia plant and it is subject to winds from the seaward,
either from the open ocean waters of the Dampier Archipelago or from winds comingropsac

| SINB2YyQa [/ 20Se® {AyOS (GKS NROl A& lFftyvyzald =2yS
complexity in the physical chemical and electrochemical microenvironment. Inspection of the
Pourbaix diagram in Figure 22 shows that there are two electroat@mrocesses controlling the
interplay between the redox potential and the surface mhkpection of table 16¢ shows that there

are areas where the [Gllxwas a very high 360 ppm and the minimum value was 59 ppm. At these
levels of chlorinity it is notinexpected to find that there has been stabilisation of the bare*\m
through formation of chlorecomplexes which minimise the amount of hydrolysis taking place.

For the high chloride areas of the rock the dominant redox reacti@xigation of Mn(ll) to Mn(IV)
in its partially hydrolysed state of Mn(Qff)viz.,Mn*?2+ 2Hh Th a y?6+2IHi+ 2 e and these
zones have a Pourbaix slope-69 mV/pH.The redox potential and pH in the lesser saline argas o
the large rock give a ddfent Pourbaix slope 629 mV/pH viz.,

Mn(OHY + Bh  h a Wo+HH+R e
Inspection of the pH data in Takld6 a, 16b & 16cshows thatthe accumulation of the extra
saltiness, in the absence of the cleansing rain, was responsible for a much larger shift in pH of one
unit or a tenfold reduction in acidity, than cyclone Damien and its associated rain which achieved
only a 0.11 pH shift tanore alkaline values or a 30% reduction in acidiyr Site 2 (Yara West
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there is an apparent systematic fall in the mean pH from 2017 through 2018 to 2019, however the
large standard deviation of the 2018 data means that there is no statisticallficigmidifference
between the successive years. However, there is a continuing fall (increase in acidity) in the pH for
the minimum value from 5.8 in 2017, to 4.9 in 2018 to 4.6 in 2019, which follows the trend in the
mean valuesFollowing the 2019 pH datin Table 16a, the minimum pH has increased significantly
by about 0.9, which reflects the same increase in pH in the mean values following the long dry spell
that preceded the 2021 measurements.
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Figure 3: Pourbaix plot of the erite i, and pH data from 2021 for site 21

Table Ba: Statistical analysis of pH values on site 21 from-202¥7

2021 2020 2019 2018 2017
Mean 6.15 5.27 5.16 5.81 6.43
Standard Error 0.08 0.06 0.09 0.18 0.14
Median 6.23 5.31 5.21 5.7 6.44
Mode 6.46 5.49 5.21 n.a. 5.98
Standard Deviation 0.32 0.27 0.3 0.65 0.45
Range 0.99 1.08 0.97 2.1 1.5
Minimum 5.61 4.74 4.6 4.9 5.8
Maximum 6.6 5.82 5.6 6.9 7.3
Count 16 22 16 13 13

The mean E, or redox potential for the site was much the same as it was in 209 which
indicates that the dominant electroactive species are manganese minerals, as the amount of soluble
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iron on this rock is very small and, in several years, the amount was bletodetection limit of 5

parts per billion. Plots of the redox voltages across the sixteen locations on the rock showed a
general slight increase of 0.2 mV per ppm increased chloride ion concentratiene were many

data points where the trend was in theverse directionand this iswhere the increased chloride

has produced enough alkalinity to be decreasing the solution activity of the manganese (manganous)
ions.

Table Bb: Statistical analysis of redox potengisite 21: 20172021

2021 2020 2019 2018
Mean 0.375 0.379 0.369 0.487
Standard Error 0.003 0.003 0.005 0.204
Median 0.375 0.379 0.369 0.489
Mode 0.365 0.378 n.a. 0.484
Standard Deviation 0.014 0.014 0.018 0.209
Range 0.043 0.071 0.066 0.229
Minimum 0.354 0.333 0.34 0.472
Maximum 0.397 0.404 0.406 0.499
Count 16 22 16 13

The impact of the increased salt surface concentration on rock 21 is also reflected in terms of
increased acidity from the activity of halophytic bacteria, as seen in Figure 23, where the pH falls by
approximately 0.002 pH/[Gl» . One grouping of data points in the graph were associated with the
left-hand side of the rock, which has an intercept pH of 6.28 at zero chloride. The upper cohort had
an intercept of 6.8 at zero chloride and this grougame from data collected at the lower points on

the rock where the sea salts were accumulatifige R value for the left side of the rock was 0.83.
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Figure 2: Plot of surface pH on site 21 during September 2021

The associated error in theegression lindor assessment of the obligate chloride bacteria on the
surface pHvas within 2% of the intercept value 6f28 + 0.11 while the slope wa3.0020 + 0.0005
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{*" e}, which is a 26% errafhemicrotopography of this site is critically imgant in understanding
the movement of salts and the way in which they interact with surface minerals in and on the rock
patina.

Table 16c: Statistical analysis of chloride ion activity at site 2122217

2021 2020 2019 2018 2017
Mean 179 43 95 20 143
Standard Error 23 7 20 4 14
Median 174 33 68 21 136
Mode #N/A 22 25 n.a. 214
Standard Deviation 92 31 70 13 44
Range 301 140 225 46 126
Minimum 59 20 25 1 88
Maximum 360 160 250 47 214
Count 16 22 16 13 13

Summary of observations on siteDgep Gorgen October 2020

The longterm interactions of the Deep Gorge site (no 7) with the microenvironment in the

Burrup has been monitored, on and off, since 2003 and is summarised inZ5igtire of

interest to rote that when the alkaline excursion possibly due to an accidental loss of

ammonia at the Yara plant before the 2018 measurements and the following massive fall in
YSIY LI Ay wuwnmdep o6& | FIFLrOG2NI 2F + LI 2Fs HdPHc 2
also associated with a higher amount of nitrlaggng found on the rock surfaces and at the

time of our last report the significance of the changes was not fully comprehended. It is now
believed that during the time between when the site was accidgrgposed to ammonia

YR 6KSy GKS ySEG @SIFNRa AyallSodAiazy G221 LI
the adsorbed ammonia into nitrate and so stimulate the microbial populations on the rock.

An alternative explanation is that the increasédate was due to other N@missions in the

airshed.

Following the February 2020 cyclonic rain, during which 235 mm fell in two days, the pH moved to a
more alkaline value of 5.76e., KS NI} Ay FlFff asSSvya (2 0SS SinmSasSaiaani,
there were no major rainfall events in the -b@nths preceding our measurements, the winds
brought significant amounts of air borne sea salts to the region. Between 2020 and 2021 the mean
surface chloride ion concentration increased almost-teldl, and this pushed the mean pH values
into the alkaline regions (see Table 17a and 1 Angalysis of the changing pH on site 7 showed that
there was a general trend towards more alkaline values, if the very high pH of 2018 and the very low
mean pH of 2019 are igned, for clearly historical reason$he annual increase in pH for Deep
Gorge i9.067 pHfor the period 0f2004 to 2@1. The linear regression that gave rise to equatién 4
had anR of 0.90 and the error was + 1.43 in the intercept, which brought it close to zero. The slope
Of {P time, dayy Was18.2 + 3.4 x 1®pH/day.

PHsite 7= 0.000182 € 2.16.......cevveeieeeeeeeiiieieee e (46)
To find that there was a loAgrm trend towards more alkaline values of theean pH at site 7 was
unexpected and so the sites will continue to be monitored.

Just as was observed on other sites in 2021, the mean pH (Table 17a) had increased during the long
dry period by a modest amount of 0.33 or just over two times less adiidlic,the mean chloride
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increasing from 5 to 46 ppm in 2021 (Table 1P®ts of the mean chloride (ppm) since monitoring

for Yara began in 2017 shows a steady decrease of approximately 6 ppm per year, which leaves little
buffering capacity on the rock sace and so this makes the pH data at site 7 more sensitive to
changes in the chemical microenvironment.

X mean NH3 A mean pH 02 @ after NH3
75 T

7.0 +

6.5 +

pH mean = 0.0002 t- 2.16 A
6.0 + R2 = 0.90

5.5 + _-="" A

mean surface pH site 7
\

5.0 + A P

45 4

4.0 +

35 e
19/04/2001 18/04/2005 17/04/2009 16/04/2013 15/04/2017 14/04/2021

Figure 25: Plot of the mean surface pH on site 7 from-20Q3
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there are indications that the pH decreases with increasing chloride, which is contrary to other sites.
This is consistent with localised activity of chloride obligate bactahniah arethosemicroorganisms
which need salt for theimetabolic activitiesPlots of the pH vs. chloride ion activity are summarised
in equation 4 viz.,
chioride nH e 7= 6.62G 0.019 [Clhpm «eoveeveereeireeieirieieereeeieereeerenes (47)
The regression equation had &t value of 0.98 and the intercept error was + 0.05 and the slope
{*" i} was #0.001 pH/ppm chloride ion. One set of measurements showed no shift or change in pH
as the chloride ion activity was increased from 32 to 130 ppm: the simple conclusiontiseieagre
parts of the rock where the surface is not colonised by chloride obligate bacteria.

The Pourbaix plots for site 7 in 2021 showed only a single electrochemical step was associal
the surface chemistry, in which the ratio of protons to ¢tens was 1:2 i.e., the slope weB0mV per
pH, according to the standard reaction scheme,
Mn(OHY + Bh h a Wo+HHI+2 e,

in which there is a twalectron oxidation and simultaneous hydrolysis of the Mn4+ ion to
dihydroxy species. Inspectiorf the mean Eh data in Table 17 b shows that after the initial voli
drop between 2018 and 2019, the mean redox potential is steadily increasing towards more p
values and is now only 39 mV less anodic than when first measured. The cyclonichabruary
HAHn aySdziNlIfAaSRé GKS RS@OSt2LAYy3I | OARAGE
essentially the same as when measured in 2@kee Figure 25. The higher chloride on the surf
confers a greater buffer capacity on the rock ®sist acidity from either the chloride obligat
bacteria or from acidic metabolites associated with reproduction in response to the additional n
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loading, which in 2012 had a mean value of 0.20 £0.03 ppm.

