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Large igneous provinces (LIPs) are considered a relevant cause for mass extinctions of marine life throughout
Earth’s history. Their flood basalts and associated intrusions can cause significant release of SO4 and CO; and
consequently, cause major environmental disruptions. Here, we reconstruct the long-term periodic pattern
of LIP emplacement and its impact on ocean chemistry and biodiversity from 6>4Sgyface of the last 520 Ma
under particular consideration of the preservation limits of LIP records. A combination of cross-wavelet and
other time-series analysis methods has been applied to quantify a potential chain of linkage between LIP
emplacement periodicity, geochemical changes and the Phanerozoic marine genera record. We suggest
a mantle plume cyclicity represented by LIP volumes (V) of V=—(350—770) x 10% km? sin(2nt/
170 Ma) + (300—650) x 10° km? sin(27t/64.5 Ma + 2.3) for t=time in Ma. A shift from the 64.5 Ma to
a weaker ~28—35 Ma LIP cyclicity during the Jurassic contributes together with probably independent
changes in the marine sulfur cycle to less ocean anoxia, and a general stabilization of ocean chemistry and
increasing marine biodiversity throughout the last ~ 135 Ma. The LIP cycle pattern is coherent with marine
biodiversity fluctuations corresponding to a reduction of marine biodiversity of ~ 120 genera/Ma at
~600 x 10° km? LIP eruption volume. The 62—65 Ma LIP cycle pattern as well as excursion in 6>*Sgyjfate and

marine genera reduction suggest a not-yet identified found LIP event at ~440—450 Ma.
© 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.

1. Introduction

between the type, duration and magnitude of specific LIPs and
temporally associated environmental perturbations (e.g., Caldeira

Flood basalts and their associated plumbing systems represent
large igneous provinces (LIPs) and are typically linked to mantle
plumes that originate from deep in the mantle (e.g., Coffin and
Eldholm, 1994; Ernst and Buchan, 2001; Courtillot et al., 2003)
triggering large volume gas release in the ocean-atmospheric
systems. Numerous studies have attempted to explore the links
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and Rampino, 1993; Wignall, 2001; Berner, 2002; Svensen et al.,
2009). In addition, there have also been evaluation of a long-term
statistical link between the cycle of LIPs, ocean chemistry and
biodiversity over the last 230 Ma and purely based on coeval timing
of events (e.g., Caldeira and Rampino, 1993). A timing link between
LIPs and mass extinctions has been discussed for several decades
(e.g., Wignall, 2001; Courtillot and Renne, 2003), with ongoing
high-resolution studies complementing this relationship (e.g.,
Isozaki, 2009; Saunders and Reichow, 2009). A recently discovered
~62Ma and ~140Ma cyclicity in the complete Phanerozoic
marine fossil record (Rhode and Muller, 2005) has re-ignited the
quest for primary and secondary geological factors might have
caused these repeated fluctuations. For example, the ~62 Ma
cyclicity in LIP, 87Sr/80Sr and §**Ssyifate records detected in inde-
pendent studies (Prokoph et al., 2004a, 2008) have been merged to
explain such patterns and possible relationships between these
cycles (Melott et al., 2012).
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Here we attempt to reconstruct potential links between large-
scale magmatism, ocean chemistry and biological evolution based
on new databases and, for the first time, using cross-wavelet
analysis to trace the cycles and their coherency though time and
detect abrupt and gradual change. We used marine isotope records
of sulfur and strontium as potentially continuous proxies for vari-
ability of igneous magmatism, in particular mantle plume related
LIP eruptions. Moreover we used LIP volumes to better quantify
magnitude relationships between LIP, oceanic chemistry and
marine biodiversity evolution. The main challenging feature of the
LIP record is its incompleteness. The LIP database is frequently
updated with new LIPs being recognized as well as improvements
in the ages, areal and volume extent of known LIPs (e.g., Torsvik
et al., 2008; Reichow et al., 2009; Bryan et al., 2010; Ernst and
Bleeker, 2010). However, the best dated and defined group of LIPs
called “A10” (Ernst and Buchan, 2001) through the last 520 Ma have
not changed or amended except for an increase in the ages of some
LIPs dated only by the Ar/Ar method. The astronomical cycle based
calibration of Fish Canyon sanidine reduced the “°Ar/>*°Ar method’s
absolute uncertainty from ~2.5% to 0.25%, and more importantly
increased the absolute age of “CAr/*°Ar-based dates by ~0.6%
(Kuiper et al., 2008). In this way, the age-determination issues
around the Permian—Triassic boundary are an exception. Consid-
ering the age uncertainties mentioned above and the biostrati-
graphic resolution to which fossil and geochemical records are
fitted (e.g., Prokoph et al., 2008) the LIP records can be used for
statistical robust comparison with other long-term geological
records at +2 Ma resolution. However, the A10-record does not
include information on the size of the LIP, thus cannot provide a link
between the magnitudes of an LIP and environmental changes.

2. Datasets and their compilation

For our study, we used updated databases of probability-
weighted LIP initiation ages and volumes (Ernst and Buchan,
2001; Courtillot and Renne, 2003), 6**Squifate (Kampschulte and
Strauss, 2004; Paytan et al., 2004) and 87Sr/®Sr (Prokoph et al,,
2008), and marine biodiversity (Sepkoski, 2002; Rhode and
Muller, 2005) for the last 520 Ma with reference to the GTS2004
time scale (Gradstein et al., 2005). The LIP volume dataset has two
versions. Version #1 uses the minimal value for volume ranges and
also reduces the estimated oceanic LIP volumes by 50% to remove
the amount that is associated with underplating. This results in
a better comparison with continental LIPs where the component of
underplating is typically not possible to estimate. The version #2
estimate of LIP volumes consists of the maximum LIP volumes
including the underplate component for oceanic LIPs. Both LIP
volume datasets are restricted to the last 260 Ma due to the avail-
ability of reliable volume data.

Each dataset has been Gaussian filtered to equidistant 1 Ma-
intervals considering a minimum 2% stratigraphic uncertainty (95%
confidence interval of normal distribution). The Gaussian filtering
algorithm used is in detail described in Prokoph et al. (2004a). The
mean sample age uncertainty is set larger for poorly stratigraphic
constraint samples. The Gaussian filtered records for LIP occur-
rences and volumes are shown in Fig. 1.

3. Data analysis methods

Continuous wavelet transform (CWT) is applied to delineate
temporal variations of cycle amplitudes and phase over
a 20—500 Ma spectrum for all datasets, whereas cross-wavelet
transform (XWT) is used to extract the cross-amplitude and
instantaneous time lag (i.e. phase shift) between LIP and other
geological records.
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Figure 1. Gaussian filtered LIP volumes for last 260 Ma and A10 occurrences for last
520 Ma. For raw data see Ernst and Buchan (2001) and Table 1, for Gaussian filtered
data see Table 2.

Wavelet analysis first emerged as a filtering and data
compression method in the 1980s (e.g., Morlet et al., 1982). Wavelet
analysis transforms a time-series into a frequency domain; it
simultaneously transforms the ‘depth’ or ‘time’ domain and the
‘scale’ or ‘frequency’ domain by using various shapes and sizes of
short filtering functions called wavelets. CWT allows for the

Table 1
LIP volumes.

