Supplementary materials for:

Three distinct Holocene intervals of stalagmite deposition and non-
deposition revealed in NW Madagascar, and their paleoclimate
implications

Ny Riavo Gilbertinie \/oarintsoal**, Loren Bruce Railsback?, George Albert Brook?, Lixin Wangz,
Gayatri Kathayat®, Hai Cheng®*, Xianglei Li®, Richard Lawrence Edwards®, Amos Fety Michel
Rakotondrazafy °, Marie Olga Madison Razanatseheno”

! Department of Geology, University of Georgia, Athens, GA 30602-2501 U.S.A.

g Department of Geography, University of Georgia, Athens, Georgia, 30602-2502 U.S.A.

? Institute of Global Environmental Change, Xi'an Jiaotong University, Xi'an, Shaanxi 710049, P.R. China

¢ Department of Earth Sciences, University of Minnesota, Minneapolis, Minnesota 55455, U.S.A.

> Mention Sciences de la Terre et de I’'Environnement, Domaine Sciences et Technologie, University d’Antananarivo,
Madagascar

*Correspondence to: Ny Riavo Voarintsoa (nvl@uga.edu or nyriavony@gmail.com)

tCurrent address: Institute of Earth Sciences, The Hebrew University in Jerusalem, A. Safra
Campus, 91904, Jerusalem, Israel (nyriavo.voarintsoa@mail.huji.ac.il)

Page 1 of 35



25
26

27

28

29

30

Eq.

10

ATLANTIC £ 5 ?
.., South Equatorial

Current

205

305

INDIAN
OCEAN

N
(8
[N
LR
T
X
3
=

405 Agulhas Current

. return flow
Gl

20E 40E 60E
Figure S1: Google Earth image putting Madagascar into perspective with regard to oceanic

Image landsat
Data $10, NOAA, U.S. Navy, NGA, GEBCO

currents and convergence zones (ITCZ and ZAB, Zaire Aire Boundary). The map of the currents was
obtained from Lindesay (1998) and Schott and McCreary (2001). The map of the ITCZ and ZAB was

adopted from Gasse (2000). The red star indicates the study location.
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Figure S2: Climate setting. Map of summer precipitation between December 16 and January 15

(the wettest months) in Madagascar. Red star indicates the study area. Source:

http://iridl.Ideo.columbia.edu/ (accessed August 31, 2016)
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Figure S3: Cave locations. Google Earth image showing the location of the two caves Anjohibe

(ANJB) and Anjokipoty (ANJK) Caves and the current extent of vegetation cover in northwestern

Madagascar.
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Figure S4: Scheme used to determine layer-specific width (LSW). Brown lines represent

hypothetical traceable stalagmite layers.
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Figure S5: Comparison between MAT 253 and Gas Bench Il stable isotope results on Stalagmite

MAJ-5, showing similarity in the results. a) Depth series of §'°C and 8'°0. b) Scatterplots of §"°C

and 8*0.
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Figure S6: Profile of corrected (dashed lines) and uncorrected (continuous lines) 20 and 8"3C of

stalagmites ANJB-2 and MAJ-5 during the MEHI.
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Figure S7: Profile of corrected (dashed lines) and uncorrected (continuous lines) 20 and 8"3C of

stalagmites ANJB-2 and MAJ-5 during the MLHI.
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Figure S8: Comparison of the corrected 820 profiles for stalagmites MAJ-5 and ANJB-2 with their

corresponding age uncertainty.
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Supplementary text 1: Calcite and aragonite in stalagmites