Table 17a: Statistical analysis of pH on/iteeep Gorge 2012021

2021 2020 2019 2018 2017
Mean 6.18 5.75 4.42 6.68 5.57
Standard Error 0.06 0.10 0.13 0.12 0.11
Median 6.24 5.73 452 6.67 5.53
Mode 6.50 n.a. n.a. 7.02 5.9
Standard deviation 0.29 0.43 0.44 0.39 0.42
Range 0.92 1.92 1.67 1.14 1.49
Minimum 5.58 494 3.31 6.06 4.92
Maximum 6.50 6.86 4,98 7.2 6.41

Data from the 2018 measurements of the Eh and pH showed that the dominant electroche
process involved the formation of significant amounts of the mangamegévalent of magnetite,
namely Mn304 which is also reflected in the mean Eh value of 0.429 volts. The fall in mean E
2019 measurements saw the mechanism change, for the slope had decreased to 29 mV per pl
the reaction scheme described abofEable 17b). As in previous monitoring years, it was noted
there was a strong correlation between higher Eh and increased chloride concentration, as shu
equation 8, which shows that the redox potential increases by 0.7mV per ppm of chloride,
ste7Eh = 0.358 0.0007 [Clhpm (48)
The R2 for the eight measurements was 0.83 provides a modest degree of confidence in the re
the apparent connection with increased redox activivith increased chloride across the ro
AdzNF I OSad ¢KS SNNBNI AY GKS AyGSNOSLIW ¢ a s

Table 17b: Statistical analysis of Eh on site 7, Deep Gorg@P17

2021 2020 2019 2018
Mean 0.390 0.379 0.368 0.429
Standard Error 0.003 0.003 0.006 0.008
Median 0.390 0.379 0.366 0.432
Mode 0.398 0.386 0.355 0.432
Standard deviation | 0.011 0.014 0.02 0.025
Range 0.049 0.049 0.061 0.082
Minimum 0.356 0.142 0.339 0.38
Maximum 0.405 0.191 0.4 0.462

The rock on the reverse side of the kangaroo image at site 7,that was used for colour monitorir
systematically assessed for surface pH, chloride, and redox potential. One of the measures of |
increased chloride ion activity observed4821 works on the pH is seen in Tables 17a & 17c w
the pH range decreased from 1.92 in the post cyclone Damien environment to only 0.92

following year. This reduced pH range was due to the mean chloride which had increased frc
46 ppm. Lessea salt reduces the buffer capacity to respond acidic metabolites. The exposed |
of the site is also reflected in the conformity of the pH values going across the rock, from left tc
In the upper most row the mean pH was 6.24 + 0.39 whiles#mond row had the same mean val
of 6.25 + 0.22 and in the bottom row, where moisture and micronutrients accumulate the mee
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was down slightly to 6.06 + 0.2%he chloride ion profile across the rock was only readily discern
the upper row wherehe chloride activity increased by 0.75 ppm per (©ymovedtowards the right
side of the reference rock, as shown by equati@rviz.,

[Cll=76.2+0.78 (49)
The regression equation no 47 had arf falue of 0.94 with a salt error in the ldfland side
(intercept) of £ 6.2 ppm and a slope error of + 0.14 ppm/centimetre. The chloride levels acro
rock in the middle and the bottom row we®nstant

Tablel7c: Statistical analysis the chloride activity on site 7, Deep Gorg@P17

2021 2020 2019 2018 2017
Mean 46 4.8 8.6 18.6 21.5
Standard Error 8 0.6 1.1 2.5 3.7
Median 33 4.3 7.2 17.3 24
Mode 21 2.6 6.9 n.a. 30
Standard deviation | 34 2.4 3.8 7.8 11.7
Range 109 8.6 13 28.8 27.8
Minimum 21 24 4.3 8.2 7.2
Maximum 13 11 17.3 37 35

All the chloride distribution data is consistent with rain coming in from the coast and washing the
rocks during the cycloneSimilarly the buildup of chlorides is clearly coming with movement of
moist sea air from the right to the left of the reference rock.

Summary of observations on site 6, Water TamR921

Comments on the distribution of chloride salts on the measurement roclpt@sgously been made
and an illustration of the wind shadow area is seen in Figufdd.rock immediately adjacent emd
approximately 50 cm forward of the engraved roclsig 6 was systematically assessed for surface
pH, chlorideand redox potentiain 2021,2020,2019 and 2018 anfibr both pH and chloride in

2017. The pH data collected inZDsignificantly lesacidic thanin 2019 because of the impact of
the rain from cyclone Damieithe additional buffering capacity of the increased sea salt deposition
this year was significant, with a mean chloride concentration of 282 ppm(Table 18c)The buffer
impact is also seen in the range of @Fable 18a) which was 1.89, with a maximpishof 6.56 and a
minimum of 4.67The set of eighteen measurements of pH, chloride and redox potentials were
made in three rows dfive measurements at a spacing of approximately 18 cm between points.

Table 18a: Statistical analysis of pH data from-2021 at site 6, Water Tanks

2021 2020 2019 2018 2017
Mean 5.57 5.34 4.67 5.85 5.66
Standard Error 0.17 0.08 0.05 0.19 0.07
Median 5.26 5.41 4.64 6.11 5.76
Mode #N/A 5.46 4,59 4.7 5.85
Standard Deviation 0.65 0.35 0.18 0.7 0.22
Range 1.89 1.42 0.58 1.7 0.57
Minimum 4.67 4,59 4.43 4.7 5.28
Maximum 6.56 6.01 5.01 6.4 5.85
Count 15 18 15 12 10
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An unexpected revelation on site 6 took place when searching for a better (more representative)
washing rock when in the afternoon sunlight tineage of a great white shark was found engraved
on the chosen reference rock (Figure 26).

CAIdzZNBE HcY 2| aKAY Bshowingblréatwiienhrk a0 ¢ G & A

The redox o, data is shown in Table 18 b and tReurbaix diagram for site 6 in 2D&howedthat
the dominant relationship between the pH and the redox potential was associated with the two
electron oxidation of a partially hydrolysed ktion, as shown below in the common equation no
50. The Pourbaix diagram had a slope 82V per pH and so the most likely reaction is seen in
Equation 16 viz.

Mn(OHY+ Bh T a YWHHHI+Re ..o, (50)
The regression line for thig and pH for site six iR021 had ar® of 0.96 and the associated errors
were an intercept value of 0.545 + 0.012 volts and a slopg26f+ 2 mV, which is consistent with
equation50. The data in Table 18b shows that this site is remarkably stable, in terms of the overall
redox reaction potentiabf + 0.392 + 0.004 volts vs. NHE. There were no soluble iron species present
Ay (GKS gl aKAy3a T NE YandisiliskehdistehBith the iackedasedpNJoNR O] 4 0 €
region which drives the solubility of iron downwardsth@ point of being less than the detection
limit of 5 parts per billionAnalysis of thés, and chloride measurements on the large rock showed
that there is a systematic increase in the redox potential on the site as the amount of surface
chloride ions ineases. Th&, value increases at the rate of0+29 +0.06mV/ppm chloride, which is
consistent with the expected manner of formation of weak chloride complexes enhancing the
kinetics of the relevant redox couples that are being measured on the roclcsutaing the testing
procedures.

When the pH data was plotted as a function of the chloride readings the pH gradealgased
with increasing chloride concentration at the rate ©0.012 + 0.003%H per ppm of chlorideup to

the maximum value of arouh350 ppm. Beyond this value there was no systematic response of the
pH to chloride ions in the 46832 ppm range, with some parts of the rock showing indicators of the
presence of chloride obligate bacteria and others were essentially sterile and refffldletegoH to be
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expected with high sea salt concentration valugése pH showed complex behaviour, which is
described in a series of three equations, viz., equatisiis3.

S 6 hH potiom row = 8.43C 0.011 [Clhpm «evvevveereiieireiieerecieereenan, (51

St 6 hH rock shadow= 7.92C 0.011 [Clhpm «ovvevveereireeirieieirecieereenan, (52

S 6pHoprow = 7.24G 0.013 [Clhpm vovvevrveeerierreeiesireieseeeneenns (53)
The R values for equation$1-53 were 0.94, 0.99 and 0.92 respectively and the errors in the pH
intercept values at zero ppm chloride were 7.24 + 0.57efquation 53, 7.92 + 0.20 for equatiof2
and 8.43 + 0.37 for equatio®l. The three intercept values were just statistically significant from
each other. The three slopes were the same, which indicates a common mechanism, and the mean
value of ¢} was-0.012 +0.001 pH/ppm chloride ion. An illustration of how the chloride activity
varied across the rock is shown below in Figure &Y .overall summary of the changing chloride
levels from 2017 to 2021 is given in Table 18was noted that there is direct correlation between
the maximum pH recorded and the mean chloride ion on the rock surfaces. This is entirely consistent
with the chlorides being associated with increased alkalinity from the seawater.

Table Bb: Statistical analysih on sites, Water tanks2017-2021

2021 2020 2019 2018
Mean 0.394 0.385 0.391 0.396
Standard Error 0.005 0.002 0.005 0.006
Median 0.390 0.386 0.39 0.403
Mode 0.390 0.385 n.a. 0.403
Standard Deviation 0.020 0.01 0.017 0.02
Range 0.067 0.045 0.05 0.068
Minimum 0.371 0.365 0.369 0.358
Maximum 0.438 0.41 0.419 0.426
Count 15 18 15 10

The only times that this correlation fell apart were in the 2018 and 2020 seasons when there was
very little chloride on the rock surface following cyclone Damien in 2020 (29 + 17 ppm) and in 2018
when there had been heavy rain which reduced the chlorictévitly to 2.3 + 3.2 ppm.

Table 18c: Statistical analysis of chloride ion activity on site 6 (Water Tank&D2017

2021 2020 2019 2018 2017
Mean 242 29 9.7 2.3 190.8
Standard Error 22 4 1.8 0.9 48.6
Median 210 23 8.5 1.2 164.5
Mode 260 22 n.a. n.a. n.a.
Standard Deviatior] 84 17 6.3 3.2 97.3
Range 278 60 21 11.3 218
Minimum 154 14 3 0.3 108
Maximum 432 74 24 12 326
Count 15 18 14 10 12
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Figure 27: Chloride distribution in 2021 on site 6 showing impact of wind sheltering

It was found that there was no correlation between the observed range of pH with the amount of
chloride on the rock surface, nor was there any linear relationship bemean annual pH and the
chlorinity of the surfaces.

Summary of observations on sieBurrup Road

In reviewing the irsitu corrosion data for site 5 it is useful to be able to view the measurement

points on their precise locations, since there are coordinate specific responses that are open to

interpretation when one can see the data ngprhe collected pH, chloride aBgidata from 2017

2021 are summarised in Table 19a (pH), 19b (red@)@nd table 19c (chlorideThe measurement

points are shown in Figure 28. When the pH &hdata were plotted on a Pourbaix diagram there

were a series of parallel lines in which the overall redox equation was summarised as e§dation
Mn?*+2Hh Th a®AH +26 (i, (54)

All the lines had the samel18 + 3 mV/pH as would be expected for equatieghbit they had

different intercept voltages, the extrapolation value to zero pH. For six data peinitsh followed

the left-hand margin of rock 5, thB® value was 0.96 and the integpt was 1.216 + 0.079 volts, and

the slope was; 127 + 12 mV/pH. For the mithe of the rock theR was higher at 0.98 but the

intercept was 1.069 + 0.083, but this value lies within the range associated with the standard

deviation of the slope of the fe-hand side of the rock. In a similar fashion, the rigahd side of the

rock had an intercept voltagehich fell within the same range, but because f®Rewas only 0.74,

the errors well exceed any differences in the voltage.

Thus site 5 can be seen e associated with the oxidation of free manganous ions which was
subjected to a tweelectron oxidation step followed immediately with precipitation of manganese
dioxide. The increased mean surface fobim 4.65 in 2020 to 6.30 was enough to bring aboug th
change of mechanism, which had previously been associated with the 1:2 slope of oxidation of
Mn(ll) to Mn(lV) but from a starting point of the Mn(OHpn to produce the dihydroxy
manganese(lV) species Mn(GHjsee Table 9a). The reason for the dramatic shift in the mean pH
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is seen in the data from Tabl®d, in which the mean chloride went froB5 + 4.2 after cyclone
Damien to 60 + 16 ppm in 2021, following the long dry spell.