Age 1o Rating Vol-vs#1 Vol-vs.#2 Type Event Event name

(Ma) (10* km?) (10% km?) ID

17 05 A 175 175 Continental 1 Columbia

30 05 A 1200* 1200*  Continental 2 Afar

48 5 B 50% 100* Oceanic  — Metchosin
(=“Coast Range
Basalt Province”)

56* 05 A 7900* 7900*  Continental 5 NAVP

62 05 A 2000* 2000*  Continental 5 NAVP

655 05 A 8600 8600 Continental 6 Deccan

70 1 B 100% 200°  Oceanic 9  Carmacks

73 5 B 600 1200  Oceanic 7 Maud

73 5 B 1250 2500 Oceanic 8 Sierra

90 05 A 2250 4500 Oceanic 11 CCcIp

916 05 A 4400 4400 Continental 10 Madagascar

95 5 A 2000° 2000° Continental 12  Alpha

9% 5 B 750 1500 Oceanic 13 Wallaby

9 75 B 4550 9100  Oceanic 14 Hess

101 5 B 600 1200  Oceanic 15 Naturaliste

111 5 B 450 900 Oceanic 19 Nauru

118 5 A 3000* 6000*  Oceanic 18 Kerguelen

122 15 A 20,000 57,000  Oceanic 20  Ontong

123 5 A 4400 8800  Oceanic 21 Manihiki

123 65 B 508 100° Oceanic 22  Pifién

136 5 B 800 800 Continental 25 Gascoyne

138 05 A 2300 2300 Continental 24 Parand—Etendeka

145 5 B 900 1800 Oceanic 26 Magellan

147 5 B 1250 2500 Oceanic 27 Shatsky

148 15 A 300 600 Oceanic 28 Sorachi

155 5 B 300° 300° Continental 29  Argo

184 05 A 5000 10,000* Continental 31  Karoo—Ferrar

200 1 A 2500 2500 Continental 32 CAMP

214 7 B 225% 450°  Oceanic 33 Angayucham
(=Ramparts
Group volcanics)

232 25 A 500 1000  Oceanic 34 Wrangelia

251 05 A 5700 5700 Continental 36 Siberian

256 25 A 1000 1000 Continental 37 Emeishan

Estimation by Ernst and Buchan (2001) except for * Courtillot and Renne (2003),
$ estimates from areal extend, # volume estimates from 5000 to 10,000 x 10% km®.
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Gaussian filtered data.

A. Prokoph et al. / Geoscience Frontiers 4 (2013) 263—276

265

Age (Ma)  A10 ¥7Sr/fsr 5%s LIP volumes  LIP volumes Marine Age (Ma) A10 7Sr/*sr 5%s LIP volumes  LIP volumes Marine
P vs#1(10° km®) vs#2(10° km®) genera* P vs#1(10° km®) vs#2(10°km®) genera*
Part-1

0 0 0.709167 21.1264 0.0 0.0 189.7 71 0 0.707713 19.2839 160.7 321.4 84.3
1 0 0.709134 21.8869 0.0 0.0 227.3 72 0 0.707693 19.2951 150.5 300.9 105.2
2 0 0.70908 22.0149 0.0 0.0 161.1 73 0 0.707696 19.2447 148.7 297.3 125.8
3 0 0.709055 21.5815 0.0 0.0 198.2 74 0.00001  0.707624 19.1532 145.7 291.3 146.3
4 0 0.709042 21.596 0.0 0.0 114 75 0.00003  0.707618 19.044 137.8 275.5 166.5
5 0 0.709001 21.9447 0.0 0.0 150.5 76 0.00006  0.707584 19.0431 125.6 251.1 186.5
6 0 0.708958 21.9649 0.0 0.0 -13.7 77 0.00012  0.707518 19.0583 110.8 221.3 206.4
7 0 0.708949 22.32 0.0 0.0 223 78 0.00025 0.70746 18.9057 94.9 189.3 110

8 0 0.708937 22.0065 0.0 0.0 20 79 0.00048  0.707662 18.9278 79.9 158.9 129.4
9 0 0.708952 22.0175 0.0 0.0 55.5 80 0.00089  0.707542 18.6342 67.3 132.9 148.7
10 0 0.708921 21.9316 0.0 0.0 90.7 81 0.00158  0.707497 18.2425 58.5 113.8 167.7
11 0 0.708902 22.2279 0.0 0.0 125.7 82 0.00272  0.707464 18.1086 54.4 103.4 186.6
12 0 0.708857 22.4396 0.0 0.0 183.4 83 0.00448  0.707483 18.3081 55.9 102.9 205.2
13 0 0.70882 22.0326 0.0 0.0 217.9 84 0.00709  0.707474 18.2123 63.6 113.0 49.2
14 0 0.708795 21.9688 0.0 0.0 252.1 85 0.0108 0.70746 17.2443 77.9 134.2 5.4

15 0.00027  0.708771 21.8751 0.0 0.0 286 86 0.01579  0.707379 18.1425 99.1 166.7 -46.5
16 0.10798  0.708743 22.09 18.9 18.9 91.7 87 0.02218  0.707357 18.2658 127.4 210.4 -28.7
17 0.79789  0.70865 219 139.6 139.6 125.1 88 0.02995  0.707341 18.1779 163.0 266.0 -60.5
18 0.10798  0.708533 218 18.9 18.9 158.3 89 0.10798  0.707317 18.2011 446.2 814.7 -43

19 0.00027  0.708458 21.56 0.0 0.0 191.3 90 0.79789  0.707292 18.3897 2064.7 4011.6 -47.7
20 0 0.708372 22.0059 0.0 0.0 223.9 91 0.38837  0.707318 18.6175 22477 2670.7 -30.6
21 0 0.708347 22 0.0 0.0 -1.6 92 0.57938  0.707399 18.8501 2892.8 3103.0 -61.7
22 0 0.708313 21.9001 0.0 0.0 30.6 93 0.07365 0.70738 18.9664 456.1 695.3 -44.9
23 0 0.708254 21.8988 0.0 0.0 62.5 94 0.07821  0.707408 19.0058 423.6 690.7 -11.6
24 0 0.708236 21.6795 0.0 0.0 -90.8 95 0.07979  0.707481 19.058 451.7 743.8 4.8

25 0 0.708167 217 0.0 0.0 -59.4 96 0.07821  0.707463 19.0421 469.1 781.8 -38.4
26 0 0.708113 217 0.0 0.0 -28.2 97 0.07365  0.707459 18.9066 475.0 802.8 -22.4
27 0 0.708073 21.3231 0.0 0.0 2.8 98 0.06664  0.707462 18.5743 469.7 806.1 -31.8
28 0.00027  0.708018 21.3187 0.3 0.3 335 99 0.05794  0.707438 17.7801 4543 792.7 -16.2
29 0.10798  0.707986 21.3221 129.6 129.6 -122.1 100 0.04839  0.707453 17.1615 430.6 764.5 -67.5
30 0.79789  0.707974 21.4021 957.5 957.5 -91.8 101 0.03884  0.707439 16.744 401.0 724.4 -52.2
31 0.10798  0.707932 21.5722 129.6 129.6 -61.8 102 0.02995  0.707451 16.3886 368.0 676.0 -37.1
32 0.00027  0.707889 21.7698 0.3 0.4 -32.1 103 0.02218  0.707451 15.7108 333.7 623.1 -22.2
33 0 0.707855 21.6497 0.0 0.1 -2.6 104 0.01579  0.707445 15.6043 300.5 569.5 -97.8
34 0 0.707834 21.9439 0.1 0.2 124.7 105 0.0108  0.707432 15.3327 270.2 518.8 -83.2
35 0 0.707817 22.2687 0.1 0.3 153.7 106 0.00709  0.707434 15.0616 2443 474.4 -68.9
36 0 0.707733 22.1497 0.2 0.4 182.5 107 0.00709  0.707415 14.8971 224.2 439.5 -54.7
37 0 0.707761 22.3 0.4 0.7 211 108 0.0108  0.707403 15.6472 211.1 416.7 -78

38 0 0.70775 22.5641 0.5 1.1 19.9 109 0.01579  0.707392 15.9739 205.8 408.4 -64.2
39 0 0.707782 22.4314 0.8 1.6 48 110 0.02218  0.707368 16.0672 209.1 416.4 -50.5
40 0 0.707782 22.1558 1.1 22 75.8 111 0.02995  0.707334 16.1565 221.4 441.8 -37

41 0 0.707696 22.389 1.5 3.0 -72.6 112 0.03884  0.707263 16.1406 242.6 484.8 -56.4
42 0 0.707781 22.4 1.9 3.9 -45.2 113 0.04839  0.707261 15.9708 272.3 544.3 -43.3
43 0 0.707794 224 24 4.8 -18 114 0.05794 0.70724 15.7347 309.1 618.0 -30.3
44 0 0.707839 22.4 2.9 5.8 8.9 115 0.06664  0.707234 15.1992 351.1 702.2 -17.4
45 0 0.707754 22.0003 3.3 6.7 35.6 116 0.07365  0.707265 14.9063 397.1 795.8 -4.8

