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Abstract13
In this study, naturally occurring jarosite samples from Kachchh India (considered to be14
Martian analogue) were characterized using Fourier Transform Infrared Spectroscopy (FTIR),15
Cathodoluminescence- Energy Dispersive X-ray Spectroscopy (CL-EDXS) and luminescence16
(thermoluminescence (TL), blue and infrared stimulated luminescence (BSL and IRSL)17
methods. FTIR and CL-EDXS studies suggested that jarosite preserves its luminescence18
characteristics even after annealing the samples to 450°C. This facilitated luminescence19
studies (TL/BSL/IRSL) to assess the potential use of luminescence-dating methods to20
establish chronology of jarosite formation or its transport.21
Jarosite exhibited TL, BSL and IRSL signals with varied sensitivities. The TL glow curve of22
jarosite comprises peaks at 100, 150, 300 and 350°C, reproducible under multiple readout23
cycles. The least bleachable peak at 350°C reduced to (1/e)th of its peak intensity (i.e. 36%)24
with ~100 minutes of exposure under a sun lamp. BSL and IRSL optical decay signals25
comprised three components. The signal exhibited athermal fading of g ~ 6 %/decade, but26
pIRIR signal at 225°C showed a near zero fading. The saturation doses ranged from 700 Gy27
to 2600 Gy for different signals, which suggest a dating range of 25 ka using a reported28
Martian total dose rate of 65 Gy/ka primarily due to cosmic rays. Multiple TL peaks and their29
widely differing stability also offer promise to discern changes in cosmic ray fluxes over30
century to millennia time scale through inverse modelling and laboratory experiments.31
Keywords: Jarosite, Mars, Luminescence dating, Dose response, Thermoluminescence,32
Optically stimulated luminescence33

34
1. Introduction35

Considerable efforts are being made to understand the surface processes on Mars, largely36
through remote sensing methods (Howari et al. 2021; Lancaster and Greeley 1990;37
Rangarajan et al. 2018). Till date, the chronological information on surface processes is38
established through crater counting, which is a relative dating method that has a poor39
resolution and needs calibration (Doran et al. 2004). With the anticipation of sample return40
and onsite measurements by space missions, instruments are being developed and41
modelling/measurements of the properties of rocks on the Martian surface are being carried42
out (Jain et al. 2006; Lepper and McKeever 2000; Morthekai et al. 2007, 2008; Tsukamoto et43
al. 2011).44

Luminescence techniques and in particular thermoluminescence (TL), has been used to45
understand the radiation, thermal history and the metamorphic grades of meteorites and lunar46
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samples (Biswas et al. 2011; Geake and Walker 1967; Sears et al. 2013). More recent efforts47
include the development of optically stimulated luminescence (OSL) readers for onsite dating48
and luminescence behaviour of minerals whose presence is reported in Martian sediments and49
rocks, such as pyroxene, olivine, gypsum, obsidian, anhydrite and various meteorites (Jain et50
al. 2006; Lepper and McKeever 2000; McKeever et al. 2003).51
Luminescence dating is a widely used method for establishing chronologies of events52
associated with earth surface processes (Rhodes 2011; Singhvi et al. 2022). It utilizes53
radiation induced luminescence in natural minerals. A luminescence age is estimated by54
measuring the total luminescence and then scaling it with annual rate of luminescence55
production in a mineral. Appropriate laboratory calibration enables conversion of56
luminescence intensity to radiation dose units (energy deposited per unit mass) and is termed57
as paleodose. The annual rate of luminescence production (i.e. dose rate) is estimated by58
measuring the concentration of naturally occurring radioactivity viz. U, Th and K and the59
cosmic rays. In the case of Mars, the radiation dose is pre-eminently from cosmic rays60
(Morthekai et al. 2007) with a small contribution from the internal concentration of U, Th and61
K.62
The use of luminescence signal for chronology requires that it remains stable over geological63
times and, this has to be ascertained for each sample/mineral phase/grain used for dating.64
Stability of a luminescence signal is determined by,65

a) thermal kinetics, which depends on the ambient temperature, crystal properties and66
trap depth of trapping centres. Trapping of charges in these centres are assumed to67
follow the Arrhenius equation and68

b) temperature independent, athermal quantum mechanical tunnelling effects, which69
results in reduction in trapped charges at a time dependent rate(Wintle 1973).70
Laboratory measurements along with modelling is used to correct for such a loss of71
signal through time (Huntley 2006; Kars et al. 2008).72

Several minerals are used as luminescence chronometers. These include quartz, feldspar,73
gypsum, calcite, olivine, zircon, pyroxene, basalts and volcanic ashes (Aitken 1985; Biswas74
et al. 2013; Clark-Balzan et al. 2021; Jain et al. 2006; Nagar 2007; Zhang and Wang 2020).75
The abundance of quartz on Mars is negligible (Smith and Bandfield 2012). Much of the76
feldspar on the Martian surface is of basaltic origin, and should therefore be prone to77
athermal fading (Wintle 1973). Morthekai et al. (2008) demonstrated that athermal fading for78
the basalts cannot be adequately corrected. Further, presently available models do not ensure79
proper corrections (Biswas et al. 2013; Gliganic et al. 2012; Rajapara 2014), and to an extent,80
this limits the use of basaltic feldspars as a geochronometer on Mars.81

82
Spectroscopic measurements from Mars missions viz., Curiosity, Mars Pathfinder and others,83
suggest the presence of jarosite on the surface of Mars. Morris et al. (2000) used optical and84
Mossbauer spectroscopic data from the Pathfinder mission to confirm the presence of jarosite.85
Rovers Opportunity (MER-B) and Curiosity (Klingelhöfer et al. 2004) reconfirmed the86
presence of jarosite using Mossbauer spectroscopy. Formation of jarosite requires wet (but87
water-limited) and acidic environment, and therefore its very presence implies the existence88
of water. Additionally, jarosite has the ability to incorporate foreign molecules in its structure89
e.g., glycine has been detected in natural jarosite on earth (Kotler et al. 2008). This adds90
value to the mineral in detecting biological activity on Mars.91
Since, Jarosite is a widespread mineral on Mars surface, it can be used to study surface92
process on Mars and establish the associated timing of related processes. This work attempts93
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to characterize the luminescence dosimetry and dating properties of jarosite in order to94
explore its feasibility for dating Martian surfaces.95