Calcite and aragonite are two CaCOs polymorphs. They are the most common calcium
carbonate minerals forming stalagmites. Most stalagmites are monomineralic, but bimineralic
stalagmites also exist, such as the case of our stalagmites. In some cases, both minerals are
primary. In some other cases, calcite replaces aragonite (e.g. Zhang et al., 2014, Lachniet et al.,
2012). Of concerns of many researchers is the microscopic intermingling between calcite and
aragonite (e.g. Frisia et al., 2002; Gonzalez and Lohmann, 1988; Ortega et al., 2005; Railsback et
al., 1994; Woo and Choi, 2006), either as a result of diagenetic processes (e.g. Zhang et al., 2014)
or purely primary crystallization of calcite and aragonite when the solution is saturated with these
minerals (e.g. Sletten et al., 2013; Railsback et al., 1994). In several aragonite-bearing stalagmite,
it is very likely that the aragonite-calcite mixture at microscopic level is expected (e.g. Frisia et al.,
2002; Railsback et al., 1994; Lachniet et al., 2012), and this mixture, often variable in proportions
(e.g. see Fig. 3 of Sletten et al., 2013; Zhang et al., 2014, Scroxton et al., 2017), could complicate
interpretation of stable isotope variations (Frisia et al., 2002; Zhang et al., 2014; McMillan et al.,
2005) in a strict paleoclimate context (Fairchild et al., 2006; Lachniet et al., 2012). The complication
specifically arises from the different H,O-CaCOs equilibrium fractionation factors for aragonite and
calcite (e.g. Lachniet, 2009; Rubinson and Clayton, 1969; Romanek et al., 1992; Kim et al., 2007).
We were very careful with drilling and sampling to avoid mixing of the mineralogy, since layers of
calcite and aragonite are distinct and sample size was very small. Investigation of the polished
surface of the two stalagmites also suggests that the samples did not experience extensive

diagenetic alteration, such as the case identified in Zhang et al. (2014) and Lachniet et al. (2012).
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To understand the mineral distribution in our stalagmites, we run X-Ray diffraction on 15

powdered samples (Figs. S9-11), we looked at thin sections (Figs. S12, S17), and we run some SEM

(Scanning Electron Microscopy) on selected intervals (Fig.S13).
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Figure S9: XRD profiles of aragonite (A) samples from different locations in Stalagmite ANJB-2. The

number in parenthesis are the miller indices of the aragonite mineral.

Page 10 of 35



&9

90

91

92

93

C(104)

1 ANJB_2_055
I ANJB_2_072_4.raw
1 ANJB-2-XrD200_9.raw

Intensity

C(102)
C(110)
C(113)

100%C

100%C

C(202)

C(108)

C(204)
C(116)

100%C

40

2Theta (Coupled TwoTheta/Theta) WL=1.78886

Figure S10: XRD profiles of calcite (C) samples from different locations in Stalagmite ANJB-2. The

number in parenthesis are the miller indices of the aragonite mineral.
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Figure S11: XRD profiles of aragonite (A) and calcite (C) samples from different locations in

Stalagmite MAJ-5. The number in parenthesis are the miller indices of the mineral.
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Figure S12: Microphotograph showing the sharp boundary between calcite (C) and aragonite (A)
in Stalagmite ANJB-2. Indicated with two black arrows (near center of image) are two obvious

pyramidal termination of calcite.

Figure S13: Scanned Electron Microscope images of a) aragonite with micro-cavities, b) columnar

aragonite, and c) columnar calcite.

Page 13 of 35



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Supplementary text 2: Isotopic fractionation