46 0 0.707751 22 3.7 7.4 62.1 117 0.07821  0.707275 15.4022 459.5 936.4 7.7

47 0 0.707798 22 3.9 7.8 88.3 118 0.07979 0.70732 15.5516 630.0 1389.1 20

48 0 0.707769 21.9993 4.0 8.0 1143 119 0.07821 0.70738 15.2505 1229.1 3070.0 8.7

49 0 0.707764 20.6902 3.9 7.8 -169.4 120 0.10934  0.707391 15.0415 2716.1 7290.6 20.7
50 0 0.707742 19.8639 3.7 7.4 -143.8 121 0.21297  0.707396 16.6952 4795.1 13209.9 32.6
51 0 0.707705 18.4802 33 6.7 -118.4 122 0.26596  0.707412 17.3857 5846.9 16213.8 442
52 0 0.707746 18.03 2.9 5.8 -93.3 123 0.21297  0.707408 17.0443 4764.3 13146.8 55.7
53 0 0.707759 17.9558 25 4.9 -68.4 124 0.10934  0.707349 17.2866 2656.2 7167.6 67.1

54 0 0.707753 17.7443 4.2 6.2 -43.7 125 0.07365  0.707343 17.0231 1143.7 2893.7 2.8

55 0 0.70776 17.739 854.8 856.5 -19.3 126 0.06664 0.70746 17.1023 524.0 1168.5 13.8
56 0 0.707753 17.3317 6304.9 6306.4 -516 127 0.05794 0.70748 18.6474 338.6 682.1 247
57 0 0.707748 17.7957 854.7 856.4 -492 128 0.04839  0.707482 17.895 267.7 519.1 4.4

58 0 0.707773 17.5923 4.3 6.5 -581.7 129 0.03884 0.70747 17.5778 218.9 414.0 15

59 0 0.707749 18.154 3.3 6.6 -558.1 130 0.02995  0.707464 16.9537 179.2 327.3 -14.1
60 0.00027  0.707807 18.1501 5.8 11.0 -534.8 131 0.02218  0.707473 17.0843 148.0 257.2 -3.8

61 0.10798  0.707814 18.15 224.4 232.8 -693.1 132 0.01579  0.707441 17.6692 125.3 204.3 6.27
62 0.79789  0.707775 18.7608 1609.0 1622.2 -670.2 133 0.0108 0.70742 16.38 110.4 167.6 16.22
63 0.10798  0.707821 18.9709 236.0 256.0 -728.9 134 0.00709  0.707406 16.3242 102.1 145.3 11.01
64 0.00886  0.707833 18.9803 106.0 135.2 -706.4 135 0.00448  0.707394 17.4607 98.9 135.2 20.66
65 0.48394  0.707862 18.9033 4203.0 4244.0 -684.1 136 0.00272  0.707385 17.4502 100.3 136.1 30.16
66 0.48394  0.707836 17.4117 4217.3 4272.8 -243.5 137 0.10798  0.707365 17.3745 351.9 392.8 24

67 0.00886  0.707791 18.8377 148.5 220.9 -221.6 138 0.79789  0.707349 18.257 1945.0 1995.9 33.2
68 0 0.707785 18.9015 95.0 190.0 -199.9 139 0.10798  0.707319 18.3654 366.8 431.7 9.75
69 0 0.707759 19.1312 1315 262.9 51.5 140 0.00027  0.707259 15.4784 129.4 211.6 18.66
70 0 0.707727 19.2274 163.3 326.7 72.8 141 0.00012  0.707263 13.1158 140.5 241.8 -6.58

(Continued on next page)
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Table 2 (Continued)