96
2. Formation and chemical properties97
Jarosite is an anhydrous sulphate of the “alunite super group” with a general composition98
AFe3(SO4)2(OH, H2O), where A is a metal (such as Ag, 1/2Pb, Na, K Rb Tl, 1/2Hg or99
hydronium). For jarosite, A is potassium. In nature, five kinds of metal substitutions can100
occur forming hydronium (hydronium jarosite), sodium (natrojarosite), silver101
(argentojarosite), lead (plumbojarosite) and ammonium (ammoniojarosite) (Roca 2022).102

103
Jarosite forms through the weathering of sulphide ores in acidic sulphate soils or through104
oxidation of iron by microorganisms under bioleach environments (Roca 2022). It’s105
occurrences are reported from USA, Brazil, Canada, Iran, Romania, Greece and India106
(Bhattacharya et al. 2016a; Klingelhöfer et al. 2004; Marescotti et al. 2010; Reynolds 2007;107
Velasco et al. 2013; Viñals et al. 1995, 2003). Jarosite occurs in four distinctive settings, viz.108
a) in sulphide ores due to oxidation or in arid areas with pyrite-bearing rocks; b) as nodules in109
clays; c) as segments of acid soils and; d) as hypogene minerals (Dutrizac and Jambor 2000).110
Synthetic jarosite can be prepared by heating the metal sulphate and sulphuric acid solution at111
~100°C, leading to its precipitation (Dutrizac and Kaiman 1976; Fairchild 1933).112

113
Jarosite structure comprises alternating tetrahedral and octahedral sheets. Fe(O,OH)6114
occupies octahedral sites connected by four hydroxyl groups, and with a neighbouring115
octahedral sheet and with two oxygen atom of [SO4] at a tetrahedral site (Xu et al. 2010).116
Metals (Ag, Pb, Na, K Rb Tl, Hg etc) reside in a 12-fold coordinated site, linked to 6 atoms117
of O from neighbouring [SO4] and 6 atoms from OH in Fe(O,OH)6.118

119
Numerous studies on the thermal stability of jarosite exist. Neutron diffraction studies on120
deuterated jarosite shows that jarosite is stable up to 277°C, beyond which it decomposes into121
yavapaiite, hematite and D2O vapour (Xu et al. 2010). At 302  C, diffraction peaks of122
yavapaiite and hematite appear and jarosite gets decomposed at 327°C as follows,123

124
KFe3(SO4)2(OD)6  KFe3(SO4)2 + Fe2O3 + 3D2O (1)125

126
Thermogravimetric and mass spectrometric analysis show successive mass loss from 130 -127
330°C in K jarosite which has been attributed to the loss of water. The weight loss at 500°C,128
has been attributed to loss of sulphur, (Frost et al., 2005). For Na-jarosite, mass loss occurs129
between 215 - 230°C, followed by further mass losses at 352°C and 555°C. For Pb-jarosite130
mass loss occurs at 390°C and 418°C. Presence of Fe3+ in jarosite is responsible for its131
magnetic properties (Inami et al. 2000; Wills et al. 2000). It may be noted that jarosite132
decomposes in alkaline and acidic media; and it does not dissolve in water (Cruells and Roca133
2022).134

135
3. Samples and Methods136
3.1. Sample details137
Table 1 provides the details of six natrojarosite samples collected from Kachchh, India, for138
this study. The samples were from different stratigraphic units in sediment successions at139
Kachchh. The relevant part of the Mesozoic succession is described by Desai and Saklani140
(2012), and the Tertiary stratigraphy is documented in Biswas (1992). Samples 57D2 and141
56B2 are from the Guneri member of the Mesozoic Bhuj Formation. Samples 65B2, 66B2142
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and 67F2 are from the Upper Palaeocene to Lower Eocene Naredi Formation, and sample143
68B2 is from the Middle Eocene Harudi Formation. The host rocks are predominantly shales,144
with natrojarosite occurring in veins that cut across and are also parallel to the layering.145
Bhattacharya et al. (2016) established the presence of jarosite in the Matanumadh Formation146
of Kachchh using X-ray diffraction and FTIR methods, and the mode of occurrence was used147
by them to present the locality as a mineralogical Martian analogue. The present study148
includes jarosites from a location near to the Matanumadh Formation given in Table 1 and149
shown in Figure 1.150

151
3.2. Measurement techniques152

FTIR spectra of the powder samples were measured using a NICOLET 6700 (Thermo Fisher153
Scientific Instruments, USA) at the Central Research Facility at the Indian Institute of154
Technology Kharagpur. CL imaging was performed using Hitachi S-3400 N at the CSIR-155
National Geophysical Research Institute, Hyderabad with 15kV electron beam. The EDXS156
spectra was measured with electron beam focused on luminescing phases, using Oxford157
Ultim max 40 system and Aztec© software was used to obtain the EDXS spectra, having a158
total of 100% for each luminescence point.159

TL and OSL were measured on fine grain (4-11 m) fractions of Jarosite samples using a160
commercial Risoe TL/OSL reader DA-15 (with facilities for linear heating, blue (450-490 nm)161
or infrared (817-883 nm) LEDs for optical stimulation) at the Physical Research Laboratory,162
Ahmedabad. The detection optics comprised an EMI 9635 QA photomultiplier coupled to, a)163
a Schott BG-39 filter (330-625 nm) for TL; b) U340 (300- 380 nm) for BSL and pIRIR225164
and c) Schott BG39+BG3 transmitting in 400-480 nm for IRSL(Bøtter-Jensen et al. 2003;165
Thomsen et al. 2006). A Sr90/Y90 beta source, calibrated for fine grain quartz (4-11 µm166
grains), was used. The dose rate for quartz was 0.033 and 0.056 Gy/s. The corresponding167
absorbed dose for fine grain jarosite calculated using the stopping power was 0.038 and 0.066168
Gy/s respectively. A calibrated alpha source, Am241 with a strength of 0.074 μm-2min-1 was169
used for alpha irradiations (Singhvi and Aitken 1978). A linear heating rate of 2°C/s up to170
450°C was used for TL measurements.171
Thick source alpha counting and sodium iodide- thallium activated scintillation counter were172
used to estimate the U, Th and K concentration in the sample.173