Figure 28: Measurement locations fofsitu data on site 5 in 2021

The redox potential oE, increased linearly from 0.364 volts with the chloride ion concentration at
the rate of 0.6 £ 0.1 mV per ppm chloride and the value&.cdit zero chloride were typical of
equilibria involving Mn(IV)/Mnl() species. The increased pH across the site reduced the sensitivity of
the B, to chloride ions by a factor of two times. Inspection of the data in Table 18b shows that after
the initial value of +0.467 in 2018, the progressive drop in the oxidizinggeottaer successive years

has been reversed and so the mean redox potential increased from +0.372 to + 0.408 during the
transition from a Pourbaix slope of 1:2 with 1:1 in 2020 to 1:2 for 2018 indicates stabilisation of the
higher oxidation states of mangase, with the move to greater alkalinity.

In previous reports it was noted that there was a progressive increase in the acidity of the
measurement points across and up and down the reference rock 5, with the more acidic areas being
at the foot of the rockwhere moisture and micronutrients combine to provide a more optimum
environment for the respiration of aerobic bacteria. This site has been one of the most routinely
acidic sites, with pH minima below 4 in 2018 and 2020. It was noted that one of theynearb
reference washing rocks gave a soluble nitrate concentratidh®ppm which in the past had led to

more acidic surfaces, but the massive increase in the salt across the surface increased the minimum
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pH from 3.87 in 2020 to 5.76 in 2020. Clearly thedased amount of sea salt has had a pronounced
buffering effect on the acidity.

Table Pa: Statistical analysis of pH values on site 5 from-202¥

2021 2020 2019 2018 2017
Mean 6.30 4.65 4.79 4.98 5.17
Standard Error 0.05 0.08 0.05 0.12 0.18
Median 6.34 4.72 4.72 5.02 5.17
Mode #N/A n.a. 4.72 4.87 n.a.
Standard Deviation 0.20 0.3 0.17 0.43 0.6
Range 0.79 1.18 0.49 1.61 1.68
Minimum 5.76 3.87 4.63 3.97 4.36
Maximum 6.55 5.05 5.12 5.58 5.17
Count 16 14 16 12 14

Table Bb: Statistical analysis of redox potentii site 5: 20172021

2021 2020 2019 2018
Mean 0.408 0.372 0.390 0.467
Standard Error 0.003 0.002 0.01 0.003
Median 0.406 0.373 0.39 0.466
Mode 0.403 0.372 0.38 0.458
Standard Deviation 0.010 0.006 0.04 0.011
Range 0.038 0.019 0.131 0.032
Minimum 0.387 0.362 0.318 0.453
Maximum 0.425 0.381 0.449 0.485
Count 16 14 16 13

Table Dc: Statistical analysis ofiloride concentrationsite 5: 20172021

2021 2020 | 2019 2018 2017
Mean 60 5.5 95 20 143
Standard Error 4 1.1 20 4 14
Median 60 3.9 68 21 136
Mode 64 n.a. 25 n.a. 214
Standard Deviation 16 4.2 70 13 44
Range 68 13.3 225 46 126
Minimum 33 15 25 1 88
Maximum 101 14.8 250 47 214
Count 16 14 16 13 14

The pH across the site fell with increasing chloride ion activity and so this indicates the presence of
chloride obligate bacteria. Measurement sets down the-lefhd side of the rock gave a regression
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equation for the four points (equation® which hadan R of 0.99 and an intercept value of 6.98 +
0.04 while the slope”y/c} was-0.0090 + 0.00086, viz.,

PHcp =6.98-0.0090[Cl] ppm «+eeeevvrrrereeeeiiniirreeeaseeniireeeeeessnenens (55)
Even though it is a small rock, measuring some 36 cm wide by 48 cm down, the surface does show
off anisotropy in the distribution of the voltage, the chloride activity, and the pH, which are all
interrelated. The average sensitivity of pH on the chloride ion concentration-®v@882 + 0.0009
pH/ppm chloride.

Summary of observations @SIRO Site dear Withnell Bayrkoad

The CSIRO reference rock no 4 is located close to the Withnell Bay Road some 250 metres up the
gully from thebisectingroadway.ThisN2 O1 ¢l a | f gl e&a @GAS6SR a + aOb
much closer to the point sources ahthropogenic pollutants such as Nand SQfrom the main
NWSP on the opposite side of the roatbwever, the relative proximity to point emission sources
does notconsiderthe complex aerial distribution of waste products and the need for adsorption
processes on the rock to make available this resouiidee surface pH, chloride arkeh data was
collected in the same manner as the other sites. The rock is large2@sdts of measurements
were taken beginning at the upper ldftand side and moving in fiveeps across before moving
down the rock face to the left and then stepping down to keep up &@agsampling pattex Owing

to the diminishing size of the rock only four sampling points were taken towards the bottom or foot
of the rock.The site isabout 75 to the vertical.On the9™" of September 2021the zephyr breeze at

2.3 km/hour.The rock was samplezl’ery18 linear centimetres.

Whereas thePourbaix diagram in 202fave the samel20 mV/pH slope as was observed for site 5
in 2021, thechanged conditions of chlorinity and pH altered the main equilibria to give a 1:1 ratio of
protons to electrons and thus a slope-88 mV/pH The redox equation for this reaction is given in
equation56viz.,

Mn?*+2Hh Th a#®2H+2€ o, (56)
Ashas been commonly noted in this 2D2easonal report, the pH was more acidic as the sampling
points moved down the rock face and the pH fatim 6.23 + 0.10 at the top of the rock to 5.94 +
0.17 at the foot, which isjust statistically significant and wetike other granophyre sites in the
Burrup. The Pourbaix diagram for site 4 in 2021 is shown below in Figure 29 and the results of the
regression analyses are shown in Tetfa, while the mean pH data over the monitoring period are
shown in Table 19b, ¢hmean redox data in Table 19c and the mean chloride data in Table 19d.

Table20a: Pourbaix data for 2021 on CSIRO rock no 4

Location Intercept error slope | slope error R
volts

lower 0.788 0.011 -0.064 0.002 0.99

row2 &3 0.783 0.107 -0.061 0.018 0.80

middle 0.750 0.078 -0.060 0.013 0.81

It is important to note that within experimental errors associated with the regression analyses that
the reaction scheme has the same intercept, the same slope and therefore, the same overall
electrochemical processes.
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Figure ®: Pourbaix diagram for site 4, October 202

The impact of the long dry spell, with no major rain events, in 2021 is readily seen in Table 19b
where the mean pH has increased from 4.8 to 6.0 and, as noted atlisehas brought about a
different operational mechanism for the interaction of redox potentials and surface pH on this rock.
With the increased saltiness (Tal2@éd) there is less of a range in the pH and the minimum has been
moved from inherently acidi¢4.33)to a much less aggressive microenvironngmH (5.76) Some

areas had a maximum of 76 ppm chloride, at which level there is significant capacity to adsorb acidic
metabolites.

Table20b: Statistical analysis of pH values on&frem 20172021

2021 2020 2019 2018 2017
Mean 6.07 4.81 4.43 5.52 3.81
Standard Error 0.04 0.08 0.1 0.24 0.17
Median 6.09 4,72 4.48 5.34 4.05
Mode 6.26 4.62 4.48 5.34 4.05
Standard Deviation 0.16 0.35 0.35 0.92 0.52
Range 0.57 1.21 1.12 2.9 1.44
Minimum 5.76 4.33 3.83 4.38 2.98
Maximum 6.33 5.54 4.95 7.28 4.42
Count 20 18 15 12 9

The trend in redox potentials ike that found on site 5, which is many kilometres away, in that the
B, value initially fell by 93 mV between 2018 and 2019, then fell by another 15 mV (not significant) in
2020 but has now increased by 23 mV after the long dry shelhas been observed on all the other
Burrup sites, the redox potential was slightly semsitito chloride ion activity as described by
equation ¥ viz.,

Ste 45, = 0.357- 0.0009 [Clhpm .vveeveeveirierieerieireeiesreereseesve e (57)



For this relationship thd® was0.96 and the slop&'{cp +0.00091 + 0.00018 represents an 18%
error while the intercept at zero chloride w&s357 + 0.007, which is only 2% of the value. Other
sections of the rock surface showed similar increases in voltage with chloride ion activity, and they
all fell within the standard deviation of the slope of the first group reported in equatin 5

Table20c: Statistical analysis of redox potential git@018-2021

2021 2020 2019 2018
Mean 0.400 0.377 0.392 0.485
Standard Error 0.003 0.003 0.004 0.003
Median 0.399 0.378 0.389 0.485
Mode 0.394 0.358 0.376 0.48
Standard Deviation 0.014 0.013 0.015 0.011
Range 0.046 0.037 0.037 0.046
Minimum 0.379 0.358 0.375 0.467
Maximum 0.425 0.395 0.412 0.513
Count 20 18 15 12

The pH was found to be dependent on chloride, falling by with a mean $tdpg}{of-0.0147 +
0.0005 and thé®™ “pH intercept value was 6.83 + 0.09. The high pH intercept vefiectsthe
buffering capacity of th&K A IKSNJ OKf 2NA RS A2y O2yOSYy N} GAZ2Y 2y
dominance of chloride obligate bacteria cogdrtwo thirds of the measurement points. For the
sections of the double goanna site 4, there were one third of the data points that showed a reverse
trend of the pH increasing with chloride ion concentration as shown in equa8ipn 5

St A4NH = 5.20 + OD[Cllopm «eevveeerererreeireeireeiieeireeereesieeireeereeennas (58)
For this data sulset theR? value was much lower at 0.61 and there was only a 5% error in the
intercept value of 5.21 + 0.26 but a 36% error in the sléfg{ of +0.022 + 0.008 pH/G and it is
recommended that future studies by applied microbiologists assess the unifapfitycroflora
across the Burrup monitoring sites. This gubup of data points was centred around the middle of
the rock surfaces.

Table20d: Statistical analysis of chloride concentration at site 4:-2028

2021 2020 2019 2018

Mean 38 11 4.4 2.2
Standard Error 3 1.3 0.5 0.5
Median 35 9 3.8 1.4
Mode 36 9 2.8 15
Standard Deviation 12 5.6 1.9 2.1
Range 52 31.2 5.9 6.6
Minimum 24 21.8 2.6 0.5
Maximum 76 6.2 8.5 7

Count 20 18 15 12

The monitoring data in 2020 had shown both halophytic bacteria and other sections of the rock
where the pH increased with chloride concentration as an indicatonatased alkaline reserve of
the deposited sea salt&or the middle sections of the rodkom the top to the bottom, there was a
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reverse trend, shown by the regression equati®) where the pH was seen to become increasingly
acidic with increasing chloride ion activity.

PH middie of rock= 6.24¢ 0.11 [C|] ........................................................ (59)
Inspection of figure30 shows that there is a strong regression analysis witfRaalue of 0.99 and
the intercept pHero cwas 6.24 +0.07 and the slope wé@s11+ 0.006. The corresponding equation in
the 2019 site assessment had a more acidic interegte of 5.23 and a slightly steeper slope- at
0.19pH per ppm chlorideDecreasingoH with increasing chloride is an indicator of the activity of
chloride obligate bacteria (Equati&9).
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Figure 30: Plot of surface pH vs. chloride ppm in 208itead; mixed responses

The cyclonic rainfall event on thé" °f June 2018, before the measurements were taken on
September 4, appears to have had a major impact on the rock surface, since the mean pH increased
from 3.8 to 5.5, which represents a #@ld reduction in acidity. Within a year the site pH had
decreased tal.4, over 12 times more acidic than in the previous year and this acidification trend was
stopped through the intervention of cyclone Damien in February 2020, which resulted in the
increased mean pH to 418t it appears it was the lack of rain and theedition of prevailing winds

that brought about the major shift towards alkaline values in 2021.