Age (Ma)  A10 87Sr/®8sr 5%s LIP volumes  LIP volumes Marine Age (Ma)  A10 87Sr/%6sr 5%s LIP volumes  LIP volumes Marine
p vs#1(10° km®) vs#2(10° km®) genera* p vs#1(10° km?) vs#2(10°km®) genera*
Part-2
142 0.00009 0.707276 13.0023 152.7 273.5 2.03 212 0 0.707749 18.9209 12.3 24.6 -7.84
143 0.00103  0.707324 13.0001 164.5 303.6 -3.5 213 0 0.707734 18.9512 12.7 25.4 12.02
144 0.0076 0.707321 13 175.9 332.0 4.83 214 0 0.707715 18.9514 12.8 25.6 12.48
145 0.03599  0.707299 13 190.6 365.3 13.01 215 0 0.707704 18.8113 12.7 254 12.85
146 0.10934  0.707231 13.0001 2143 415.3 124.06 216 0 0.707705 18.7543 12.3 24.6 13.14
147 0.21297 0.707188 13.0377 2423 472.2 131.96 217 0 0.707703 18.8801 11.7 234 26.85
148 0.26596  0.707163 16.0002 250.1 487.6 139.72 218 0 0.707696 19.0565 10.9 21.8 26.98
149 0.21297  0.707109 16 221.9 430.0 161.85 219 0 0.707684 19.2308 9.9 19.9 27.04
150 0.10934  0.707024 16 175.4 335.1 169.33 220 0 0.707671 19.3747 8.9 17.8 27.01
151 0.03599  0.706985 16 136.3 254.4 189.68 221 0.00001 0.707666 19.4817 7.8 15.6 26.91
152 0.0076 0.706931 16 110.1 199.8 196.89 222 0.00005 0.707669 19.5474 6.7 13.4 26.74
153 0.00103  0.706874 16 91.1 159.9 203.97 223 0.00024 0.707653 18.046 57 1.5 19.49
154 0.00009 0.706854 16 75.2 126.9 218.41 224 0.00095 0.707624 17.9001 5.1 10.2 19.16
155 0 0.706847 16 61.4 98.9 225.22 225 0.00317  0.707606 17.8998 53 10.6 18.76
156 0 0.706865 15.9999 49.6 75.7 2342 226 0.00896  0.707597 17.8986 7.4 14.9 18.29
157 0 0.706884 15.7084 39.6 57.2 240.74 227 0.0216 0.707601 17.8903 131 26.2 17.75
158 0 0.706886 15.4001 31.3 42.6 191.18 228 0.04437  0.707613 17.8373 23.9 47.8 -29.86
159 0 0.706874 15.4006 24.4 31.4 197.47 229 0.07767  0.707636 17.6277 40.1 80.3 -30.54
160 0 0.706855 15.4237 18.7 229 207.62 230 0.11588  0.707678 17.4056 58.9 117.8 -31.3
161 0 0.706851 15.8395 14.1 16.5 213.65 231 0.14731 0.707713 17.5076 74.3 148.7 -32.11
162 0 0.706856 16.156 10.3 11.6 186.88 232 0.15958  0.707725 18.2927 80.3 160.5 -33
163 0 0.706881 16.1469 74 8.1 184.31 233 0.14731 0.707726 19.2869 74.0 148.0 -119.95
164 0 0.707018 16.1415 5.1 55 187.63 234 0.11588  0.707723 20.5775 58.2 116.3 -120.97
165 0 0.70712 16.9574 34 3.6 184.15 235 0.07767 0.70772 23.026 39.0 78.0 -122.05
166 0 0.707106 18.6813 2.2 23 138.87 236 0.04437 0.707726 23.9151 22.3 44.6 -123.2
167 0 0.707084 20.1853 14 1.4 125.49 237 0.0216 0.707746 23.1014 10.9 21.7 -178.57
168 0 0.707092 18.9971 0.8 0.8 121.97 238 0.00896  0.707778 22.409 4.5 9.0 -179.84
169 0 0.707146 17.2493 0.5 0.5 126.99 239 0.00317  0.707833 22.8929 1.6 3.2 -181.17
170 0 0.707241 16.4589 0.3 0.3 70.4 240 0.00095 0.707869 23.2407 0.5 1.0 -232.22
171 0 0.707282 17.0917 0.1 0.1 75.19 241 0.00024  0.707878 22.6934 0.1 0.3 -233.67
172 0 0.707292 17.7408 0.1 0.1 12.36 242 0.00005 0.707891 21.7016 0.0 0.1 -235.18
173 0 0.707295 17.9352 0.0 0.0 16.91 243 0.00001 0.707943 22.8395 0.0 0.0 -291.42
174 0 0.707291 17.9011 0.0 0.0 21.34 244 0 0.708054 25.9221 0.0 0.0 -293.04
175 0 0.70729 17.9 0.0 0.0 25.66 245 0.00001 0.708131 26.3229 0.0 0.0 -342.72
176 0 0.707291 17.9009 0.0 0.0 -36.14 246 0.00005 0.708152 26.327 0.1 0.1 -344.45
177 0 0.707299 18.0826 0.0 0.0 -32.05 247 0.00024 0.708123 25.7205 0.2 0.2 -346.24
178 0 0.707306 22.7007 0.0 0.0 -28.08 248 0.00095 0.707986 19.6957 1.0 1.0 -393.58
179 0 0.707292 23.1057 0.0 0.0 -24.22 249 0.00317  0.707794 16.6393 4.7 4.7 -395.48
180 0 0.707248 22.5517 0.0 0.0 -8.97 250 0.10798 0.70764 17.1165 624.5 624.5 -425.42
181 0 0.707193 21.1139 0.0 0.0 -5.33 251 0.79789  0.707513 17.7684 4569.5 4569.5 -212.41
182 0.00027  0.707147 18.7136 1.3 2.7 -1.81 252 0.10798  0.707406 18.3852 659.9 659.9 -214.46
183 0.10798  0.707116 17.4601 539.9 1079.8 2.1 253 0.07767  0.707327 18.9415 79.2 79.2 -216.55
184 0.79789  0.707134 17.1609 3989.4 7978.9 5.42 254 0.11588  0.707301 19.4297 115.9 115.9 -66.2
185 0.10798 0.70719 15.7734 539.9 1079.8 8.62 255 0.14731 0.707305 19.8524 147.3 147.3 -68.38
186 0.00027 0.70723 14.4379 1.3 2.7 11.71 256 0.15958  0.707288 20.217 159.6 159.6 -70.62
187 0 0.707261 14.3132 0.0 0.0 -18.8 257 0.14731 0.707208 19.6539 147.3 147.3 -72.9
188 0 0.707298 14.6137 0.0 0.0 -15.92 258 0.11588  0.707123 11.0246 115.9 115.9 -75.22
189 0 0.707345 15.3098 0.0 0.0 -13.14 259 0.07767  0.707096 11.0001 77.7 77.7 -77.59
190 0 0.707398 15.1189 0.0 0.1 -63.46 260 0.04437 0.707128 11.0006 44.4 444 -80.01
191 0 0.707443 14.8533 0.1 0.1 -60.89 261 0.0216 0.707196 11.0043 178.04
192 0 0.707482 14.6072 0.1 0.2 -58.42 262 0.00896  0.707197 11.0298 175.55
193 0 0.707528 14.4269 0.1 0.3 -56.05 263 0.00317  0.707096 11.1977 173.01
194 0 0.707583 14.3169 0.2 0.4 -121.28 264 0.00095 0.707067 12.0092 170.44
195 0 0.707652 14.7292 0.3 0.6 -119.11 265 0.00024  0.707119 13.4035 167.82
196 0.00013  0.707717 241911 0.8 1.3 -117.03 266 0.00005 0.707184 13.9802 260.67
197 0.00443  0.707748 24.0619 11.8 12.4 -170.56 267 0.00001 0.707188 14.0819 257.99
198 0.05399  0.707757 23.5983 135.9 136.9 -168.68 268 0 0.70714 14.0837 255.26
199 0.24197  0.707759 22.3601 606.2 607.5 -209.39 269 0 0.707102 13.9591 252.51
200 0.39894  0.707745 19.7228 999.1 1000.8 -103.71 270 0 0.707085 13.6231 249.71
201 0.24197  0.707734 16.1006 607.2 609.5 -102.11 271 0 0.707067 13.5371 280.22
202 0.05399  0.707749 13.5559 137.9 140.9 -100.61 272 0 0.707037 13.7333 277.36
203 0.00443  0.707821 15.7744 14.8 18.5 -99.2 273 0 0.707011 14.5791 274.47
204 0.00013 0.70799 17.9649 5.0 9.6 -37.55 274 0 0.706997 15.1666 271.55
205 0 0.708046 18.0653 5.6 1.2 -36.32 275 0 0.707006 15.1211 268.6
206 0 0.708043 18.1393 6.7 13.3 -35.18 276 0 0.70706 14.4292 229.29
207 0 0.708044 18.1913 7.8 15.6 -34.13 277 0 0.707114 13.1536 226.29
208 0 0.708042 17.8911 8.9 17.8 -10.83 278 0 0.707133 12.4719 223.25
209 0 0.708032 17.5372 9.9 19.9 -9.95 279 0 0.707131 12.1986 220.19
210 0 0.707971 17.7571 10.9 21.8 -9.17 280 0 0.707127 12.2137 187.77
21 0 0.707782 18.7694 11.7 234 -8.46 281 0 0.707131 12.5251 184.66
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Age (Ma) A10 7Sr/%sr 5%s LIP volumes  LIP volumes Marine Age (Ma)  A10 7Sr/%sr 5¥s LIP volumes  LIP volumes  Marine
p vs#1(10° km?) vs#2(10° km®) genera* p vs#1(10° km®) vs#2(10° km®) genera*
Part-3
282 0 0.707164 12.9692 181.53 353 0.00418 0.708139 21.1019 -146.16
283 0 0.707227 13.2844 178.37 354 0.00574  0.708181 20.4954 -148.73
284 0 0.707288 13.4259 175.19 355 0.00771 0.70823 19.8873 -151.26
285 0 0.707341 13.4763 181.32 356 0.01016  0.708284 19.7276 -153.76
286 0 0.707397 13.4927 178.1 357 0.01311 0.708329 19.7037 -156.21
287 0 0.707476 13.4978 174.86 358 0.01658  0.708358 19.7005 -158.62
288 0 0.707584 13.4989 171.6 359 0.02054  0.708379 19.7001 -160.99
289 0 0.707684 13.1005 168.32 360 0.02494  0.708398 19.7 -248.48
290 0 0.707735 12.6006 113.53 361 0.02966  0.708414 19.7 -250.76
291 0 0.707744 12.5999 110.22 362 0.03457  0.708425 19.7 -252.99
292 0 0.707743 12.5998 106.89 363 0.03947  0.708433 19.7 -255.18
293 0 0.70778 12.5994 103.56 364 0.04416  0.708432 19.7 -257.32
294 0 0.707866 12.5981 100.2 365 0.04841 0.708419 19.7012 -300.07
295 0.00027 0.70793 12.5937 55.34 366 0.05199  0.708397 20.0302 -302.11
296 0.10798 0.70796 12.5809 51.96 367 0.05471 0.708363 23.1873 -304.1
297 0.79789  0.707979 12.554 15.57 368 0.05641 0.708298 23.2996 -306.05
298 0.10798  0.708005 12.5242 12.18 369 0.05699 0.708214 23.3 -307.94
299 0.00027  0.708044 12.5064 59.77 370 0.05641 0.708163 23.3 -332.45
300 0 0.708093 12.4855 56.36 371 0.05471 0.708143 23.3 -334.23
301 0 0.708143 12.3462 52.93 372 0.05199  0.708133 23.3001 -335.96
302 0 0.708185 11.8957 49.51 373 0.04841 0.708126 23.3002 -337.64
303 0 0.708214 11.6556 46.07 374 0.04416  0.708121 23.301 -339.26
304 0 0.708236 11.6151 55.13 375 0.03947 0.70812 23.3041 -228.49
305 0 0.708256 11.7365 51.69 376 0.03457  0.708119 23.3171 -230
306 0 0.708269 12.2758 48.24 377 0.03599 0.708118 23.3709 -231.45
307 0 0.708275 13.0445 76.8 378 0.10934 0.708116 23.5826 -232.84
308 0 0.708277 13.4045 73.35 379 0.21297  0.708111 24.2604 -168.82
309 0 0.70828 13.5153 69.9 380 0.26596  0.708104 25.4971 -170.13
310 0 0.708286 13.6467 34.95 381 0.21297 0.70809 26.4337 -171.33
311 0 0.70829 13.9179 31.5 382 0.10934  0.708063 26.7465 -124.1
312 0 0.708293 14.3193 -15.45 383 0.03599  0.708018 26.6512 -125.2
313 0 0.708294 14.7533 -18.89 384 0.0076 0.707967 25.8671 -126.2
314 0 0.708291 15.1201 -22.33 385 0.00418  0.707924 24.4323 -127.2
315 0 0.708283 15.4076 -55.26 386 0.00299 0.70789 23.6851 23
316 0 0.70827 15.5981 -58.69 387 0.00209 0.707866 23.4217 221
317 0 0.708254 15.6284 -62.11 388 0.00143  0.707854 23.1413 214
318 0 0.708233 15.4501 -65.52 389 0.00096  0.707851 22.6252 99.7
319 0 0.708199 15.1444 -75.43 390 0.00063 0.707852 21.7722 99.1
320 0 0.70816 14.9464 -78.83 391 0.00041 0.707857 20.635 98.6
321 0 0.708123 14.9688 -82.21 392 0.00026  0.707865 19.4038 183.1
322 0 0.708073 15.0476 -85.59 393 0.00016  0.707877 18.2868 182.7
323 0 0.708017 14.9391 91.54 394 0.0001 0.70789 17.4198 182.4
324 0 0.70799 14.6096 88.19 395 0.00006  0.707899 16.9035 207.6
325 0 0.707987 14.3027 84.85 396 0.00003  0.707902 16.7243 207.5
326 0 0.707983 14.1447 81.53 397 0.00002  0.707903 16.6601 207.4
327 0 0.707966 14.0711 173.72 398 0.00001 0.707904 16.5652 235.9
328 0 0.707931 13.9941 170.43 399 0.00001 0.707908 16.3615 235.9
329 0 0.707879 13.9055 167.15 400 0 0.707918 15.9566 236
330 0 0.707823 13.8686 163.89 401 0 0.707938 15.3278 236.3
331 0 0.707778 13.9615 160.65 402 0 0.707978 14.6856 236.6
332 0 0.707752 14.1426 157.43 403 0 0.708041 14.499 196.4
333 0 0.707744 14.2528 154.23 404 0 0.708118 15.3917 196.9
334 0 0.70775 14.2966 151.05 405 0 0.708194 17.6014 197.4
335 0 0.707763 14.372 147.9 406 0 0.708264 20.1276 198
336 0 0.707776 14.7041 105.26 407 0 0.708335 21.8059 66.8
337 0 0.707789 15.4753 102.15 408 0 0.708422 22.6032 67.5
338 0 0.707806 16.417 99.07 409 0 0.708523 22.9363 68.4
339 0.00001 0.707823 17.2977 96.01 410 0 0.70861 23.131 0.4
340 0.00001 0.707825 18.0314 92.98 411 0 0.708664 23.3554 1.4
341 0.00002 0.707812 18.5444 89.97 412 0 0.708693 23.5898 -41.9
342 0.00003  0.707803 18.5993 86.99 413 0 0.708706 23.8394 -40.7
343 0.00006 0.707812 18.0895 84.04 414 0 0.708712 24.1251 -82.9
344 0.0001 0.707833 17.7435 81.13 415 0 0.708714 24.4705 -81.44
345 0.00016  0.707852 17.6722 78.24 416 0 0.708715 24.9078 -48.44
346 0.00026  0.707865 17.7124 3.88 417 0 0.708712 25.4545 -46.84
347 0.00041 0.70788 17.9184 1.06 418 0 0.708704 26.0631 -45.15
348 0.00063  0.707903 18.6073 -1.73 419 0 0.708689 26.6049 32.64
349 0.00096 0.70794 19.8799 -4.49 420 0 0.708666 26.95 34.52
350 0.00143  0.707991 20.8329 -7.21 421 0 0.708633 27.0916 36.5
351 0.00209 0.708048 21.1757 -9.9 422 0 0.708589 27.1488 105.58
352 0.00299  0.708098 21.2424 -12.55 423 0 0.708535 27.2236 122.26