174
3.3. Measurements175
Samples were characterized using Cathodoluminescence- Energy Dispersive X-ray176
Spectroscopy and Fourier Transfer Infrared Spectroscopy (FTIR) and for their thermally and177
optically stimulated luminescence characteristics. Key issues examined are the effect of178
heating on luminescence and attendant properties to establish the use of jarosite for179
geochronometry.180

3.3.1. Sample characterisation181

These studies were carried out to characterize jarosite before and after annealing to 450°C.182
For FTIR, finely powdered samples were pressed into pellets after mixing them with183
dehydrated KBr powder in weight ratio of 1:300. FTIR spectra of the powder samples were184
collected in a transmittance mode in the spectral range of 4000–400 cm−1 at the spectral185
resolution of 4 cm −1 and both, the samples as received and their fractions annealed to 450°C186
were measured.187

For CL-EDXS measurements, samples were placed on 15 × 4 mm stubs with a double-sided188
tape. The samples were carbon-coated using a Hitachi E-1010 Ion Sputter carbon coating unit189
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operating under a vacuum of 1 Pascal with a current of ~14 amperes. The samples were190
examined in the CL mode, and the X-ray spectrum was taken by focusing the electron beam191
on the luminescent phases. EDXS on luminous portions was measured, and atleast 10192
luminescent points for each sample (natural and annealed) were probed. EDXS spectra193
yielded elemental data in weight percentages corresponding to each spot. To make194
calculations and visualization easier, the average weight % of elements across all measured195
spots in a sample was calculated for both natural and annealed samples. Comparative analysis196
was then carried out by plotting the elements against their average weight percentages for197
each set of samples to understand the differences between the natural and annealed conditions.198

3.3.2. Luminescence measurements199

The measurements were carried out in an oxygen free ultrapure nitrogen environment.200
Though the samples were collected as bulk rock, in daylight but once received, the entire201
laboratory processing analysis were carried out under subdued red light (>630nm). Pre-202
treatment of the grains with 1N HCl for 2 minutes increased the luminescence yield in203
comparison to the samples as received and therefore all samples were treated with HCl and204
the measurements were carried out on fine grains mounted on standard stainless steel discs.205
Samples 56B2, had the highest luminescence sensitivity (LS, luminescence per unit mass and206
per unit radiation dose (counts/(mg/Gy)) and was therefore used for most of the analysis for207
TL/OSL properties. The following studies were carried out.208

209
(a) TL and OSL characteristics: The TL glow curves were recorded from room temperature210

to up to 450°C at a heating rate of 2°C/s. Measurements were done on natural samples (as211
received) and the same samples after an irradiation of 19 Gy to investigate the effect of212
heating above the decomposition temperature of jarosite on the glow curve. Blue213
stimulated luminescence (BSL) was recorded at 200°C for 100 sec after a preheat of214
250°C for 10 sec and infrared stimulated luminescence (IRSL) was measured with sample215
at 50°C and 225°C for 100 sec and after a preheat of 250°C for 60 sec.216

(b) TL Sensitivity: LS of 80-100°C peak was measured for all the samples by heating to217
250°C then giving a dose of 19 Gy and normalizing the counts by the weight. The effect218
of heating on LS was compared by integrating the photon counts between 50-200°C by219
heating to 250°C and 450°C and normalizing them by weight. The protocol is given in220
Figure S1a.221

(c) Reproducibility: The protocol in Figure S1b was used to measure the effect of repeated222
irradiation, heating cycle and measurement (TL/BSL/IRSL) to check the reproducibility223
of the signals.224

(d) Thermal stability: Kinetic parameters such as activation energy E(eV)), frequency factor225
(s(s-1)), and the lifetime of charges in their trap (τ(s)) were estimated using fractional226
glow method (Gobrecht and Hofmann 1966; Pietkun et al. 1992; Shalgaonkar and227
Narlikar 1972). Three aliquots of the sample 56B2 were irradiated with 325 Gy beta dose,228
heated to 40°C (Ti), cooled to room temperature and then heated again to Ti+10°C. This229
was repeated till 450°C. The activation energy and lifetime for each cycle was estimated230
from the Arrhenius plot and by fitting the luminescence intensity with temperature using231
the equation.232

I =− dn
dt

= nse
−E
kT (2)233

234
(e) TL bleachability: Bleachability of various TL glow peaks under exposure to solar235

simulator lamp (Osram, Ultravitalux, 300 watts filtered through a window glass) was236
investigated. Towards this, aliquots of sample 56B2 were annealed to 450℃, irradiated237
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(300 Gy) and bleached under solar lamp for time periods varying from 0 to 1000 minutes.238
The integrated photon counts (±5℃ the peak counts) of glow peaks 150, 210, 300 and239
350℃ were weight normalized and plotted with bleach times.240

(f) Dose response curve: The growth of luminescence signal (TL/BSL/IRSL) with radiation241
dose was studied. Single aliquot regenerative (SAR) type protocol was used to construct242
the dose response curves (DRC) (Murray and Wintle 2000). The DRC was fitted with243
following single saturating exponential equation244