Fractionation factors of carbon and oxygen stable isotopes between the solution and the
precipitated mineral are significantly different between aragonite and calcite (Kim and O’Neil,
1997; Tarutani et al., 1969; Grosman and Ku, 1986; Kim et al., 2007; Rubinson and Clayton, 1969;
Turner, 1982; Romanek et al., 1992). For example, several studies have shown stable isotope
enrichment in aragonite relative to calcite at similar conditions. A 8">C enrichment of around 2.5%o
in the original aragonite layer from Stalagmites CL26 and CL27 (McDermott et al., 1999) was
reported to approximate the theoretical expected difference between aragonite and calcite (e.g
Morse and MacKenzie, 1990). Laboratory experiments on calcium carbonate at 25°C have shown
that 8"C values of synthetic aragonite precipitated from a bicarbonate solution is enriched by
~1.4%0 and ~1.8%o relative to calcite (Rubinson and Clayton, 1969; Turner, 1982; Romanek et al.,
1992), while 8'®0 values is enriched by ~0.6%o and ~0.8%o (Tarutani et al., 1969; Kim and O’Neil,
1997; Grosman and Ku, 1986; Kim et al., 2007). Later experiments and investigations agree with
these previous data (e.g. McMillan et al., 2005; Zhang et al., 2014). Some other authors have
reported larger difference (16%o) between calcite 8"°C and aragonite 8'C in speleothems (e.g.
Frisia et al., 2002). We assume, based on the data presented in Frisia et al.’s (2002) specific study,
that this large difference is not solely caused by aragonite’s inherent fractionation of heavier
isotopes at time of deposition, but also it could be associated with natural causes, such as the
difference in cave environment, the degree of kinetic fractionation, and the sourcing of 8"°C (e.g.
vegetation and biomass activity above the cave). Consequently, it would be wise to use the
laboratory results from the experimental studies, i.e. the 8"°C value of 1.8%o (Rubinson and

Clayton, 1969; Romanek et al., 1992) to correct for the differential fractionation between calcite
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129  and aragonite, because the different natural variables and parameters that could alter 8">C values
130  are well under control (i.e. free of other natural factors’ influences).
131
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Supplementary text 3: the 8.2 ka event in Madagascar

The 8.2 ka event has been identified in Stalagmite ANJB-2. Below are illustrative figures

that show this event in the sample.
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Figure S14: The 8.2 ka event identified in the Stalagmite ANJB-2 sample. a) Scanned image of a
portion of Stalagmite ANJB-2 showing the 8.2 ka event and the corresponding trenches for
radiometric dating (thicker black lines) and for X-ray diffraction analyses (thinner black lines). b) X-
ray diffraction spectra of the stalagmite layers at 195 (aragonite), 200 (calcite), and 212 mm

(aragonite) from the top of the stalagmite.

Page 16 of 35



144

145

146

147

148

149

150

151

152
153

2|

Aragonite

\

Figure S15: Photographs illustrating the mid-Holocene hiatus. Photographs showing the Type L
layer-bounding surfaces in Stalagmite ANJB-2 (a) and in Stalagmite MAJ-5 (b). Pinching of layers
toward the flank are indicated with arrows, except in Stalagmite ANJB-2 where the topmost arrow
indicates aragonite. Also, note the white and porous layer of aragonite in Stalagmite ANB-2 that is

capped with a very thin brown layer.
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laminated
calcite

154
155  Figure S16: Photograph showing the preserved lamination in the layer of calcite at 8.2 ka layer. (a)

156  Scanned image of a section of Stalagmite ANJB-2 where the 8.2 was identified. (b) Photograph
157  using true color under plain light. (c) Photograph using black and white filter.

158
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159

160  Figure S17: Microphotograph of a columnar calcite with the alternating lamination revealed at the
161 8.2 ka event. Darker laminations, as seen in earlier photograph (Fig. S16), are indicated with an
162  arrow.

163
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Supplementary text 4: Speculating on the IOD and ENSO influence on Madagascar climate

Although the ITCZ is the main driver of rainfall availability in Madagascar, recent studies have
also suggested the importance of SST changes in the surrounding ocean and teleconnection with
other climatic phenomena. Scroxton et al. (2017) linked rainfall changes in eastern Indian Ocean
with expansion and contraction of the ITCZ along with positive IOD. Zinke et al. (2004) revealed
strong Indian Ocean subtropical dipole events that were in phase with ENSO indices between AD
1880 and 1920, and between 1930 and 1940, and after 1970 in austral summers. Brook et al.
(1999, p. 700) suggested linkages between rainfall and ENSO in NW Madagascar since AD 1550, a
relationship that is less clear and complicated. This complication could be associated with an
unclear or yet a limited understanding of the relationship between IOD and ENSO, which is not yet
fully understood (e.g., Saji et al., 1999; Li et al., 2003; Lee et al., 2008 versus Brown et al., 2009;
Schott et al., 2009; Shinoda et al., 2004; Venzke et al., 2000; Abram et al., 2008; Saji and Yagamata,
2003; Meyers et al., 2007).