(Continued on next page)
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Age (Ma)  A10 87sr/%0sr 5%s LIP volumes  LIP volumes Marine Age (Ma)  A10 87Sr/*sr 5%s LIP volumes  LIP volumes Marine
P vs#1(10° km®) vs#2(10° km®) genera* P vs#1(10° km®) vs#2(10° km®) genera*

Part-4
424 0 0.708481 27.3177 124.53 495 0 0.709111 32.1415 -337.36
425 0 0.708436 27.3606 126.91 496 0 0.709105 32.1143 -325.68
426 0 0.708405 27.2495 129.38 497 0 0.70909 32.8351 -320.33
427 0 0.708382 26.9048 71.96 498 0 0.709076 34.12 -308.32
428 0 0.708364 26.3579 74.64 499 0.00001 0.709074 35.5277 -283.65
429 0 0.708345 25.7988 -44.08 500 0.00005  0.709077 36.7752 -271.31
430 0 0.708319 25.5608 -41.19 501 0.00024  0.709081 37.7295 -226.14
431 0 0.708284 26.087 -38.2 502 0.00095  0.709082 38.3279 -213.47
432 0 0.708242 27.352 -35.1 503 0.00317  0.709083 38.5603 -213.97
433 0 0.708204 28.424 -31.9 504 0.00896  0.709083 38.4691 -183.29
434 0 0.708175 28.9556 -28.58 505 0.0216 0.709084 38.1337 -144.12
435 0 0.708152 29.2316 -25.16 506 0.04437  0.709138 37.6428 -130.77
436 0 0.708129 29.4605 -146.3 507 0.07767 0.70916 37.0693 -128.75
437 0 0.708107 29.7066 -142.66 508 0.11588  0.708943 36.4611 -115.07
438 0 0.708084 29.927 -138.9 509 0.14731 0.708804 35.8458 -103.71
439 0 0.708057 29.9406 -209.7 510 0.15958 0.70879 35.2407 -89.67
440 0 0.70802 29.4217 -205.72 511 0.14731 0.708774 34.6588 -75.46
441 0 0.707986 28.1398 -201.63 512 0.11588  0.708758 34.1107 -61.08
442 0 0.707968 26.3328 -197.42 513 0.07767  0.708739 33.6037 -40.02
443 0 0.707961 24.5483 -193.1 514 0.04437 0.70872 33.1456 -25.28
444 0 0.707956 23.1576 -67.66 515 0.0216 0.708703 32.7975 -10.37
445 0 0.707949 22.2675 -63.11 516 0.00896  0.708687 32.9023 2.23
446 0 0.70794 21.8754 264.59 517 0.00317  0.708673 33.376 17.5
447 0 0.707927 21.9731 269.39 518 0.00095  0.708658 33.5513 32.95
448 0 0.707914 22.4921 301.3 519 0.00024  0.708639 33.6085 173.09
449 0 0.707905 23.1411 351.63 520 0.00005 0.708618 33.6601 188.91
450 0 0.707904 23.6991 356.79
451 0 0.70791 24.2087 362.07
452 0 0.707926 24.7292 367.47
453 0 0.707955 25.245 408.29
454 0 0.707993 25.6599 413.94
455 0 0.708029 25.8326 419.72
456 0 0.708057 25.717 425.62
457 0 0.70808 25.4217 398.05
458 0 0.708102 25.0586 404.21
459 0 0.708129 24.6539 410.5
460 0 0.708166 24.1585 416.91
461 0 0.708221 23.4239 229.76
462 0 0.708295 22.332 236.45
463 0 0.708374 21.4508 121.76
464 0 0.708447 21.5106 14.71
465 0 0.708522 22.287 21.79
466 0 0.708612 23.4152 29.01
467 0 0.708711 24.6849 36.36
468 0 0.708795 25.8873 -8.15
469 0 0.708843 26.8031 -0.52
470 0 0.708858 27.3191 7.25
471 0 0.708858 27.5025 15.16
472 0 0.708859 27.5302 -62.29
473 0 0.708865 27.5885 -54.1
474 0 0.708877 27.8328 -45.77
475 0 0.708896 28.3201 -37.29
476 0 0.708919 28.9359 -267.67
477 0 0.708939 29.5101 -258.91
478 0 0.70895 29.9636 -249.99
479 0 0.708951 30.2883 -361.94
480 0 0.70895 30.4858 -352.73
481 0 0.708956 30.5304 -343.38
482 0 0.708972 30.3244 -333.88
483 0 0.708994 29.7264 -324.22
484 0 0.709013 28.9989 -367.92
485 0 0.709029 28.8066 -357.96
486 0 0.709041 29.1662 -347.85
487 0 0.709051 29.7916 -337.59
488 0 0.709061 30.5368 -327.17
489 0 0.70907 31.3242 -361.6
490 0 0.709079 32.0648 -350.87
491 0 0.709087 32.6415 -353.99
492 0 0.709095 32.9378 -342.95
493 0 0.709102 32.8921 -346.24
494 0 0.709109 32.5515 -334.88