I = I0(1 − e− D
D0) (3)245

where, I is the intensity at dose (D), and D0 is the saturation dose defined as the dose246
where the intensity is 66% of maximum intensity (I0). The maximum dose that can be247
estimated is till 2D0, after which the error increases.248
The recycling ratio (ratio of luminescence produced by same dose but at different cycles249
of the protocol) and recuperation (ratio of luminescence due to zero dose to natural dose)250
were measured for a repeated and zero dose respectively. For TL, as the samples showed251
good reproducibility and therefore SAR with no sensitivity correction was used. For BSL252
and IRSL sensitivity correction used test dose normalisation. A modified version of253
protocols suggested by Wintle and Murray (2006) was used to construct the dose254
response curve for BSL 200UV. Here the measurement was carried out at 200°C to255
prevent recapture of charges in glow peaks < 200°C.256
For IRSL, measurements were made at 50°C in blue detection window (Wallinga et al.257
2000), IRSL at elevated temperature of 225°C was also measured in UV and blue258
detection windows after measurement of IR50, as for pIRIR protocol for feldspars,259
(Buylaert et al. 2009). The measurement protocols are given in Table 2.260

(g) Athermal fading: Athermal fading was estimated by irradiating the sample to a fixed (100261
Gy) beta dose, followed by measurement after variable time delays The protocol is given262
in Figure 10 (Huntley 2006; Huntley and Lamothe 2001; Kars et al. 2008).263

264
(h) Dose rate Estimation265

a. Alpha and Charge Particle Luminescence induction efficiency: The track266
length of charge particles in a crystal matrix depends on their mass and energy.267
Thus dose deposition by alpha particles with higher mass and charge, results in268
a short track length along which higher ionization density imply loss of charges269
being trapped and consequence reduction in luminescence production / unit270
dose of alpha as compared to weakly ionizing beta particles (Aitken 1985;271
Zimmermans 1972). For low energy alpha particles, as in the case of terrestrial272
sediments, a ratio of luminescence produced per unit dose of alpha to beta273
called as alpha efficiency (a-value), is measured, and is included in274
computation of annual dose rate. The a-value is measured by bleaching the275
samples for 5 hrs and irradiating using 241Am, in a vacuum alpha irradiator,276
(Singhvi and Aitken 1978) for 120 minutes. The protocols used to recover the277
dose are as per Table 2 were used to measure the “a-value”.278

b. On the Martian surface the major source of ionizing radiation is largely high279
energy protons and limited studies so far (Jain et al. 2007) suggest that the280
luminescence production efficiency would be in the range 0.5 to 1. Pending281
these measurements for the case of Jarosite, we used a luminescence282
production efficiency of 1 for integrated cosmic ray flux on Mars.283

Measurements: Thick source alpha counting, where an alpha thick layer (~2mm) of sample284
is mounted on perplex holder being in direct contact with ZnS:Ag scintillator and285
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scintilations/unit area /unit time were measured to estimate U, Th concentration. NaI-286
scintillation counting was used to measure K concentration through the 1.46 MeV gamma ray287
from 40K, the sample was mounted in plastic vials, with same geometry as the standard (AR288
grade KCl) and background and the concentration is estimated by peak area comparison289
method.290

291
4. Results292
FTIR and CL EDX studies were carried out to ascertain possible structural changes in293
Jarosite due to heating.294
4.1.FTIR295

The mid-infrared spectra of samples 57D2 and 57D2A and 66B2A were typical of jarosite,296
Figure 2 (Bhattacharya et al. 2016c; Bishop and Murad 2005; Cloutis et al. 2006; Farmer297
1974; Sarkar et al. 2022). Spectra of 57D2 and 66B2 were nearly identical. The difference298
between the spectra of the annealed and non-annealed samples is that the non-annealed299
sample spectrum shows a higher overall absorbance, indicating larger proportion of300
crystalline jarosite. The spectral absorptions attributed to jarosite used in this study are listed301
in Table 3.302

4.2.CL-EDXS studies303
The comparison of EDXS spectra for natural and annealed samples (Figure 3) indicated that304
in most samples, annealing leads to a relative decrease in oxygen and aluminium, and an305
increase in potassium and sulphur concentrations. The iron content for sample 66B2, 57D2306
remained unchanged, after annealing and decreased for 65B2 and 68B2. The calcium307
concentration in 65B2 and 68B2 on annealing increased from 6.6% to 25.5% and 1.6% to308
8.2% respectively. These variations indicate that annealing did alter elemental distribution to309
a limited extent, suggesting changes in crystal structure or elemental diffusion and were310
sample dependent.311
4.3.Luminescence measurements312
4.3.1. TL glow curves313
Figure 4 shows the weight normalized TL glow curves of natural and irradiated jarosites.314
Natural jarosite comprises a broad glow peak from 200°C to 450°C and the beta irradiated315
samples had additional glow peaks at 100, 150°C. Figure 6, shows the TL glow curve of316
sample 56b2 sample at 260 Gy, were 100 and 150°C peaks cannot be distinguished. This317
suggests that jarosite have multiple convoluted peaks, possibly at 100, 150, 300 and 350°C.318

319
Figure S2a shows the results for multiple cycles of irradiation and heating to 250°C i.e. below320
the temperature for loss of stoichiometric water. Figure S2b shows the luminescence intensity321
with measurement cycles of repeated irradiation and readout. Figures S3a and S3b show322
changes in glow curve shape and luminescence sensitivity after cut heating to 450°C. In both323
cases and for all the glow peaks in multiple cycles of heating to 250°C and 450°C, the324
reproducibility of luminescence intensity was within 1 % and 6% respectively. This suggest325
that despite heating, the luminescing phase remains unaltered and these accord with FTIR and326
EDXS results.327

Figure 5 shows that the LS between samples from different location is variable. Guneri328
jarosite has the highest LS. After heating to 450°C, LS for sample 66B2, 57D2, 56B2329
decreased, while it increased for the samples 65B2, 67F2 and 68B2. Further, Figure 6,330
showed that heating to 450°C changes the LS of the sample; however, the glow curve shape331
does not change.332
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4.3.2 Stability: Kinetic Parameters:333
Figure 7 provides the plot of activation energies with maximum temperature of heating for334
both unannealed and annealed samples. Regions of plateau are marked as a suggestion of a335
charge trap. The activation energy was same for annealed and non-annealed sample till336
300 °C, after which deviation occur. Table 4 provides the data. Assuming a first order337
kinetics, the life time for glow peak centered at 350 °C glow peak in the case the unannealed338
sample is ~0.3Ma. For the annealed sample, two plateau above 300 °C are observed, with the339
highest lifetime of ~31Ma for glow peak at 360 °C peak. Further, there exist regions of340
continuous increase in the activation energy (from room temperature to 100 °C, from 240-341
300 °C) suggesting additional closely lying traps.342