Environmental impact on the Climbing Man site 20021

Owing to the nature of the main panel at the Climbing Man site, it is only practical to record the pH
values, since other measurements require more physically demanding proceduss as a second
person holding a meter boand there is no room for their feet to stand@’hus, the surrogate rock a

few metres to the left of the main panel has been used for sugaments of the redox, pH and
chloride dataover the years However, this unique situation is of great benefit as it allows for a
direct comparison of the impact of the rock orientation on the adsorption of gaseous emissions and,
indirectly, provides a nmesure of how rain events impact on the rock art sites. Owing to the singular
cultural value of the main panel, measurements have been made on the pH of this site since 2003,
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apart from the hiatus period between February 2004 and July 2017. The Fox (Epart2020)
conducted statistical analysis of the changing pH values across the BHisufindings, inter alia,
noted that for sloping rockghe pH wasconsistentacross the rock surface but that there was an
increase in acidity as the measurements progegsdown the rock surface from the top towards the
bottom. The longterm trends of the pH on both the main panel and the adjacent rock have been
reported (dbove) in Figur@2. The 2021 pH data from the main panel are shown in Figlire 3

The top row (yellw background with stars) had the natural pH associated with weathered
granophyre rock for the first 60 cm but as the rigitaind side of the rock were approached, the pH
fell from 6.0 to 5.4 aBO cm to reach a lower value of 5.2 at the most distant pdihie second row

pH values (brown squares) was much more uniform for the first 80 cm before falling from 5.9 to 5.0
in the last 20 cm, which was the area that was mostly in shadow. In a similar fashion the third row
was at a more alkaline starting positiom ¢he vertical face of the roglout it moved to the same

end point as the first row on the rigiitand side of the rock. The mean pH of row 1 was 5.79 in the
full sun and 5.28 in the shaded areas, indicatimg important role of moisture in creating théght
microenvironment for microbial activity. The same pattern of more acidic shaded areas was found
on row 2 pH data, with thé&" 2s"VpH rcan 6.00 and thet'2pH neanwas 5.42, a shift of 0.58 pH to
more acidic values. The corresponding bottom reslues were 6.19 for the mean sunny sites to
5.17 for the most moist and shaded areas. This data confirms the bioavailability of micronutrients is
a primary factor in determining the surface pH. The main panel showed a total rarigé4oin pH

from a minmum of 4.96 to a maximum of 6.40, as seen in Talie 2

mean pH Climbing Man panel 2021

47 4

4.5 } } } } } {
0 20 40 60 80 100 120
cm from left side of main panel

~X-rowl --row2 -<©--row3
Figure 3: Surface pH of the Climbing Man in 2021 vs. distance from the left side
One of the most significant impacts of the change in angle in moving fronmehe vertical (5

Climbing Man panedb the adjacent spilt rockapproximately 39 the latter rock had a much greater
capacity to adsorb moisture coming in from the ocean beseZlhis is most strongly seen with a
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mean 2021 chloride ion activity @0 ppm, with a minimum of 42 and a maximum of 104 parts per
million. The difference in angles is also reflected in the different mean pH values of 5.73+ 0.43 for
the main panel and 66 + 0.20 for the split rock.

Observations on the Climbing Man split rock adjacent to the main panel
Given that only pH data could be safely recorded on the main panel on the Climbingthdan
detailed electrochemical measurements were conducted onthe N&b & G aLJX A d NROJ ¢
three metres left of the main frieze. Plots of the  Bnd pH data from this site gave Pourbaix
diagrams which indicated that there wassegleelectrochemical reaction taking place on this site
but with a displacement othe voltage axis of 47 m\fhe regression analysis gave equatén
Mn2+2H,0Mh a y GMH2K + 2 €.eeeeeeeee e (60)
The upper set of data had a mean intercept at zero pH of 0.805 + 0.064 volts, wihoi0.89,
hence the large scatter of 8% in the intercept value and a slopg0at 10 mV/pH expected for a 1:1
proton and electron reactiorMost of the data points wee from the right side of the rock while the
others related to the left sideThe lower line had the same slope &4 +8 mV/pH, which is
experimentally indistinguishable from the upper set of data. Rhealue was still very high at 0.94
and the intercep value forg, was 0.753 + 0.047, which is experimentally the same as the other
value.

The varied chloride distribution across the split rock has previously been attested to and so it was
not surprising to find increased redox potentials in responsadoeiased chloride, equatiodil viz.,

diagonal splitrocis, = (0,383 + 0.00068 [Cl]......covvevveivieieiieiesiesie e (61)
The regression analysis gave Rrof 0.97 and there was onlysa5 mV error in the intercept value
(1.3%) and the slopé&[CI]} had an error of + 0.06 mV/ppm chloride, which amounted to only 10%.
In the light of the above sensitivity observed in 2021 the differences in the intercept voltages from
the Pourbaix plots are almost certain to be solely due to differences in ttadided chloride ion
activities.

The data in 2021 gleaned from the split rosthowed that there were no statistically significant
differences in the mean pH down the rock face, with row 1 being 5.99 + 0.30, row two 6.12 + 0.13
and the bottom row had a man pH of 6.09 + 0.09. This site runs counter to the general argument
developed by Fox (20). There was a systematic fall in the mean chloride doing down the rock,
from row one being 81 + 10, row two being 75 = 20 ppm and the bottom row being 49 + 11fppm o
chloride ion. It appears that during the wind driven salt deposition there was a counter current of
wind reversing the distribution values of the chloride ions, like on site 22 with its complex chloride
map showing the wind vortices. For all intents gndaposes, thek, was constant across the rows

and down the rocks.

Table2la: Statistical analysis of pH valuest@nClimbing Man split rodkom 20172021

2021 2020 2019 2018 2017
Mean 6.06 6.1 4.62 5.81 6.04
Standard Error 0.05 0.08 0.05 0.1 0.21
Median 6.09 6.13 4.59 5.93 6.05
Mode 6.27 6.21 n.a. 5.97 5.48
Standard Deviation 0.20 0.3 0.16 0.39 0.61
Range 0.69 1.18 0.56 1.27 1.68
Minimum 5.65 5.39 4.4 5.19 5.26
Maximum 6.34 6.57 4.96 6.46 6.94
Count 14 14 12 14 8
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Plots of the pH profiles as a function of the chloride ion activity on the split rock showed a

decreasing pH as the chloride ion concentration increased, in accordance with the regression

equation no62,

split rocka =6.36 0.0075 [CI]

This regresion equation had aR® of 0.96 and the intercept value 6.36 + 0.06 pH is significantly
more alkaline than typical values in 2020, when the low amount of surface chloride provided little
buffering capacity for the rock surface to minimise the impact afi-pcoducing chloride obligate

bacteria. The error in the slope was + 0.0009 which amounted to only 12% in the value, giving a high

degree of confidence in the fineness of the fit.

Table 4b: Statistical analysis of redox potential and chloride levelspliivi20B-2021

2021 Evs| 2020 Evs| 2021 ClI 2020 ClI 2019 Cl

volt NHE | volt NHE ppm ppm ppm
Mean 0.437 0.375 70 10.5 14.4
Standard Error 0.003 0.007 5 2.3 3.0
Median 0.436 0.374 71 7.1 12.2
Mode 0.434 0.378 65 n.a. 4.6
Standard Deviation| 0.011 0.027 19 8.8 10.5
Range 0.037 0.109 62 31.1 35.5
Minimum 0.417 0.352 42 4.1 4.6
Maximum 0.454 0.461 104 35.2 40.1
Count 14 14 14 14 12

Colour measurements

Measurements conducted Beptembe2021
Colour measurements were conducted on sites 4, 5,&1, 22 and 23 using the Konidinolta
Chromameter (KMC) with et of 10 independent measurements on the background and engraved
surfaces at the four designated reference poirevious work in 2019 and 2018 had used 20
measurements but statisticahalysis by Microfading Australia showed that this produced too many

random errors, owing to the challenges of positioning the sensing head on areas characterised by

high microtopographyThe details of the colour measurements made iRRfave been compank
with those made ir2020,2019,2018 and in 2017The advice received froiicrofading Australiat
the conclusion of thei2019assessment changdte sampling protocol was changéalenableeach

rock areato be dusted with a dry paint brush to clear loose iron ore dust from the surf@oéour

measurements on inhomogeneous surfaces is fraught with difficulty but by apmirimge house
cleaning protocols the sampling errors were minimised.

The initial analysisf the colour differences was conducted using the methodology outlined in the
CSIRO September 2008 Rep@S(RO 2008) whidhvolved using the CIE standard formula for

colour difference by taking the square root of the differences between the L, a awdlues

recorded by the Konica Minolta Chromameter. The formula used for determining the colour
difference was as noted below in Equati@s)

N7 = {(lo-Le)® +(a-ae)” + (1-0e)}”

In Equation60 the subscripts after the L, a and b values relat¢hb for the background ane for

the engraved surfaceswhen comparing the colour data, it should be noted tithe 2017

measurementswere characterized by scatter due to the dust. Owing to the cyclonic rain that
preceded the 2018 data collectiathere was much less dust on the rock surfacés moderate
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soft and very flexible natural bristle paint brusbr the data collection, which had a smaller data
scatter than the data points from 201%any of the sites that were assessed in September 2021 had
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a moderate to light dusting of red dust from the pervasive iron minerals arising from ore transport
and local traffic movement on dirt road®wing to uncertaintie associated with the assessment of
the colour difference readings on each of the six sites, both the original data and the calquiated
values were reviewed by Bruce FpRfincipalof www.microfading.com Thisreview was necessary

as therehave been major revisions by colour conservators regarding the evaluation of what are

statistically reliable measurement of colour differences. Using the criterion that the MJDtat

mean colour distance from themean)/Delta E> 0.5 the sites were assessed for colour difference
between the background and the engraved areas as being compliant or not.

The primary coloudifference data between the background and the engraved afea02l is

reported in Table22 below. The data was collected with a measurement area of 8 fime major
difference between the colour contrast data between 2020 and 2021 relatés tioe Water Tanks

LY wnun GKNBS
KFR n9 @It dzSa

Table22: Colour differences f&021 on four spots on each site Qvacigroundc engraving

2F GKS F2dzNJ YSI & dzNB Y Sy lfifourdddtsy i a
3 NBThdieSapediel to Yie more dystématic Srrons at Git® 7 than

in previous years for the standard deviation of the four colour measurements was greater than 70%
whereas it was closer to 50% variation ir220 A matrix of all th&8 colour measurement points
listed in Table 22 were plotted against the minimum pH values in 2021, as reported in the various
chapters in previous discussion and the summarised resultshenen in Figur&2.