A. Prokoph et al. / Geoscience Frontiers 4 (2013) 263—276 269

automatic localization of periodic signals, gradual shifts and abrupt
interruptions, trends and onsets of trends in time-series (Rioul and
Vetterli, 1991). The wavelet coefficients W of a time-series x(s) are
calculated by a simple convolution

Wy (a,b) = (\/La) / x(s)tp(%) ds 1)

where y is the mother wavelet, a is the scale factor that deter-
mines the characteristic frequency or wavelength, and b repre-
sents the shift of the wavelet over x(s) (Prokoph and Barthelmes,
1996).

The bandwidth resolution for a wavelet transform varies with

V2
4= Zral (2)
and a location resolution
al
Ab = — 3
7 (3)

Due to Heisenberg’s uncertainty principle AaAb > 1/4x, the
resolution of Ab and Aa cannot be arbitrarily small (e.g., Prokoph
and Barthelmes, 1996). The parameter [ is used to modify the
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Figure 2. Geological records of last 520 Ma with best-fit 140—170 Ma and 65 Ma sine waves. a: Third order-polygonal detrended well-dated marine genera (Rhode and Muller,
2005); b: diamonds: 6**Sparice (Paytan et al., 2004), crosses: 6>4S of structurally substituted sulfate (SSS) (Kampschulte and Strauss, 2004), red line: Gaussian filtered time-
series; c: 87Sr/®6Sr data: diamonds: low-Mg fossil shell data (Prokoph et al., 2008), crosses: whole rock samples (Shields and Veizer, 2002); d: simplified cosmic ray flux (CRF)
ratio model (Shaviv and Veizer, 2003); e: LIP’s volume (Ernst and Buchan, 2001; Berner, 2002) x probability of occurrence (Prokoph et al., 2004a), note: as the total probability for
each event equals 1, the total sum of p x volumes = sum all volumes; f: probability (of occurrence) of Gaussian filtered precisely dated (1%, < 2.5 Ma) LIP’s, mostly flood and oceanic

plateau basalts (Prokoph et al., 2004b), bottom: time scale (Gradstein et al., 2005).
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bandwidth resolution either in favor of time or in favor of
frequency. In this study, the CWT was used with the Morlet wavelet
as the mother function (Morlet et al., 1982), which is expressed in
its shifted and scaled version as

i27(s— _1(s=b 2
dhots) = Vrvaie e e ) @)
The Morlet wavelet is a sinusoid with wavelength/scale
a modulated by a Gaussian function (Torrence and Compo, 1998).
Edge effects of the wavelet coefficients occur at the beginning and
end of the analyzed time-series and increase with increasing
wavelength (scale) and parameter [ forming a ‘cone of influence of
edge effects’ (Torrence and Compo, 1998). The cones of >10%
influences of the edge effects are based on the wavelet-analysis
parameters used and are illustrated in the scalograms. The
amplitude-reducing feature of edge effects has been reduced by
dividing the uncorrected amplitudes by a wavelet coefficients of
control sine waves of 32 Ma, 65 Ma, and 140 Ma wavelengths for
the respective wavebands.

The wavelet coefficients W are normalized by using the L1
normalization (1/a), replacing the commonly used 1/Ja, L2, or L2
normalization (see Eq. (1)), which allow for an interpretation of
wavelet coefficients in terms of Fourier amplitudes (e.g., Prokoph
and Barthelmes, 1996). In addition, the L2 normalization of the
Morlet wavelet commonly leads to overvaluing wavelet coefficients
in long wavelengths compared to shorter ones, as discussed in
detail by Schaefli et al. (2007). The parameter [ = 10 was chosen for
all analyses, which provides sufficiently precise results in the
resolution of time and scale (e.g., Prokoph et al., 2004b). The series
of wavelengths awmax (b) with the strongest local wavelet coeffi-
cient W(a, b) were extracted from the wavelet-coefficient matrix for
waveband of 28—35Ma, 60—70 Ma, and 130—150 Ma, because
these series determine the strongest amplitude and their related
wavelength in their respective waveband, independent of their
absolute amplitude compared to the rest of the analyzed time-
series. The wavelet-analysis technique used in this article is
explained in detail in Prokoph and Barthelmes (1996). The matrix of
the wavelet coefficients Wi(a, b), the so-called ‘scalogram’, was
coded in color scale (orange highest, blue lowest Wi(a, b)) for better
graphical interpretation.

The cross-wavelet spectrum of two series x(t) and y(t) is defined by

Wiy(a,b) = Wx(a,b)Wy (a,b) (5)

where Wy(a, b) and W,(a, b) are the continuous wavelet transform
of x(t) and y(t) respectively, and * denotes the complex conjugate
(e.g., Jury et al., 2002; Grinsted et al., 2004; Labat, 2005). The phase
difference is defined by

/lm(ny(a, b)) da
Ag(b) — tan 14 (6)
/ Re(Why(a, b)) da

a

with b corresponding to the time lag b (Jury et al., 2002). “Im” and
“Re” indicate the imaginary and real parts, respectively. The mother
wavelet and parameters used in this study are the same as for the
wavelet-analysis description provided above. For a detailed expla-
nation of advantages and disadvantages of the normalization types
regarding accuracy of the energy spectrum, amplitudes and white
noise, as well as variance and bias of arbitrary estimated cross-
wavelet spectra depending on the algorithms applied one can
refer to Maraun and Kurths (2004) and Maraun et al. (2007).

4. Results

The A10-LIP occurrence record consists of over 20 discrete
events with decreasing frequency toward older age (Fig. 1b). In
contrast, the LIP volumes for the last 260 Ma are dominated by four
roughly equally ~65 Ma spaced large volume events, indepen-
dently if version 31 or #2 are considered (Fig. 1a, Tables 1 and 2).
Such an ~60—65 Ma stationary cycle with minor (45 Ma) temporal
fluctuations can be fitted to all geochemical and the detrended
marine genera records (Fig. 2). In addition, a ~140 Ma cycle can be
fitted to A10-LIP and marine genera record that is approximately
inverse to the cosmic ray flux cycle promoted as major climate
driver by Shaviv and Veizer (2003). Spectral analysis shows that all
records exhibit considerable noise, but similar spectral peaks at
~140 Ma and 60—65Ma. An ~28-35Ma broadband spectral
excursion is significant in the LIP volume data of the last 260 Ma
(Fig. 3). The LIP volume record don’t exhibit ~ 140 Ma cyclicity, but
~170 Ma cyclicity, which are essentially the same as within the
uncertainties caused by the limited record length and hence limited
low-frequency resolution.