343
TL Dose Response Curve (DRC) and fading:344
Since TL glow curves show reproducibility within a ~5-6%, single aliquot regenerative (SAR)345
protocol (Table 2), the luminescence vs. dose response curve (DRC) was constructed, without346
the use of conventional test dose sensitivity correction. Figure 8 shows the DRC of sample347
56B2. The growth curve was fitted to a single saturating exponential, with equal weightage to348
all data points. TL glow peaks at 210 and 350℃ have saturation doses ~ 2600 and 1600Gy349
respectively. The recycling ratio and recuperation were within 10 and 5% respectively,350
suggesting that the SAR protocol was suitable for estimating the absorbed doses using TL.351
Athermal fading with a g-value of 4.27%/decade and near zero was observed for the 210 and352
350°C peaks. A-value for alpha particles was 0.075 and 0.051 for the 210 and 350℃ peak353
respectively and as mentioned above for protons on Mars, a-value of 1 was assumed.354

355
Bleaching of luminescence under a Solar Lamp356
The bleachability of sample 56B2 is shown in Figure 9. In this, the photon counts of glow357
peaks 150, 210, 300 and 350℃ were weight normalized. TL intensity reduces to 1/e (36%) of358
the maximum intensity after 16, 20, 70 and 105 minutes of solar lamp exposure for glow359
peaks at 150, 210, 300 and 350℃. This rate would be expectedly higher on Martian surface,360
due to higher concentration of UV penetrating to the surface (Haberle 2015; Solomon et al.361
2005).362

363
4.3.2. Optically stimulated Luminescence364
4.3.2.1.Blue Stimulated Luminescence (BSL) - characteristics365
A typical blue stimulated luminescence decay curve (measured at 200°C, after a preheat of366
250°C in the ultraviolet detection window) is shown in Figure 11, for sample 56B2 irradiated367
to 350 Gy (natural signal bleached using blue LED for 100 sec at 200°C). The decay368
comprises three components (Figure S6) and relevant parameters are summarized in Table S1.369
Figure S7 shows the reproducibility of different components of the BSL optical decay curve370
on repeated irradiation (40 Gy) and blue light stimulation. Reproducibility of three371
components of BSL 200UV was within 10%. The reproducibility experiments suggested a372
need of LS correction in constructing DRC (Figure 11).373
The saturation dose for BSL200UV are 867 ± 85 Gy. This signal has athermal fading rate of374
6.64 ± 0.82 %/decade and its alpha efficiency (a-value) is 0.093± 0.01.375

376
4.3.2.2.Infrared Stimulated Luminescence (IRSL)- characteristics377
The jarosite samples also showed infrared stimulated luminescence in blue (400-480 nm).378
The optical decay curves of IRSL at 50℃ are shown in Figures 9 and S8. Figure S9 shows379
the reproducibility of the sample. For the IRSL measurements the average deviation between380
repeated signals was 3, 3, 14 % for the fast, medium and slow components, respectively.381
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382
Dose response curve and fading383
The saturation dose for IRSL50 is 1180 ± 180 Gy and the athermal fading g-value was 7.4384
±0.7 %/decade. Recuperation and recycling were <10%. Further the saturation dose for385
pIRIR225 UV detection window is 817±95 Gy and for pIRIR225 blue detection window is386
685±36 Gy. Near zero athermal fading is obtained for both the pIRIR225 signals. The ‘a-387
values’ are of 0.058 ± 0.005, 0.041±0.004 and 0.029 ± 0.002 for IR50 (blue), pIRIR225 (blue)388
and pIRIR225 (UV), respectively.389

390

5. Dose rate391
Table 6 provides the details of the measured radionuclide concentration. Radionuclide dose392
for the present samples based on the measured radioactivity for concentration is 1.62±0.6393
mGy/year. Thin atmosphere of Mars implies higher cosmic ray dose contribution to dose rate394
compared to the Earth. Calculation done using GEANT4 simulation (Morthekai et al. 2007)395
yields a cosmic dose rate estimation of 63 mGy/year for the solar minimum condition.396
Summing this with the measured internal dose rate approximates an average total dose rate of397
~65 mGy/year for Martian surface assuming a TL induction efficiency of 1.398