PH minimum spot 1 spot 2 spot 3 spot 4
5.76 site 4 3.41 3.00 3.18 2.73
5.76 site 5 4.08 5.64 7.90 4.35
4.67 site 6 1.94 2.16 1.07 3.41
5.58 site 7 6.01 1.73 2.38 8.94
5.61 site 21 5.92 4.80 2.36 6.21
5.06 site 22 4.68 5.83 2.43 5.72
4.92 site 23 2.93 2.99 3.60 6.17

During the general discussions regarding the electrochemistry of the seven colour monitored sites in
2021 some major differences emerged between the data from the last two years. Irs282Q7 and

21 had two different Pourbaix slopes and site 5 had thwvaes, ranging from 2 protons, to one per
electron to one per two electrons. This indicated that there were several competing equilibria on the
surface, with some areas of the rocks being more associated with oxidation of fréeidvia and
others assoecited with oxidation of the partially hydrolysed Mn(OH)n. On site 5 in 2020 there
were several zones on the rock which indicated that oxidation of Mn(ll) to Mn(IV) was taking place,
with formation ofthe solid MnQ on the rock surface. This changingieity was seen as a reflection

of the low salt concentration on the rock surface, following cyclone Damien, providing a chemical
environment where it was possible to develop niche microenvironments that were significantly
more acidic. By the time the 202deasurements were conducted 11 months later, most of the rock
surfaces had received very little natural washing and so they were characterised by much more
alkaline surfaces, due to the increased buffering capacity because of the higher sea salt
concentraton. By way of contrast to the complexities of the redox equilibria observed in 2020, this
more stable surface condition showed that there was only one equilibrium on each site.
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summarised in Table 23. The data from 2020 shows greater colour contrast in the mean values for
each of the seven sites amther than sites 6, 7 and 21 the scatter of the data is less.

¢l of

S HoY [/ 2YLJI NARazy BefwednRIR0 gn®2024| f dzS a

2021 2021 location 2020 2020
mean stdev mean stdev
3.1 0.3 site 4 2.7 1.9
55 1.7 site 5 4.2 1.8
2.1 1.0 site 6 0.9 0.4
4.8 3.4 site 7 2.7 1.3
4.8 1.8 site 21 4.3 1.0
4.7 1.6 site 22 4.0 1.5
3.9 1.5 site 23 2.6 1.1

In 2021 there were no instances of formation of M from the Mn(ll) state but there was still the

oxidation of Mrt*to MnQ;, releasing two protons per electron, and this took place on site 5, which

had the largest shift in the mean pH between the two years.
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Figure32: Plot of the contrast differenc21versus minimum pH
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had indicated tha{' ?,n mi} increased by approximately 4 per unit increased agcidityceas the rock

surfaces become more acidic the repatination procegfesn natural weathering) of a thin layer of
precipitated mineralisation is removed@he data in 2021 shown in Figure 32 shows that the slope

2y

OA DS

{ o1 mip Was 2.1 + 0.2 increase in colour contrast per unit of increased acidity i.e., the response of
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the colaur contrast to increases in the minimum pH is about half that it was in 2020. This reduced
sensitivity to changes in the pH are due to the higher mean values of the pH in 2021 and the
associated increased buffering capacity of the surface

Inspection ofthe data plots in Figur82A Y RA OF (G Sa & #sl pHmi, he MWur daté Hoings,9

which include areas on the granophyre rock site no 6,gatéing close to the limit of human eye in
LISNOSAGAY 3 | 2dzad vy 2aA OS|vhihSlusFateRit Yalué of usinkKt§e @I € dzS
chromameter for monitoring the colour difference between the background and engraved. &eas

casual visitors to the Burrup rock art monitoring sites, who rely solely on their recall of colour

O2y (NI & & HtNtRisrdatd proviNgs @ salullary lesson about capacity to discern colour
change with the naked eye.

It is useful to get an idea of the challenges associated with measuring the colour contrasts on the
reference points on the different rocks. This is tlated by the two granophyre rocks at site 6 and

Fd &aAGS pod ¢KS RIGEFE Ay ¢F06fS HH aK2¥Pandaistesi (GKS
(Burrup Roadji KS O2y (Nl 4G Aa 4SSy o0CA3IdzNBE ono (2 0S8 Ydz
to 7.9, which in 2020 at spot 3 had a value of 5.8. It is possible that the cause of the lower colour
contrast at site 6 (Water Tanks) is due to the much older engraving on that location than the
cormorant at site 5, off up the hill from Burrup Road.

Figue 33: Reference rock no 6 (Water Tanks) with spot locations showing background
and engraved areas

' Yy20GKSNJ aA3yAFAOFYd RAFTFSNBYOS o0SiG6SSy GKS a
nocleari NByRa 2F n9 gAGK GKS YSIy LI 2F (GKS aa
systematic change in the colour contrast with the mean pH.sies 4 and 22 (as a group) and for
sites 6 & 23 (a second group) the colour contrast increased as the mean pH moved towards more
acidic values. However, there it is not possible to compare these data points and their dependence

on pH as there were onlyvb sites in each grougut in the simplest of terms, a much more readily
AYGSNIINBGFrotS aSd 2F k9 02f2dz2NJ OKFy3IS RFEGEZ | &
when the colour differences are plotted as a function of the minimum pH observedébr ste.
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Figure &: Site 5 showing locations of the sampling points at Burrup Road

Colour differences across the sites between the years-2027.

A series of calculations by Microfading Australia (Fordl@&re conducted in which the data was
statistically analysed to see if the mean colour differences between the background and the
engraving at each reference point on the monitored rocks was meaningful. If the answefBas

then that data set is reportd in Table 8 in BOLD BLACHKNt. If the differences are not statistically

reliable, then they are listed iIBOLDRED The statistical methodonsiderghe internal variability in

the sets of ten (10) colour measurements taken on each reference pointmidretopography of

the rocks naturally makes collection of reproducible spectra a challenge, but one that does clearly

reap dividendsasshown by the previous discussion where B2 f 2 dzZNJ RAFFSNByYy OS Qg1 f
been shown to correlate well with the imimum pH recorded on each site. When the cut off

LI N} YSGSNI 2F GKS YSIy O2f2dz2NJ RAFFSNBYyOS RAGARSR
commentary in Table2is notedBOLD GREEA¢$ ~, for being possibly yes and possiblyTie basic

diagram of colour space is shown in Figure 35 below.

It has not been previously alluded,tbut it is instructive to review not just the individual colour
measurements on each of the seven monitored sites, but to look at it as a whole grouping of data
across the Burrup. The resulwe summarised in Table 24nd the [a’b’ values for all the
background readings show a remarkable uniformity across the sites, with the standard deviations of
the readings amounting to 12 + 1% of theee variables. This isignificant in that it shows the
common colour of the parent weathered rock surfaces. When the engraved values are compared the
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is a greater scatter of data, particularly in the{ed (+) to green-J}, where the standard deviation

of the mean amountsa 19% of the value. It should be noted that this is not an inherent problem for
the groupsincethe engravings are believed to be significantly different in their age and so the
reformation of the original irofrich patina would be expected to showeasurdle colour
differences. It is also interesting to note that thevalues {yellow(+) to blué} show a similar extent

of variation as in the background values.

h
Cc L
Q white I -
b+ yellow
.
135
a| 280
blue | a+
green . magenta
blue b-

L* a* b* and L C h are different ways of
describing the same shift in CIELAB space

L* = Lightness
a* =red-green axis

b* = yellow-blue axis

C = vividness (chroma)
h = hue angle anticlockwise from red (0)

Figure 35: CIELAB space diagram illustrating the valuesiadnd b

Table 24: Statistal analysis of the 2021 colour measurements

L a b*
Background mean 32.07 12.65 14.43
std dev mean background 3.38 1.57 1.71
Engraving 35.89 14.15 18.32
stdev engraving 2.95 2.72 2.41
n 09y Bdkggondd 3.82 1.50 3.89
stdev delta 2.31 1.89 2.52

When the formula for calculating the colour difference between the background and engraved 28
monitoring points in the Yara survey cohort, the mean colour difference is 5.7, which is well above
the average value of 2.0 for the human eye to éedo discern colour changes.
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Having access to all the colour data for the Yara historic monitoring period from-22217
Australian Microfading noted that there was a remarkable uniformity within each site fok #ib’

data setsfrom the engraved surfacesyith the exception beindhe information collected in 2020.

For this year alone there was a diminution of tHeot lightness values by 3.24 so the rocks in that
year appeared to be darker. In a similar fashion, theadues were less red by26 and the bvalues

were also lesyellow with a fall in the chroma of 6.6 42 GKS ySi& 02t 2dzNJ OKF y 3§
5.05. At present there is no specific position as to why the 2020 year was so different, but it is
tempting to reflect that the general cleanliness of the rock surfaegth minimal buffering from sea
salts, had created a different microenvironment and that the microflora had responded. The loss of
redness and the lowering of the yellowness all indicates that there was removal of some of the
repatination layer.

The most reliable measure of the changes in the colour of the rocks with the mean surface pH was

found for the combination of the pH data collected in 2018, which had the Deep Gorge site (no 7) as

an outlier due to the accidental release of ammonia. Théwas still an outlier when the mean pH

data from 2020 was considered and the odd solution behaviour of site 22, which appeared to have

been subject to a heavy localised rainfall event (it is quite near to the coast) made the site lie below

the regressia line associated with the four other sites, so tratationship was dismissed as the pH

RAR y2i aSSy (2 06S NBLNBaSyidlGdA@Se | LX20 2F (K
in Figure 36 and in equatior6
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CA3Idz2NB ocY t dlo2ridifferefice peweeh 2001 andk2820 @& meandgpi

k 302(}2019 = 15.3( mean pH o0 T (64)
The regression analysis for equation 60 had a Rfghalue of 0.93 and the intercept value was 15.3
+ 1.7 (an 11%) variation and the pH dependeA®%2°1Y oy mean 2019 Was-1.95 + 0.30 or a variation
of 15%. Thus, the colour contrast decreases linearly as the mean pH incrébisesbservation is
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consistent with the way in which the redox processes change with seasonal variations in microbial
activity, which controls the pH along with the deposition of sea salts from prevailing winds.

Table 3: Colour differencefackground and engravipgnd significanc017-2021

site DEOO DEOO DEOO DEOO DEOO

2017 2018 2019 2020 2021

S5 spotl 5.83 531 4.84 4 4.08
S5 spot2 6.7 5.81 6.66 5.77 5.64
S5 spot3 7.61 4.81 9.86 6.38 7.90
S5 spotd 4.15 6.45 5.78 2.14 4.35
S6 spotl 151 2.04 1.91 0.72 1.94
S6 spot2 1.02 2.15 0.88 0.71 2.16
S6 spot3 1.86 2.8 1.54 0.45 1.07
S6 spot4 3.1 2.33 1.83 1.3 3.41
S7 spotl 6.75 2.51 3.56 4.25 6.01
S7 spot2 3.01 2.47 3.3 3.44 1.73
S7 spot3 3.84 5.67 5.14 1.53 2.38
S7 spot4 4.6 5.5 4.4 1.53 8.94
S21 spotl 5.34 7.99 4.62 4.27 5.92
S21 spot2 3 3.86 5.44 4.12 4.80
S21 spot3 5.23 4.15 3.97 4.76 2.36
S21 spot4 3.88 6.63 5.53 6.33 6.21
S22 spotl 6.63 2.56 1.02 6.49 4.68
S22 spot2 2.43 1.16 2.8 3.07 5.83
S22 spot3 4.61 3.12 2.71 4.15 2.43
S22 spot4 3.91 3.98 5.32 3.63 572
S23 spotl 2.17 3.47 3.32 2.01 2.93
S23 spot2 2.52 4.31 1.34 3.34 2.99
S23 spot3 6.97 3.48 1.05 3.39 3.60
S23 spot4 2.65 3.28 4.65 1.43 6.17
S4 spot 1 3.56 5.28 3.41
S 4 spot 2 1.91 0.3 3.00
S 4 spot 3 1.6 2.96 3.18
S 4 spot 4 1.04 2.33 2.73
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Conclusion

The analysis of the relationship between the pH and ¢bacentrationsof metal ions reporting to

the wash solutions enabled the mechanism controlling the release of manganese containing
minerals to the wash solutions to be determinddom a combination fathe Pourbaix diagrams and

the regression analyses of the voltages at zero pH, the formal redox voltages of the electroactive
speciesare normallyobtained. An unexpected feature of the analysies2021was the presence of
measurable amounts of iron orvé of the sevensites, ory sites 7 and 22 (both gabbro rocks) had

no soluble iron on themThe mean concentration of iron was 0.3 0.03x 107 M which was higher

than the mean concentration of manganese which was 0.35%M,0which is contrary to noral
expectations of manganese ions being more soluble than the corresponding iron moieties. Owing to
the much higher salt concentrations on the rock surfaces than following cyclone Datinéen
changed order of solubilities can be understood in terms of ¢hemistry of the formation of
chloride complexes with iron compared with manganese.