Wavelet analysis highlights striking similarities in the cycle
pattern between marine genera and LIP records during the last
~350 Ma, with an abrupt onset of a ~32 Ma cyclicity at ~135 Ma
(Fig. 4a, b, e, f). Wavelet analysis extracted major 60—68 Ma and
140—160 Ma wavelengths for all geological records that slightly
fluctuate in time (Fig. 4). Fossil and isotope record show all an
increasing magnitude of the ~62 Ma cyclicity for Cambrian to
Carboniferous, that is not evident in the LIP record. On average the
dominant LIP cycle in the 60—80 Ma waveband is 64.5 Ma, slightly
longer than the ~62 Ma cycle in fossil and geochemical records. In
addition there is a ~100 Ma cyclicity for 87Sr/2Sr, and for the last
~135 Ma, a ~28—35 Ma cycle for LIP probability (A10), LIP volume
and marine biodiversity. The CWT parameters used implement
a bandwidth uncertainty of ~+3% (see Eq. (2)). The temporal
resolution is weaker (see Eq. (3)). For example a ~62 (60—65) Ma
cycle detected at 300 Ma represents (to a 95% confidence level) an
average wavelength for the interval of 300+210Ma (i.e.
90—-510 Ma), and (to a 66% confidence level) an average for
300 + 105 Ma.

In average, the wavelet coefficient representing cycle amplitude
is significantly different for the ~32, ~62 and ~140 Ma wave-
lengths, except for marine genera that have about the same
magnitude for all cycle lengths (Table 3). Thus, most high spectral
values (Fig. 2) can be attributed to short-term fluctuations at

140 62 35-28 B.W.
¢+ Volume #2
Marin'e geh\?ra
1

Spectral Power

260 Period (Ma) 20

Figure 3. Spectral analysis. Spectral Power estimates for the linear detrended
geological records (Fig. 2) for the last 520 Ma: vertical gray bars: bandwidth of
proposed 140 Ma, ~62 Ma, and 35—28 Ma cycles, B.W. bandwidth uncertainty, note:
the bandwidth for LIP volume is wider because of the shorter dataset (0—260 Ma).
Lowest value for each record equals zero variance.
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Figure 4. Wavelet analysis. a: Wavelet scalogram of detrended marine genera record; b: wavelet scalogram of marine biodiversity record; c: wavelet scalogram of probability of LIP
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(Gradstein et al., 2005). Stripped curve separates frequency—time space of edge effect of <20% (above line) from >20% (below line), red dotted lines mark cycle bands, color code for
wavelet amplitudes on right, vertical yellow dotted line marks the onset of ~32 Ma cyclicity in LIP and fossil records at ~135 Ma.

different wavelengths (i.e. noise), with only ~ 140 Ma, 62—65 Ma,
and 28—35 Ma cycle bands reoccurring with at least four consec-
utive repetitions (Fig. 4). With the mother wavelet used and
parameter [=10, jumps and gradual changes in the temporal
pattern can only be detected in relatively short wavelengths (e.g., to

Table 3

Cycle amplitudes.
Cycle length 32 Ma 65 Ma 140 Ma
Interval 0—135Ma 135—260 Ma 0—260 Ma
LIP vol v#1 498 316 276
LIP vol v#2 931 666 584
0%s 0.79 0.66 1.78
Marine genera 124 127 123

66% +50 Ma for a ~28 Ma-cycle). Thus, the change in the pattern at
~135 Ma has a temporal uncertainty of ~+50 Ma at a 66% confi-
dence level.

Before ~135 Ma, the ~65Ma and 140 Ma LIP cyclicities are
followed by a ~20 Ma delayed increase in the incorporation of
heavy sulfur (34S) in sulfate (Fig. 4c: phase shift 0—0.8). Fig. 5 shows
that the ratios in the amplitudes of the LIP and sulfur isotope cycles
are stable at ~600 km® LIPs’ version #2 related magma production
correlates with ~2%, 6>*Ssuirate increase and an average loss of
>120 well-dated marine genera. An increased LIPs’ version #2 lava
production is also related to a drop in 6**Ssfate by the same amount
of ~1%,/600 x 10% km? over several million years during the last
~135 Ma (Fig. 4c, e). Thus, an extrapolation of k into the early
Paleozoic (~520Ma) suggests LIP’s volume amplitudes of
~1200 x 10° km® at ~3%, 6**Ssuface (Fig. 4d) for each 140 and
62 Ma cycle. As Fig. 2 shows, LIP, 87Sr/30Sr and 6%4Syfate records are
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well correlated, with the exception of delayed 87Sr/®0Sr increase
during the Silurian—Devonian. Increases of 0.001 8Sr/®6Sr corre-
spond to 6**Sguifaee increases of 5%,—15%, except for the last
~135 Ma when the isotope fluctuations are uncoupled (Fig. 4).
Based on the wavebands and amplitude extract by CWT (Figs. 4 and
5), with the assumption that the original LIP volume record in the
Paleozoic resembles the Mesozoic/Cenocoic record, the best-fit for
LIP volumes (V) would be

V = —(350 — 770)x10® km® sin(2mct/170 Ma)
+ (300 — 650)x10% km® sin(2mt/64.5 Ma+2.3)  (7)

for t=time in Ma. The ~32 Ma cyclicity is not considered in the
reconstruction because of its occurrence only through the last
~135 Ma.

XWT of A10-LIP occurrences with marine genera records shows
that almost all cross-variability is concentrated in the 28—35 Ma,
62—65 Ma, and ~ 140 Ma wavelengths, with a sharp switch from
~62 to ~32 Ma cyclicity at 135 Ma (Fig. 6a). Moreover all signals in
these wavelengths are approximately inverted (—m) between the
LIP and other records, i.e. LIP occurrence is linked to marine genera
reduction (Fig. 6b). The relationships between LIP occurrences and
sulfate isotope records are also concentrated in the 28—35 Ma,
62—65 Ma, and ~140 Ma wavelengths, albeit less dominantly
(Fig. 6¢). Phase-shifts of ~0 (Fig. 6d) indicate a positive correlation
of the ~62 and ~ 140 Ma signals (Fig. 2), whereas the ~32 Ma
cyclicity during the last ~135 Ma is inverse correlated (—). It is
likely that the high cross-wavelet coefficients between LIP and
sulfate isotope records are mostly carried by the LIP variability,
because strong cross-wavelet coefficients between marine genera
and geochemical records are absent in the ~32 Ma waveband,
whereas ~140 and ~62 Ma cycles remain dominant (Fig. 7). The
color changes at the ~62 Ma wavelength in the phase parts of the
scalograms (Fig. 7b, d, f) indicate that these cycles are not as well
correlated between the geochemical records as between the LIP
and marine genera records. The yellow color in Fig. 7d indicates

a ~-+0.5 gradient phase difference between sulfur and strontium
isotopes for the ~62 and ~140 Ma cycles, i.e. the 37Sr/35Sr isotope
increase lags the 6>4Sgyifate increase by up to 15 Ma.

In our study, the results of XWT (Eqgs. (5) and (6)) have the same
uncertainties as CWT as we use the same mother wavelet and
parameters for both (see Egs. (1)—(4)). The multiplication of the
individual wavelet coefficients in Eq. (5) reduces the noise level of
the cross-modulus (i.e. cross-amplitude) thus highlighting wave-
lengths that have a high amplitude in both time-series x(t) and y(t).
For example, the complete independent cross-amplitude spectra of
A10 vs. marine genera and sulfur vs. strontium isotopes (Fig. 6) have
very similar temporal extent and relative amplitudes of the
~62 Ma cycle (stronger) and ~ 140 Ma cycle (weaker). The uncer-
tainty in the phase shift is also linked to the bandwidth and
temporal uncertainty (Egs. (2) and (3)). Test runs using the
parameters above on simulations of phase-shifted 140 Ma-sine
waves indicate that the uncertainty for a given bandwidth (e.g.,
140 + 5 Ma) is 0.3 gradients.