399

6. Discussion400

Jarosite is abundant on Mars and its use for dosimetry and dating can inform both on cosmic401
ray fluxes through time and on time scales of various surface processes on Mars. This study402
characterized 6 jarosite samples from an analog site in Kachchh, India. Jarosite exhibited403
TL/BSL/IRSL. TL glow peaks were at 100, 150, 300 and 350C in the detection range of404
325-700 nm (Figure 4, 6). The similarity of glow curve shape after heating and re-405
measurement of TL also suggests that heating of jarosite at ~277°C and at ~352°C did not406
interfere with its luminescing phases (Figure 6). However, a change in the sensitivity of the407
samples with heating, did occur (Figure 5). Samples that show enhancement in the sensitivity408
were accompanied by decrease in iron and increase in calcium and those that exhibited a409
decrease in the sensitivity, the iron content does not change (Figure 3 and 5(b)). As iron is a410
well-established quencher of luminescence properties, the increase in luminescence411
sensitivity with decreasing in iron content appears plausible (Nambi 1977). Further, as412
jarosite signatures are visible in the annealed FTIR spectra, it is reasonable to infer that413
complete breakdown of jarosite does not occur on cut heating up to 450℃.414
Luminescence dating depends on the basic premise that the initial luminescence signal was415
zero or near zero. This could occur for two contexts, first the formation event, where the416
radiation induced luminescence is abinitio zero. The second is bleaching due to daylight417
exposure and burial thereafter. Laboratory studies on bleaching show that the glow peaks418
could be bleached 100 min (Figure 9). On Mars, higher UV flux due to thin atmosphere (5 to419
38 g/cm2; Haberle 2015; Solomon et al. 2005) would ensure an even more effective bleaching,420
given that UV has a higher cross-section for photo-bleaching (Spooner 1987). The least421
bleachable peak (350°C), attains residual after 105 minutes exposure of solar lamp (Figure 9).422
The upper limit of dating and dose estimates is constrained by the saturation of the423
luminescence intensity with radiation dose and the stability of the charges in the trap. Various424
signal of jarosite show variable saturation. The saturation doses were 800 Gy (BSL200UV);425
1180 Gy (IRSL50 blue detection), 1600 Gy TL450 (350) (Figure 8 and 11). pIRIR225 UV426
detection window exhibited saturation dose ~750 Gy and for pIRIR225 blue detection427
window was 590 Gy (Figure 11). All these signals can be used for dating and dosimetry.428
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From the thermal stability analysis, a similarity in annealed and non-annealed values suggest429
that the trap structure remains unaltered till 300°C, after which deviation occur. However, a430
notional lifetime of 0.3Ma for the non-annealed samples puts a constraint to dating only431
young events on the surface (Figure 7, table 2).432
Various other dating parameters like athermal fading, alpha efficiency were measured. The433
athermal fading rate shows that the BSL200, IRSL50 and TL450 (210 peak) had g values of434
7.6, 7.4, 4.3 %/decade respectively and these have to be corrected for dose estimates.435
Alternatively, pIRIR225 signals and TL450 (350 peak) signals with near zero athermal fading436
can be useful (Figure 8, 11, table 5).437
The alpha efficiency of jarosite for a particular detection window (BG39, blue and UV)438
correlates with athermal fading g- value. Lower g-value corresponds to lower alpha439
efficiency as suggested by Singhvi (1981) and this needs to be explored further. Future440
studies on jarosite samples from other locations are now needed to establish working441
parameters (a- value/ charge particle induction efficiency for possible dating signals. These442
values can be assumed for estimating the dose and date without in situ measurement,(e.g.443
Schmidt et al. 2018).444

7. Potentials for Luminescence studies using Jarosite445

1. Mars surface processes: The high temperature (>300℃) traps in jarosite can be used446
for dating and the relevant age can be calculated by the following classic equation447

Age = Total dose accumulated
Annual accumulation of dose

(4)448

Dividing the saturation dose by the annual dose rate gives a working dating range of449
~25,000 years to understand time scales of aeolian processes, reported by the450
Perseverance rover on Mars.451

2. Mapping of cosmic ray flux on the surface of Mars and its variation with depth: The452
lower temperature trap 210°C peak bleaches in 20 min and has a saturation dose of453
2600 Gy value and the higher temperature peak at 350°C bleaches in 105 minutes454
with a saturation dose of 1600 Gy, this can with some ingenuity be used to estimate455
the current cosmic ray flux and the fluxes during the past. A rover containing a TL456
readout instrument can be used to first bleach the latent signal at the surface of457
interest and re-measure it after a designated time to obtain an absolute measurement458
of the absorbed cosmic ray flux by the surface. Samples at depth can give insights of459
the cosmic ray flux gradient. The aspect of long term changes in cosmic ray fluxes460
through inverse modelling will be developed elsewhere. Thus luminescence can461
provide very accurate spatial and temporal mapping of the flux, throughout the462
surface of Mars.463

3. Terrestrial studies for late quaternary climate change: Jarosite formation is464
indicative of the start of aridity in the region, and thus a proxy for climate change.465
On Earth, various lakes have jarosite deposition (Long et al. 1992). Since this study466
shows the possibility of directly dating the jarosite formation age itself and not the467
minerals and organics found nearby, it can give added understanding of468
contemporary climates.469

8. Summary and Conclusion470

Following are the major findings of this study:471

1. HCl increases the luminescence yield, possibly due to the removal of gleying.472
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2. In the detection window of 325-700 nm TL glow peaks of Jarosite are at 100, 150, 300473
and 350C.474

3. Jarosite luminescence can be stimulated by both blue and infrared light and detection in475
both blue (400-480 nm) and UV (280-380 nm) are seen.476

4. The luminescence signals are reproducible under repeated cycles of irradiation and read477
out. Reproducibility of TL was <6 % and that of BSL/IRSL (<14 %).478

5. Luminescence sensitivity (LS) of the samples was variable. Samples from the Guneri479
formation had highest sensitivity. Heating up to 450 °C, changed the LS but the glow480
curve shapes remained the same. This is also supported by FTIR and CL-EDXS.481

6. Fractional glow curve analysis suggests that kinetic parameters of glow peaks below482
300°C are similar for both the annealed and non-annealed sample. For higher483
temperature glow peaks deviation occur. The glow peak at 300°C has an estimated484
lifetimes of ~ 0.3 Ma and this is suitable for dating.485

7. Both BSL and IRSL comprise 3 components.486
8. Saturation doses of various luminescence signal range from 590Gy to 1600 Gy. Any or487

all of these could be used for dating.488
9. Jarosite shows large fading of the BSL and IRSL, i.e., around 6.64 and 7.4 %/decade. In489

TL for glow peak at 210°C, a fading of 4.3 %/decade is observed. However, no fading is490
observed for the pIRIR225 in blue and UV detection window and for TL glow peak at491
350°C.492

10. The average dose rate on the Martian surface is ~65 mGy/year, giving a dating range of493
~25,000 years.494

495
Thus, the study suggests that jarosite provides an array of luminescence signals that can be496
used for dating recent aeolian activity, mapping cosmic ray flux accumulation on Mars and497
terrestrial paleoclimatic studies. Further, since pIRIR225 does not show fading, jarosite can498
be used for in situ dosimetry on Mars.499
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718

Tables719

Table 1: Sample details720

721 Sr.

No.