One of the limitations of Pourbaix style analysis of the relationship between the redox potential and
the pH is that it is not possible to distinguish between t68 m\/ Sope associated with one proton
released per electron. This is summarised befomthe general transition metal oxidative hydrolysis
shown in equation B, since the reaction is the same for both manganese and iron viz.,

M(OHY +HBh Th adbHhH+HEY ..., (65)
Similarly the slope alone is not sufficient to differentiate between the general reactibown in
equation @,

2MOHy+HBh TH adHM@H + H+ 26! ..ol (66)
A provisional assignment as to the dominant redox couple is shown iRdhebaix data for 2021
shown in Appendix |. The engraved cormorant image on site 5, above the Burrup Road near the Yara
air monitoring station adjacent to the Pluto main flare tower, showed tépH slope of-120 mV/
pH which is associated with oxidatiaf Mr¢*to Mn(IV) and precipitation of Mnas the black
brown manganese dioxide

In the aftermath of cyclone Damien in 2020 there were several sites where the Pourbaix diagrams
showed mixed electrochemical pathways i.e., there were two slopes fourttidaneasurements on

the B-pH diagram. By way of contrast in 2021, when there had been a long period of no major rain
event, each site showed uniform electrochemical behaviour and showed a single unifying reaction
scheme.Based orthe intercept voltages fathe extrapolated pH=0 points, it was possible to assign
the -60 mV/pH slope to iron on site 4 and at the Climbing Man split rock. For sites 21, 22 and 23,
which had the same60 mV slope, the electrochemically active species appears to be dominated by
manganese. The same analysis approach was able to assign atpel}{-30 mV/pH slopes to
manganese couples.

The increased alkalinitgn the monitoring rock art sites has reduced the dependence of calcium
solubility, based on the p{Ca} vs pH plots, iegdi fractional slope i.e., less than a 1:1 dependence in
line with the systematic trends observed in the years where the impact of rain events has been
largely absent. The practical implications of these observations are simply that the bulk of the
calcium in the washings is coming from the adsorbed sea salts. Where local variations occur this is
due to the higher calcium content of the parent gabbro rocks, which bhaes previously analysed

by CSIRQMVgjor effect of the increasedgeasaltsare interdependent, for not only does this affect

the mean pH it also reduces the impact of microflora consumption of the adsorbed nitrate ions.
Because sea salts contain calcium carbonate, the production of acidic metabolites results in
converting some of thearbonate to bicarbonate ions (i.e., €Qo HCQ@) which is part of a weak
acidweak base conjugate system it buffers the changes in acidity. This is because the pH is
proportional to the logarithm of the ratio of carbonate to bicarbonate. The data 2020 showed a

mixed impact of rains from cyclone Damien, but in several cases the freshly washed rock surfaces
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acted as ideal sites for conversion, through adsorption, of anthropogenidd\i@trate ions which

then became available to the microflora. Wilittle or no sea salts to act as a pH buffer, a relatively
small concentration of acidic metabolites has a major impact on the way in which the mean pH
changes with soluble nitrate concentration.

The data on mean pH showed that the rock adjacent toG@limbing Man had the same value as in
2020 at 6.1 and it had previously been the least acidic of the eight monitored sites. After a year of
little to no rain events the pH at site 6 (the Water Tanks) was slightly more alkaline by 0.23 pH due to
increased alt concentration on the rock, but this is well within the range of surface pH on each
measured rock, as was site 7 (Deep Gorge) which had an increase from pH 5,8oiéhds likely a
reflection of the increased buffering capacity of the salty rockame. Sites 21, 22 and 23 showed

L LI @I fdzSa 27F b n-foly decrgase indurface acity.lTheZ&c@&s¢ in acidity for
sites4p YR GKS [/ fAY0oOAYy3 aly KI R-dddec@asginaciddly. In2 T b md
summary, at the end obeptember 2021 all the rock art sites were at the natural pH of weathered
gabbro and granophyre rock in the Burrup (pH 5.7 + u2h as at sites 21, 22 and 23, or in a much
more alkaline condition, owing to the accumulation of sea salts on the rockcsstfehe other sites

had a meart®?pH value of 6.2 + 0.2 compared with the same locations in 2020 where the mean
202hH was 4.8 +0.4 or a general reduction in acidity by tw4inty times.

For the six sites examined in and around the Yara facility tiseaalecreasedamount of sulphate

ions than cannot be explained by the increased presence of sea Baéisnean sulphate in 2017
was 5.2 + 3.0 which decreased to a value of 1.2 + 0.7ip[2018. Howevelin 2019 it had increased

to 4.5 + 64 ppm beforeafling to 1.5 £ 2.2 pprin 2020.Following the dry spelthe meanvaluefor

the moderate concentration of sulphate in the washing solutions for 2021 was 0.8 + 0.4 ppm, which
is not statistically significantly different to the average data from the preyvigear. The mean
sulphate level at sites 6a, 21b and 23b was 15.0 £ 5.5 ppm but these sites are also associated with
high chloride ion concentration due to deposition of sea satswas borne out by the normal range

of {*¥so0} of 2.9 + 0.8. Sites 4b ai@®a washing rocks had lower sulphate and hence higher chloride
to sulphate ratios and these rocks had microfossils on their surface, which would have lowered the
sulphate available to the wash solutions.

Analysis of the variations of the minimum pH 622 and the sulphate concentration showed up
complex behaviour that was due to the creation of different microenvironments on the rock surfaces
due to the accumulation of sea salts. For the high chloride site%" ™ pH 2021 sainfell by 0.088 per

ppm of sulphate while for the less salty areas, where there is reduced buffer capacity on the rock
surface, the™m™iM pH 50,1 nomalfell by 0.46 per ppm {S& with values oPK2.2 ppm sulphateFor

nine rock surfaces, thenean pH 0f5.68 + 0.08 at a mean [$) concentration of 1.0 + 0.6 ppm
where the pH is essentially independent of the sulphate ion concentration.ifdisates that for

sites 4, 5, 7, 21a, and the Climbing Man reference rocks may not be colonised by organistas that
metabolise sulphate ionsA hallmark of the 2021 measurements has been the ability to discern
systematic differences in how granophyre and gabbro reekpond to nitrate ion concentration in

the wash solutions. The plots of mean pH for the granophgcs had a more alkaline intercefSt

NO3 hH mean Of 6.75 + 0.12 compared with the gabbro rocks at 6.41 + 0.04, which is statistically
significant.It was also found that thaitrate dependence (slope) of the rocks 2021 were much
smaller than in 20@ because of the higher sea salt surface concentratamd their associated
increased pH buffer capacityVhen the pH o3} slopes are the same it is a strong indication that
the degradation mechanisms are the sarier the granophyre rocks in 2021 telwpe of the mean

pH with nitrate was1.94 + 0.28 which is experimentally the same as for the gabbro rocisoat +

0.19 which effectively confirms thahe principal form of degradation relates to acid assisted
dissolution of microscopic amounts of theck patina.
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Over the last five years of monitoring the colour contrast between the background and engraved
areas on four spots on each of the seven monitoring rocks for Yara Pilbara Nitrates has provided a
unique insight into the biodynamic nature ofelrock surfaces in the Burrup. By using the same
chromameter as the CSIRO had done for their extended colour monitoring there is now an
unquestionable rich archive of colour information which can now be better interpreted, since the
impact of the changesiredox reactions on the surfaces, changes in the surface pH measurements
and in the chloride ion surface activity are now much better understood.

During the general discussions regarding the electrochemistry of the seven colour monitored sites in
2021 t became clear that there was much more uniformity on the rocks themselves, since a single
electrochemical process defined the connections betw&gand pH. This in turn meant that there

was greater consistency in colour measurement in 2021 compared2020. By the time the 2021
measurements were conducted 11 months later, most of the rock surfaces had received very little
natural washing and so they were characterised by much more alkaline surfaces, due to the
increased buffering capacity because of thigher sea salt concentration. In 2021 there were no
instances of formation othe dark colouredvinsO, but there was still the oxidation to MnQvhich

took place on site 5, which had the largest shift in the mean pH between the two years.

For 2021 the changes i 9with the minimum pH were half the sensitivity as in 2020 as the slope

{ o0 mip Was- 2.1 £ 0.2 increase in colour contrast per pH uiamge and this is due to the
increased buffer capacity on the salty rock surfaces which minimise the chemical alteration of the
repatination layers on the engravingg.@A RSy 0S 2F (KS RANBOG O02yySOia:
pH was not unequivocal whichghy our focus has been on the changes in the minimum pH and
how it has affected the colour contrast. The historic colour dataall the background readings
show a remarkable uniformity across the sites, with the standard deviations of the readings
amourting to 12 + 1% of the threeolour parametersThis is significant in that it shows the common
colour of the parent weathered rock surfaces. When the engraved values are comparedstize
greater scatter of data, particularly in thé fred (+) to greer(-)}, where the standard deviation of

the mean amounts to 19% of the value. It should be noted that this is not an inherent problem since
the engravings are believed to be significantly different in their age and so the reformation of the
original ironrich patina would be expected to show measurable colour differences. It is also
interesting to note that the bvalues {yellow(+) to blue{ show a similar extent of variation as in the
background values.

During the review of all the data collected oveetpast five years on the way in which the colour
OKIFIy3aSR ¢gAGK LI X GKS o0Sad NBalLkryasS 2F p9 (2 (K
changes between 2021 and 2020 and acidity datiéected in 2018, which had the Deep Gorge site
(no 7) as an outliedue to the accidental release of ammonighus, the colour contrast decreases
linearly as the mean pH increaseshis observation is consistent with the way in which the redox
processes change with seasonal variations in microbial activity, which cottiopH along with the
deposition of sea salts from prevailing windie conclusion of thisolour study is that the work
should continue so that the dynamics of changing colour contrast can be determined. There is
unequivocal evidence that the changesdolour contrast are affected by the changes in the mean
and in the minimum pH observed on the rock art sites at the reference posiff@mnscasual visitors
to the Burrup rock art monitoring sites, who rely solely on their recall of colour contrasts&rémt NB& Q
past, this data provides a salutary lesson about capacity to discern colour change with the naked
eye.