5. Discussion

To understand the relation between LIP magmatism and sulfur
isotope fluctuations, we have to point out that at present volcanic
sulfur contributes 0.33 x 10'> mol/yr with a 6>4S of ~39, (Paytan
et al, 2004). Currently, sulfur is either deposited to ~45% as
sulfide (mostly pyrite) with isotope composition of ~—-5%, to
—40%, or as sulfate with 6>4S of ~+10%, to +40%, (Paytan et al.,
2004). A marine §>*Sqyifate increase can primarily be the result of
(i) lower total sulfur input into the ocean, (ii) increased bacterial
sulfide (mostly pyrite) deposition in predominantly anoxic marine
basins, and (iii) decreased output from weathering (Paytan et al,,
2004). The 37Sr/%55r ratio of marine carbonates reflects primarily
the relation between increased oceanic crust production (resulting
in low ratios) and increased continental weathering (resulting in
high ratios), respectively (Prokoph et al., 2008). Because volcanism
is a source and not a sink of sulfur, we interpret the coherency
between LIP cyclicity and sulfur isotopes in terms of increased
sulfide deposition coeval with increased continental weathering,
thus a humid global climate. This process is likely combined with
increased shallow water H,S poisoning, sluggish oceanic circula-
tion, and oceanic anoxia as it has been suggested for some mass-
extinctions intervals (Kump et al., 2005). Most Paleozoic extinc-
tion events are also associated with fast global sea-level rises,
anoxic events and climate warming (Hallam and Wignall, 1999).
Thus, we extend the H,S poisoning hypothesis to all major 6>*Sgyifate
increases before 200 Ma, and an average marine genera biodiver-
sity loss of ~20 marine genera/+1A%, 0>*Suiate.

During the Jurassic the linkage between LIP-related increased
sulfide deposition, weathering and coeval biodiversity weakened.
In general the 6**Sgyifate dropped during the Mid-Cretaceous super
plume and associated LIP eruptions (Paytan et al., 2004). Possible
causes are (i) the total sulfur flux into the ocean has increased by up
to 50%, (ii) the sulfate/sulfide fractionation factor decreased glob-
ally, (iii) the pyrite deposition rate decreased or (iv) a combination
of the three factors (Paytan et al, 2004). Across the
Cenomanian—Turonian oceanic anoxic event ~(0.12—0.36) x
103 Gt sulfur were removed by pyrite burial leading to a +A4%,
034Ssuifate (Ohkouchi et al.,, 1999; Turgeon and Creaser, 2008). The
CO; emissions during the Mid-Cretaceous mantle plume are esti-
mated to account for a 2.8—7.7°C increase and could have
contributed to the long-lasting Mid-Cretaceous warm period
(Caldeira and Rampino, 1991). Nevertheless, the oceanic anoxic
events during the Mid-Cretaceous super plume were relatively
short lived with total of <3 Ma (Leckie et al., 2002) compared to the
longevity of Paleozoic oceanic anoxia.
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We suggest that the shortness of the anoxic events and the quick
recovery of the sulfur and carbon cycles in the last 135 Ma could be
due to a more efficient biogeochemical cycling (Ridgwell, 2005),
including organic carbon and sulfur storage in the deep-sea instead of
in shelf seas. This could lead to the weakening of sulfur isotope and
marine biodiversity fluctuation for the last ~135 Ma as shown in
Fig. 2.

Thus, the addition of a 28—35Ma geological cycle and
a weakening of the ~62 Ma cycle during the last 135 Ma could
be a new nonlinear response of the ocean-atmosphere system to
the evolved biogeochemical processes, but this would not
explain the coherent changes in the LIP cyclicity over the same
time interval. However, the similarity between the phase and
magnitude of the 28—35 Ma isotope cycles and the LIP cycles is
strong (Figs. 2, 4). As alternative causes, changes at Earth’s core
mantle boundary such as a thinning of the velocity boundary

(“D”) layer from ~19 to 12 km thickness, changes in the magma
viscosity and/or temperature could change the size and period-
icity of the LIP events (Courtillot and Besse, 1987; Courtillot and
Olsen, 2007), and eventually trigger marine biogeochemical
changes.

We speculate that this rarity of Paleozoic LIPs is at least partially
a preservational phenomenon because (i) the recycling of ocean
crust with a half-life of ~55 Ma (Veizer and Jansen, 1985) results in
the removal of all oceanic LIP volcanic rock remnants older than
~190 Ma. This accounts for ~60% of all LIP’s and ~60% of the total
LIP volumes in the last 184 Ma; (ii) Phanerozoic sediments with
a half-life of ~380 Ma (Veizer and Jansen, 1985) cover major parts
of the continents and potentially hide LIPs related volcanic rocks
and structures, and (iii) the high amplitudes of the ~62 Ma cycles
6%4Squimate and 37Sr/®8sr cycles suggest high amounts of volcanic
sulfur and continental weathering-supporting fluid releases
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(Fig. 2). The LIP record improves for the Precambrian, when more of LIPs are rarer in the geological record from 270 to 520 Ma and
the sedimentary cover is eroded and roots of LIP’s such as dyke expected LIP’s from a modeled ~65 Ma periodicity at ~450 Ma
swarms are exposed (e.g., Ernst and Buchan, 2001; Ernst and and ~315Ma are missing (Fig. 2f). Some LIP’s during this time
Bleeker, 2010). interval, such as the Tarim LIP (280 Ma), are currently not included
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in the data analysis due to their age uncertainty. Several studies
(Young et al., 2009; Buggisch et al., 2010) hint on the possibility of
a large and hitherto undetected LIP eruption triggering the Late
Ordovician ice age that would explain the drop in the 37Sr/%6Sr at
~450 Ma (Fig. 2c). The Skagerrak-centered (SC) LIP centered at
~300 Ma has early precursors (Torsvik et al., 2008) that may cover
a predicted ~315Ma LIP event. Data analysis indicates that
amplitude of the 62—65 Ma LIP volume cycle is >600 x 10° km?
(Eq. (7).

The previously noted (Rampino and Stothers, 1988; Prokoph
et al., 2004b) ~28—35Ma cyclicity in geological events and
paleoclimate proxies provides only insignificant total variability
over the last 520 Ma, but dominates in the last ~200 Ma with
sine wave amplitudes equivalent to the 62—65 Ma cyclicity
(Fig. 4).

The 140 Ma LIP cyclicity represents the Phanerozoic part of
a ~170 Ma (130—190 Ma) LIP cyclicity that is evident for the last
1500 Ma (Prokoph et al., 2004a). The proposed ~ 140 Ma LIP cycle
is coherent with low cosmic ray flux at >95% confidence (Shaviv
and Veizer, 2003) as shown in Fig. 2d as well as to the ~140 Ma
cycle detected in the oxygen isotope record (Prokoph et al., 2008).
Currently, there is no known astrophysical mechanism that can
explain the ~140 Ma and 62 Ma sulfur and strontium isotope
cyclicity. Thus, for future studies would be interesting to integrate
potential galactic and terrestrial long-term driving forces on Earth
ocean geochemistry, climate and biodiversity evolution.

6. Conclusion

The study reveals a periodic pattern of large igneous province
(LIP) emplacement in comparison with marine isotope records, and
quantifies the effects on ocean chemistry and marine biodiversity
over the last 520 Ma based on compiled LIP, stable isotope and
marine genera record at a data resolution of ~1 Ma.

Time-series analysis using wavelet and cross-wavelet transform
does not only show that the ~140 Ma and ~65 Ma cycles are
significant in LIP, ocean chemistry and marine biodiversity records
throughout the Phanerozoic, but also highlights that a strong
~32 Ma cyclicity in all related records occurs simultaneously at
~135Ma. The link between LIPs and biodiversity at ~65 Ma
periodicity is particularly strong when correlating the volume of
the LIPs with the marine genera record. The strong link between
oceanic 0>*Sqyirare and &7Sr/%8Sr cycles and LIPs also suggest that
several Paleozoic LIPs are not-yet discovered.
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