Samples Formation Latitude Longitude Main lithology

1 56B2 Guneri 23⁰47´07´´N 68⁰50´22´´E Shale, Sandstone, Laterite

2 57D2 Guneri 23⁰47´01´´N 68⁰50´22´´E Shale, Sandstone, Laterite

3 65B2 Naredi 23⁰34´47´´N 68⁰38´52´´E Shale, Limestone

4 66B2 Naredi 23⁰34´43´´N 68⁰38´38´´E Shale, Limestone

5 67F2 Naredi 23⁰34´31´´N 68⁰38´36´´E Shale, Limestone

6 68B2 Harudi 23⁰31´28´´N 68⁰41´08´´E Shale, Limestone
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722
723
724

Table 2: Various protocol used to estimate the dose.725

Step. No. TL450 BLSL200UV
(modified after
Wintle and
Murray, (2006))

IR50blue
(Wallinga et al.
2000)

pIRIR225blue
(Buylaert et al.
2009)

pIRIR225UV
(Buylaert et al.
2009)

1 Natural dose/
Regenerative dose

Natural dose/
Regenerative dose

Natural/
Regenerative dose

Natural/
Regenerative dose

Natural dose/
Regenerative dose

2 TL 250°C Preheat 250 °C
for 10 s

Preheat 250 °C
for 60 s

Preheat 250 °C,
60 s

Preheat 250 °C,
60 s

3 TL 450°C BSL at 200°C for
100 s

IRSL at 50°C for
100 s

IRSL at 50°C,
100 s

IRSL at 50°C,
100 s

4 Go to step 1 Test dose Test dose IRSL at 225°C,
200 s

IRSL at 225°C,
200 s

5 Preheat 250 °C
for 10 s

Preheat 250 °C
for 60 s

Test dose Test dose

6 BSL at 200°C for
100 s

IRSL at 50°C for
100 s

Preheat 250 °C,
60 s

Preheat 250 °C,
60 s

7 Go to step 1 Go to step 1 IRSL at 50°C,
100 s

IRSL at 50°C,
100 s

8 IRSL at 225°C,
200 s

IRSL at 225°C,
200 s

9 Go to step 1 Go to step 1

Emission
under
investigat
ion (nm)

330-625 280-380 400-480 400-480 280-380

726

727
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728

Table 3: FTIR spectral absorption attributes of jarosite.729

Wavenumber Molecular transition Attribute

449 ν2 (SO4)-2 fundamental bending vibrations in sulphate ion

474 M-O(M:Al/Fe) metal-oxygen vibrations

508 M-O(M:Al/Fe) metal-oxygen vibrations

629 ν4 (SO4)-2 fundamental stretching vibrations in sulphate ion

673 ν4 (SO4)-2 fundamental stretching vibrations in sulphate ion

1012 δ(OH) in-plane bending vibrations of hydroxyl ion

1025 δ(OH) in-plane bending vibrations of hydroxyl ion

1094 ν3 (SO4)-2 fundamental stretching vibrations in sulphate ion

1189 ν3 (SO4)-2 fundamental stretching vibrations in sulphate ion

3358 ν (OH fundamental stretching vibrations in hydroxyl ion

730

731
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Table 4: Kinetic parameters for 56B2.732
Peak Sample as received followed by 325 Gy beta dose Peak Samples after heating to 450°C for 10 s followed by

325 Gy beta dose

Peak
Temperature
(°C)

Activation
energy
E (eV)

Frequency
factor
s (s-1)

Lifetime
(s) at
27°C

Peak
Temperature
(°C)

Activation
energy
E (eV)

Frequency
factor
s (s-1)

Lifetime
(s) at
27°C

A 150 0.82±0.04 (2±1)
×109

(5.4±3.5)
×104

A 150 0.83±0.04 (2.15±0.3)
×109

(125±24)
×104

B 210 0.94±0.04 (8.5±5.3)
×108

(1.1±0.3)
× 107

B 210 0.93±0.04 (1.1±.1)
×109

(3.5±3)
× 107

C 300 1.32±0.03 (9.4±10)
×109

(4.8±3.6)
× 1012

D 300 1.47±0.04 (2.75±2.25)
×1011

(13±13)
× 1012

E 360 1.63±0.04 (7.2±1.3) ×
1011

(5±7) ×
1015

733
734
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Table 5: Dose response parameters.736

Sr.
No.

Protocol name No. of
disc

Saturation
dose
(2D0)(Gy)

g-value
(%/decade)
(average of 10
aliquots)

Alpha
efficiency

Recycling
ratio (%)

Recuperation
(%)

1 TL450 (210
peak)

2 2570±500 4.3 ±1 0.075±0.004 < 10 < 2

2 TL450 (350
peak)

2 1590 ±122 -1 ±0.7 0.051±0.004 < 10 < 1

3 BSL200UV 3 867±85 7.6 ±0.6 0.093±0.01 < 10 < 2

4 IR50Blue 3 1180± 181 7.4± 0.7 0.058±0.005 < 10 < 2

5 pIRIR225UV 3 817±95 0.7±0.2 0.029±0.002 < 10 < 2

6 pIRIR225blue 3 685±36 -0.5±0.4 0.041±0.004 < 10 < 2

737
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739
Table 6: Summary of dose rate; Sample 67F2740

Internal Dose rate

(mGy/yr)

Concentration of radionuclide Dose rate estimation

technique

U238 (ppm) 1.87± 0.1 ZnS alpha counting

Th232 (ppm) 1.06 ±0.35 ZnS alpha counting

K (%) 0.78± 0.07 NaI Scintillator, gamma

counting

Total internal dose rate 1.62±0.6 (mGy/yr)

External dose rate

(mGy/yr)

Cosmic Ray 63 Simulation; (Morthekai et

al. 2007)

Total dose rate (mGy/yr) 65

741
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Figures743

744
Figure 1: Map showing the location of samples used in this study.745
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747
748

(a) (b)749

Figure 2: Mid-infrared spectra of samples 57D2, 57D2 Annealed and 66B2 Annealed from (a) 400-750
1600 cm-1 to study the fundamental absorptions and (b) from 3000-3600 cm-1 to study the absorptions751
due to the hydroxyl ion. These show that jarosite signatures are preserved even after annealing to752
450°C. The marked lines are discussed in Table 3.753

754

755
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758

Figure 3: Elemental composition of phases luminescing under CL. natural and annealed samples.759
Annealing was at 450°C.760

761



This is a non-peer reviewed preprint submitted to EarthArxiv.