END of REPORT
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APPENDIX II: Electrochemical analysis of reactions from Pourbaix

diagrams

Mn2*+ 2 Hh

202

M awaH+2e

slope- 120 mV/pH

Location Pourbaix slope Intercept R Metal
Site 5 -0.120 + 0.008 1.142 +0.104 | 0.96 Mn
Mn*2+2Hh [bH a ?o+HR2IHG 2 e slope- 60 mV/pH

Site 4 -0.060 £ 0.002 0.774 £ 0.020 | 0.98 Fe
Site 21 -0.056 £ 0.003 0.719 £0.021 0.98 Mn
Site 22 -0.055 +£0.006 0.706 +£0.035 0.96 Mn
Site 23 -0.058 + 0.005 0.708 £ 0.029 | 0.99 Mn
Climbing Man | -0.057 + 0.004 0.753 £ 0.047 | 0.94 Fe
Mn(OHY + Bh T a yo+HH +2 e slope- 30 mV/pH

Site 6 -0.026 £ 0.002 0.545 +0.012 | 0.96 Mn
Site 7 -0.035 £ 0.003 0.608 £ 0.009 | 0.98 Mn
Site 21 -0.034 £ 0.004 0.564 £ 0.023 | 0.98 Mn
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APPENDINX: Chemical analysis of the wash solutions from the CSIRO

monitoring sitesSeptembe2021.

Concentrations are in mg/L other than electrical conductivity which is in mS/m

Client Id Site 4a Site 4b Site ba Site 5b Site 6a Site 6b Site 7a Site 7b
Al 0.0130 0.0120 0.0120

As

B 0.0080 0.0050

Ba 0.0038 0.0008 0.0021 0.0017 0.0010 0.0010 0.0012 0.0009
Ca 0.70 0.30 0.40 1.30 0.40 0.30 0.60 0.30
Cd

Cl 3.30 2.80 4.60 1.50 49.00 2.50 2.70 1.40
Co 0.0001

Cr

Cu 0.0005 0.0006 0.0012 0.0012 0.0047 0.0022 0.0015 0.0020
ECond 2.40 2.00 2.50 2.00 23.20 1.40 1.70 1.20
Fe 0.0160 0.0150 0.0050

K 0.30 0.40 0.40 0.40 0.60 0.10 0.70 0.30
Mg 0.10 0.20 0.20 0.10 0.20

Mn 0.0100 0.0014 0.0016 0.0016 0.0016 0.0014 0.0024 0.0017
NO2

NO3 0.50 0.14 0.30 0.13 1.10 0.08 0.22 0.18
Na 3.00 0.80 2.70 1.50 1.90 1.10 2.00 0.80
Ni

Oxalate

Pb 0.0001 0.0001

S 0.60 0.30 0.20 0.30 0.20 0.40 0.10
SO4 1.30 0.30 1.00 0.80 20.20 1.10 1.00 0.60

V 0.0001

Zn 0.0060 0.0050 0.0040 0.0030 0.0110 0.0030 0.0060 0.0040
Ni

Oxalate

Pb 0.0002 0.0005 0.0001

S 0.2 0.1 0.5 0.2 0.7 0.4 0.5 1.1
S04 0.2 0.3 0.5 0.4 1.5 0.8 1.2 2.8

V 0.0002

Zn 0.013 0.011 0.028 0.01 0.012 0.012 0.008 0.007
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Appendix Il continued

Client | Site Site 21b | Site 22a | Site Site Site Climbing | Climbing
Id 21a 22b 23a 23b man, a man b

Al 0.0110

As

B 0.0070{ 0.0050 0.0060

Ba 0.0029| 0.0088| 0.0013| 0.0016| 0.0012| 0.0018| 0.0027| 0.0011
Ca 1 2.2 0.3 0.5 0.4 0.8 1.4 0.4
Cd

Cl 5.4 32 1.3 1.3 1.3 51 9.3 0.8
Co

Cr

Cu 0.0014| 0.0008| 0.0075| 0.0029| 0.0091| 0.0067| 0.0044| 0.0027
ECond 2.9 13.8 1 0.9 1 24.2 4.7 0.7
Fe 0.0060( 0.0050 0.0050( 0.0060

K 0.4 0.6 1.7 0.5 0.3 0.4 0.5 0.5
Mg 0.2 1.1 0.2 0.1 0.2 0.2

Mn 0.0021| 0.0020| 0.0019| 0.0019| 0.0027| 0.0030| 0.0033| 0.0014
NG

NGs 0.22 0.27 0.26 0.23 0.65 0.31 0.08
Na 4.3 9.1 2.3 1.6 1.6 2.3 15 1.2
Ni

Oxalate

Pb 0.0001
S 0.9 2.5 0.1 0.3 0.3 0.4 0.4 0.1
SO 1.6 9.3 0.2 0.4 0.5 15.6 2.2 0.3
\Y/

Zn 0.0090( 0.0110{ 0.0260| 0.0060| 0.0100( 0.0090| 0.0040| 0.0070
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APPENDIX: Surface pH measuremer8032004 in the Burrup

17-Jun03 28-Aug03 23-Feb04

Location pH pH

Dampier W1 5.03 4.90

Dampier W1 4.85 4.82

Dampier W1 5.14 4.77

Dampier W1 5.13 5.18

Dampier W1 4.61 4.47

Dampier W1 4.95 4.59

Dampier W1 4.37 4.80

Dampier W1 4.10 4.88

Dampier W1 4.49 4.76

Dampier W1 4.71

Dampier W1 4.64

Dampier W1 mean 4.74 4.77

Dampier W1 st. dev. 0.37 0.19

Dampier W2 4.30 4.41

Dampier W2 4.34 4.32

Dampier W2 4.96 4.61

Dampier W2 4.80 4.63

Dampier W2 4.86 4.40

Dampier W2 4.72 4.27

Dampier W2 4.78 4.16

Dampier W2 4,94 4.78

Dampier W2 4.82 4.50

Dampier W2 4.33 4.68

Dampier W2 mean 4.7 4.5

Dampier W2 st. dev. 0.3 0.2

27-Feb04
Burrup SW1 4.70 4.43 4.63
Burrup SW1 4.69 5.33 4.76
Burrup SW1 4.94 4.52 4.97
Burrup SW1 4.49 4.89 4.79
Burrup SW1 4.96 4.68 4.78
Burrup SW1 4.16 4.60 4.92
Burrup SW1 4.42 4.92 3.89
Burrup SW1 4.66 4.98 4.94
Burrup SW1 5.01 4.94
Burrup SW1 4.65 5.02
Burrup SW1 mean 4.63 4.80 4.76
Burrup SW1 st. dev. 0.27 0.27 0.33
27-Feb04
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Burrup SW2 5.39 4.88 4.87
Burrup SW2 5.32 4.49 4.68
Burrup SW2 4.64 4.82 4.83
Burrup SW2 4.44 4.83 5.16
Burrup SW2 4.60 4.72 4.83
Burrup SW2 5.43 4.69 4.80
Burrup SW2 5.00 4.65 4.98
Burrup SW2 5.40 4.72 5.00
Burrup SW2 5.38 4.63 5.19
Burrup SW2 4.59 5.24
Burrup SW2 mean 5.07 4.70 4.96
Burrup SW2 st. dev. 0.40 0.12 0.19
27-Feb04

King Bay 1 4.89 4.61 491
King Bay 1 4.37 5.34 4.73
King Bay 1 5.27 5.15 4.46
King Bay 1 4.98 4.69 4.79
King Bay 1 5.41 4.39 4.64
King Bay 1 5.30 4.70 4.98
King Bay 1 4.85 5.02 4.80
King Bay 1 4.94 5.00 4.87
King Bay 1 6.04 5.12 4.93
King Bay 1 5.33 4.93 4.88
King Bay 1 5.36 491
King Bay 1 5.17

King Bay 1 mean 5.16 4.90 4.81
King Bay 1 st. dev. 0.41 0.29 0.15

27-Feb04

King Bay 2 5.27 4.85 4.61
King Bay 2 5.24 4.89 4.75
KingBay 2 5.27 4.89 4.80
King Bay 2 5.41 4.74 4.95
King Bay 2 5.31 5.29 4.86
King Bay 2 4.59 4.77 5.30
King Bay 2 4.88 5.22 4.78
King Bay 2 3.82 5.41 4.76
King Bay 2 5.05 4.93 5.02
King Bay 2 491 5.17 3.54
King Bay 2 5.48 5.02
King Bay 2 5.44 4.78
King Bay 2 mean 5.06 5.02 4.76
King Bay 2 st. dev. 0.5 0.2 0.42
Withnell Bay 5.15 5.02

Withnell Bay 4.95 5.01
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Withnell Bay 5.18 5.27
Withnell Bay 4.95 4.97
Withnell Bay 4.98 4.73
Withnell Bay 4.79 5.19
Withnell Bay 4.47 4.82
Withnell Bay 4.70 5.50
Withnell Bay 4.85 5.04
Withnell Bay 4.46 4.55
Withnell Bay 491 5.01
Withnell Bay mean 4.85 5.01
Withnell Bay st. dev. 0.24 0.26
Withnell Bay 2 4.92 5.76
Withnell Bay 2 4.73 5.28
Withnell Bay 2 4.26 5.52
Withnell Bay 2 4.45 5.52
Withnell Bay 2 4.89 5.24
Withnell Bay 2 4.97 5.26
Withnell Bay 2 4.78 5.44
Withnell Bay 2 4.83 5.26
Withnell Bay 2 4.93 5.50
Withnell Bay 2 4.66 5.68
Withnell Bay 2 mean 4.74 5.45
Withnell Bay 2 st. dev. 0.23 0.18
North Withnell Bay 1 4.48 4.66
North Withnell Bay 1 4.59 4.80
North Withnell Bay 1 4.17 4.85
North Withnell Bay 1 4.86 4.62
North Withnell Bay 1 4.37 4.66
North Withnell Bay 1 4.54 4.75
North Withnell Bay 1 4.29 4.76
North Withnell Bay 1 451 5.03
North Withnell Bay 1 5.16
North Withnell Bay 1 4.89
North Withnell Bay 1

North Withnell Bay 1

North Withnell Bay 1

North Withnell Bay 1 mean 4.48 4.82
North Withnell Bay 1 st. dev. 0.21 0.17
North Withnell Bay 2 4.77 4.65

3.45 sail

North Withnell Bay 2 4.74 area
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North Withnell Bay 2 4.66 4.87
North Withnell Bay 2 4.31 4.79
North Withnell Bay 2 4.83 5.09
North Withnell Bay 2 4.65 4.76
North Withnell Bay 2 4.58 4.88
North Withnell Bay 2 4.50 5.13
North Withnell Bay 2 4.63 5.05
North Withnell Bay 2 4.73
North Withnell Bay 2 5.03
North Withnell Bay 2 mean, no soil 4.63 4.90
North Withnell Bay 2 st. dev. no soll 0.15 0.17
North Withnell Bay 2 mean 4.9
North Withnell Bay 2 st. dev. 0.2
Deep Gorge 1 491 4.71
Deep Gorge 1 4.54 5.06
Deep Gorge 1 4.87 4.74
Deep Gorge 1 4.72 4.87
Deep Gorge 1 4.89 4.90
Deep Gorge 1 4.10 5.14
Deep Gorge 1 4.32 4.98
Deep Gorge 1 4.06 4.80
Deep Gorge 1 5.19 4.80
Deep Gorge 1 4.17 5.07
Deep Gorge 1 4.14

Deep Gorge 1 mean 4.54 491
Deep Gorge 1 st. dev. 0.40 0.15
Deep Gorge 2 4.59 4.69
Deep Gorge 2 4.93 4.97
Deep Gorge 2 4.46 5.45
Deep Gorge 2 4.63 5.31
Deep Gorge 2 4.57 5.20
Deep Gorge 2 4.79 5.04
Deep Gorge 2 4.71 5.16
Deep Gorge 2 4.36 5.12
Deep Gorge 2 4.70 5.31
Deep Gorge 2 3.85
Deep Gorge 2

Deep Gorge 2 mean 4.64 5.01
Deep Gorge 2 st. dev. 0.17 0.46
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Deep Gorge 3 5.19
Deep Gorge 3 491
Deep Gorge 3 5.06
Deep Gorge 3 4.73
Deep Gorge 3 4.78
Deep Gorge 3 491
Deep Gorge 3 5.39
Deep Gorge 3 5.27
Deep Gorge 3 5.23
Deep Gorge 3 5.10
Deep Gorge 3 mean 5.06
Deep Gorge 3 st. dev. 0.22
Climbing Man Gully 1 5.37 4.96
Climbing Man Gully 1 5.53 4.80
Climbing Man Gully 1 5.39 5.03
Climbing Man Gully 1 4.84 4.78
Climbing Man Gully 1 5.41 4.97
Climbing Man Gully 1 4.83 4.63
Climbing Man Gully 1 4.81 4.93
Climbing Man Gully 1 5.70 5.03
Climbing Man Gully 1 3.04 5.37
Climbing Man Gully 1 5.55 4.22
Climbing Man Gully 1 5.42 5.53
Climbing Man Gully 1 4.62 4.26
Climbing Man Gully 1 4.58
Climbing Man Gully 1 mean 5.0 4.9
Climbing Man Gully 1 st. dev. 0.7 0.4
Climbing Man Gully 1 meara€id spot) 5.22
Climbing Man Gully 1 st. devagid spot) 0.37
Climbing Man Gully-1 5.05 4.92
Climbing Man Gully-1 4.85 5.00
Climbing Man Gully-1 5.03 3.95
Climbing Man Gully-1 5.97 4.45
Climbing Man Gully-1 5.78 3.94
Climbing Man Gully-1 5.46 3.83
Climbing Man Gully-1 5.79 3.97
Climbing Man Gully-1 5.45 3.68
Climbing Man Gully-1 5.23 4.94
Climbing MarGully 1 5.31 3.85
Climbing Man Gully 4L mean 5.39 4.25
Climbing Man Gully 41 st. dev. 0.37 0.52
| June 03 Adjacent to Climbing Man | 3.74 \ | 4.86
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Feb 04 Climbing Man itself 4.31 4.85
Feb 04 Climbing Man itself 4.54 3.91
Feb 04 Climbing Man itself 4.19 3.61
Feb 04 Climbing Man itself 4.1 4.87
Feb 04 Climbing Man itself 4.27 3.75
Feb 04 Climbing Man itself 4.78 4.86
Feb 04 Climbing Man itself 4.55 4.82
Feb 04 Climbing Man itself 3.58 4.68
Feb 04Climbing Man itself 5.13
Feb 04 Climbing Man itself 4.68
Feb 04 Climbing Man itself mean 4.23 4.55
Feb 04 Climbing Man itself st. dev. 0.39 0.53
Climbing Man gully 2B 5.19
Climbing Man gully 2B 5.04
Climbing Margully 2B 5.23
Climbing Man gully 2B 5.28
Climbing Man gully 2B 5.21
Climbing Man gully 2B 5.06
Climbing Man gully 2B 5.35
Climbing Man gully 2B 5.43
Climbing Man gully 2B 5.29
Climbing Man gully 2B 5.53
Climbing Man gully 2B mean 5.26
Climbing Man gully 2B st. dev. 0.15
Compound, off site up hill 4.88 3.81
Compound, off site up hill 4.49 5.06
Compound, off site up hill 4.76 4.94
Compound, off site up hill 4.33 4.76
Compound, off site up hill 5.17 5.67
Compound, off site up hill 4.17 4.65
Compound, off site up hill 4.16 3.88
Compound, off site up hill 473 3.86
Compound, off site up hill 4.61 4.59
Compound, off site up hill 4.67 4.40
Compound, off site up hill 4.64

Compound, off site, uphill, mean 4.60 4.56
Compound, off site, uphill st. dev. 0.30 0.60
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Compound off site, 2 3.85
Compound off site, 2 4.62
Compound off site, 2 3.82
Compound offite, 2 4.66
Compound off site, 2 4.58
Compound off site, 2 4.91
Compound off site, 2 451
Compound off site, 2 4.52
Compound off site, 2 4.83
Compound off site, 2 3.94
Compound off site, 2 mean 4.42
Compound off site, 2 st. dev. 0.40
Rock 3 4.67 4,46
Rock 3 4,76 4.79
Rock 3 4.63
Rock 3 5.03
Rock 3 4.40
Rock 3 4,16
Rock 3 4,71
Rock 3 4.69
Rock 3 4.82
Rock 3 4,54
Rock 3 mean 4,72 4.62
Rock 3 st. dev. 0.06 0.25
Rock 86 4,56 471 4.98
Rock 86 4.67 472 4.95
Rock 86 4.46 4.62 5.09
Rock 86 4.63 5.04 5.08
Rock 86 5.57 4.89 4.86
Rock 86 5.3 4.96 5.10
Rock 86 5.12 5.22 4.90
Rock 86 4,99 4,92
Rock 86 4,96 4.64
Rock 86 5.05 5.21
Rock 86 5.05
Rock 86 mean 4,90 4,92 4,98
Rock 86 st. dev. 0.43 0.18 0.15
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Rock 97 5.21 4.87
Rock 97 5.26 5.30
Rock 97 5.74 5.11
Rock 97 5.03
Rock 97 6.06
Rock 97 5.68
Rocko7 5.34
Rock 97 5.41
Rock 97 5.67
Rock 97 5.00
Rock 97 mean 5.40 5.35
Rock 97 st. dev. 0.29 0.37
Rock 162 4,92 4,72 4.88
Rock 162 5.87 4.63 4.82
Rock 162 5.29 4.86 4.81
Rock 162 4,73 4.88
Rock 162 4.68 5.21
Rock 162 4,50 5.41
Rock 162 4,54 5.12
Rock 162 4.68 5.14
Rock 162 4,71 5.21
Rock 162 5.06
Rock 162 mean 5.36 4.67 5.05
Rock 162 st. dev. 0.48 0.11 0.20
Rock 938 3.97 5.83
Rock 938 4.38 5.12
Rock 938 4.75 5.06
Rock 938 5.15 4.83
Rock 938 4.87 5.45
Rock 938 4,57 4.56
Rock 938 4.64 5.75
Rock 938 5.20 4.35
Rock 938 4.50 4.47
Rock 938 4.80 3.98
Rock 938 5.00

Rock 938 4.85

Rock 938 5.63

Rock 938 4.7

Rock938 54

Rock 938 mean 4.82 494
Rock 938 st. dev. 0.41 0.61
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Rock 1681 5.63 4.57 4.14
Rock 1681 5.36 4.43 5.18
Rock 1681 5.53 4.38 4.93
Rock 1681 5.59 4.17 4.40
Rock 1681 5.28 4.29 4.88
Rock 1681 5.45 4.43 4.8
Rock 1681 5.40 4.21 4.93
Rock 1681 4.86 4.76 4.73
Rock 1681 5.34 4.32 4.85
Rock 1681 4.90 4.10 4.63
Rock 1681 5.64 4.15

Rock 1681 5.67 3.92

Rock 1681 4.74 3.86

Rock 1681 5.81 3.85

Rock 1681 mean 5.37 4.25 4.75
Rock 1681 st. dev. 0.33 0.26 0.30
Gidley Island 1 25-Feb04
Gidley Island 1 10:00
Gidley Island 1 4.45
Gidley Island 1 4.81
Gidley Island 1 5.09
Gidley Island 1 4.96
Gidley Island 1 5.06
Gidley Island 1 4.93
Gidleylsland 1 4.86
Gidley Island 1 5.08
Gidley Island 1 4.63
Gidley Island 1 mean 4.17
Gidley Island 1 st. dev. 1.67
Gidley Island 2 25-Feb04
Gidley Island 2 10:30
Gidley Island 2 4.73
Gidley Island 2 4.52
Gidley Island 2 4.68
Gidley Island 2 4.67
Gidley Island 2 5.24
Gidley Island 2 4.94
Gidley Island 2 4.65
Gidley Island 2 4.78
Gidley Island 2 4.76
Gidley Island 2 5.00
Gidley Island 2 4.57
Gidley Island 2 mean 4.78
Gidley Island 2 st. dev. 0.21
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Gidley Island 3 25-Feb04
Gidley Island 3 11:00
Gidley Island 3 4.61
Gidley Island 3 5.54
Gidley Island 3 4.70
Gidley Island 3 5.10
Gidleylsland 3 4.50
Gidley Island 3 4.92
Gidley Island 3 5.25
Gidley Island 3 5.26
Gidley Island 3 5.50
Gidley Island 3 4.21
Gidley Island 3 mean 4.96
Gidley Island 3 st. dev. 0.45
Dolphin Island 1 25-Feb04
Dolphin Island 1 12:10
Dolphin Island 1 4.93
Dolphin Island 1 4.85
Dolphin Island 1 4.72
Dolphin Island 1 4.63
Dolphin Island 1 4.61
Dolphin Island 1 5.05
Dolphin Island 1 4.86
Dolphinisland 1 4.71
Dolphin Island 1 5.08
Dolphin Island 1 4.95
Dolphin Island 1 4,52
Dolphin Island 1 mean 4.81
Dolphin Island 1 st. dev. 0.19
Dolphin Island 2 25-Feb04
Dolphin Island 2 12:35
Dolphinisland 2 5.14
Dolphin Island 2 4.91
Dolphin Island 2 4.89
Dolphin Island 2 3.68
Dolphin Island 2 3.74
Dolphin Island 2 5.04
Dolphin Island 2 4.85
Dolphin Island 2 5.07
Dolphin Island 2 4.79
Dolphin Island 2 5.04
Dolphin Island 2 4.72
Dolphin Island 2 0.54
Dolphin Island 2

Dolphin Island 2 mean 4.97
Dolphin Island 2 st. dev. 0.12
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Dolphin Island 3 25-Feb04
Dolphin Island 3 12:55
Dolphin Island 3 5.22
Dolphin Island 3 5.32
Dolphin Island 3 5.15
Dolphin Island 3 5.66
Dolphin Island 3 5.07
Dolphin Island 3 4.65
Dolphin Island 3 3.87
Dolphin Island 3 4.81
Dolphin Island 3 5.25
Dolphin Island 3 5.07
Dolphin Island 3 5.22
Dolphin Island 3 mean 5.03
Dolphin Island 3 st. dev. 0.46
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