26

762

763

Figure 4. TL Glow Curves of samples in emission range 325-700 nm; a) Natural grains with HCl764
wash. (b) beta irradiated (19Gy) grain after a preheat of 450°C and given a dose of 19 Gy.765
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767

768

Figure 5: (a) Sensitivity of 80-100°C peak was measured for all sample by heating to 250°C then769

giving a dose of 19Gy. (b) Effect of heating to 250°C and 450°C on the sensitivity of 50-200°C peak.770

771
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772

773

Figure 6: Sample 56B2. TL when the natural sample is given a dose of 260 Gy and when the same774

heated sample is given a dose of 260 Gy.775

776



This is a non-peer reviewed preprint submitted to EarthArxiv.

29

777

778
Figure 7: Activation energy versus maximum heating temperature graph for 56B2 obtained by779

Fractional glow curve method. Observation in emission range 325-700 nm.780

781
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782

(a) (b)783

Figure 8: Sample 56B2 TL dose response curve DRC. TL intensity comprises, (a) Integrated photon784

count 340- 360℃. (b) Integrated photon counts are from 200-220℃. Individual lines show data on785

from different aliquot.786
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788
789

(a) (b)790

(c) (d)791

Figure 9: Solar lamp resetting of annealed sample 56B2 after a dose of 300 Gy for different TL792

peaks. Each data point is an average of three aliquots. The curves were fitted with y=a.e-b.t.793

794
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796

Figure 10: Protocol used to estimate fading.797
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799

800

801

802

803

804

805

806

Figure 11: Optical decay curves (left); Dose response curves (middle), each dashed line is data on807

individual aliquot and solid line is average; Fading characteristics (right) of BSL200Uv, IR50Blue,808

pIRIR225UV, pIRIR225Blue respectively.809

810
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821

Supplementary File822

Tables823

Table S1: CW-OSL components of 56B2. The optical decay curves were deconvoluted using824

fit_cWCurve by (Kreutzer et al. 2024) using the equation I = i Iiσie−σit� where, Ii is the initial825

concentration of charges of the ith component, σi is the decay constant, t is the time and826

photoionization cross-section (cs) calculated from the Ii, σi and the power, wavelength of the light827

stimulation used.828
829

Signal Components Intensity (I0) (arb.
units)

Decay constant (σ)
(s-1)

Photoionisation cross-
section (cs) (cm2) R-squared

BSL at

25°C

c1 (slow) 3074±804 0.93±0.15 9.87E-18

0.9972c2 (medium) 10570±654 0.19±0.03 1.97E-18

c3 (fast) 56527±1519 0.01±0.001 1.49E-19

IRSL

50°C

c1 (slow) 17538±6082 0.25±0.03 1.94E-19

0.9996c2 (medium) 62382±3129 0.09±0.01 6.99E-20

c3 (fast) 105514±1952 0.012±0.002 9.32E-21

830
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832

833

Figures834

835

836

(a) (b)837

Figure S1: Protocol for reproducibility measurement. Measurement condition were, heating rate 2°C838

and the luminescence detection was in 325-700 nm.839

840

841

Figure S2: Sample 56B2. (a) Reproducibility of TL glow curve up to 250°C. (b) Photon counts842

integrated for repeated measurement cycles.843

844
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846

Figure S3: Sample 56B2. (a) Reproducibility of TL glow curves up to 450°C. (b) Photon counts847

integrated for repeated measurement cycles.848

849

850

851

Figure S4: Space- and ground-based (Earth) spectral measurements of UV radiation. Absorption by852
atmospheric ozone causes the sharp cutoff of the ground-based spectrum of global irradiance around853
290 nm. Figure taken from Kerr (2005)854
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855

Figure S5: UV solar spectra penetrating the Mars atmosphere. Two cases during northern summer are856
shown here for the low dust case, at Ls =70◦, latitude = 0◦, local noon: (a) shows the case of the lower857
dust limit, τ =0.1. There is little modification of the input flux, except for the characteristic cutoff near858
190 nm; (b) shows the upper limit for this period, with τ =0.4. There is still little change to the flux,859
but in comparison to (a) there is a greater difference between direct and diffuse fluxes. Figure taken860
from Patel et al. (2002).861
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863
864

Figure S6: Sample 56B2, irradiated with 350 Gy, BSL at 25℃ component analysis. The optical865

decay curves were deconvoluted using fit_cWCurve by (Kreutzer et al. 2024).866

867
Figure S7: Sample 56B2. (a)BSL signal at 25°C. Protocol  Dose (40 Gy)  BSL at 25°C for 100 s.868

Repeat the protocol.(b)BSL signal at 200°C. Protocol  Dose (40 Gy) preheat 250°C for 10 sec 869

BSL at 200°C for 100 s. Repeat the protocol. For reproducibility test the fast component is calculated870

by integrating initial 1.92 sec counts and subtracting the background from the medium component,871

medium by integrating 10-15 sec counts and subtracting the slow component and slow by 60-100 sec872

counts.873
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874
Figure S8: Sample 56B2, IRSL 50 in blue filter on a dose of 340 Gy. The optical decay curves were875

deconvoluted using fit_cWCurve by (Kreutzer et al. 2024).876

877
Figure S9: Sample 56B2, reproducibility of different components of the IRSL 50 signal. The fast878

component is calculated by integrating initial 2 sec counts and subtracting the background from the879

medium component, medium by integrating 35-40 sec counts and subtracting the slow component880

and slow by 90-100 sec counts. For more details refer to text.881
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