Our understanding of the oceanic and atmospheric circulation is challenged because 10D and
ENSO share similar features in the associated SST and precipitation anomalies (e.g., Saji et al.,
1999; Webster et al., 1999; Krishnamurty and Kirtman, 2003; Meyers et al., 2007). In addition, the
driving mechanisms of ENSO and |OD during the Holocene are not fully understood, even though
linkages with insolation were reported (e.g., Otto-Bliesner et al.,, 2003; Liu et al.,, 2000;
Timmermann et al., 2007; Zheng et al., 2008; Tudhope et al., 2001; Moy et al., 2002; Koutavas et
al., 2006; Conroy et al., 2008; Kuhnert et al., 2014; Abram et al., 2007). The 10D signals in the
tropical Indian Ocean may additionally be overridden by the global mean temperature (e.g., Vecchi
and Soden, 2007; Zheng et al., 2013), or the signals could be strongly influenced by monsoonal
changes in the surrounding landmasses (e.g., Abram et al., 2007; Qiu et al., 2012).

Despite the complicated relationships, it is possible that climate of NW Madagascar has been
influenced by ITCZ, 10D, and ENSO, but this is still poorly understood during the Holocene. We are
aware that the temporal and spatial resolution of available records make this investigation
challenging, and we understand that the range of uncertainty of radiometric ages of several
paleoclimate data could be another barrier to fully evaluate such relationship (see for example Fig.

7 of Kuhnert et al., 2014).
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193  Tables

194  Table S1: ?*°Th dating results for Stalagmite ANJB-2. The error is 2 & error. Dft= distance from the top of the stalagmite.
Bory, /2, gy o pge (yr) | POThAge (yr) | dUpee™ | ABEOT
Dft (mm) Sample no. 22U (ppb) Th (ppt) (atomic x10°) | (measured) HTh /U (activity) (uncorrgect:d) (correiteg) (corr:(':ntaéd) BP)**

(corrected )

3 ANJB-2-U003 3371 +11 39850 +809 10 0 5.2 +2.0 0.0070 +0.0001 761 7 419 +243 5 +2 355 1243
8 ANJB-2-008 194.6 +0.3 410 8 20 13 3.6 +1.7 0.0026 +0.0004 284 +47 223 164 4 +2 161 +64
25 ANJB-2-025 4646.6 16.6 1594 +32 216 15 3.4 +1.4 0.0045 +0.0001 489 7 479 +10 3 +1 417 +10
47 ANJB-2-U047 64 +0 634 +15 31 +12 3.0 +4.3 0.0187 +0.0074 2052 +822 1762  £845 3 +4 1697  £845
53 ANJB-2-UO53R 134 +0 2325 +47 20 4 4.6 +2.0 0.0211 +0.0037 2313 +416 1808  £547 5 +2 1743  £547
72 ANJB-2-072 67.8 +0.1 382 8 48 13 8.5 +2.4 0.0163 +0.0008 1778 +93 1615  +147 9 +2 1553  +147
92 ANJB-2-U092 78 +0 180 8 92 +40 5.1 +3.5 0.0129 +0.0056 1408 +610 1341 1612 5 +4 1276  £612
105 ANJB-2-U105 117 +0 229 19 113 +34 135 29 0.0134 +0.0040 1450 +432 1393  +434 14 +3 1329 +434
112 ANJB-2-U112 1322 +2 7456 +150 42 12 8.5 +2.0 0.0145 +0.0005 1576 +50 1413 £125 9 +2 1348  £125
116 AB-1a 130.9 +0.2 530 +14 136.7 £16.7 | 27.0 £3.0 | 0.033539275  +0.00400 3620 +439 3506 +446 | 27.2 £3.0 | 3444 446
118 AB-2a 2569.8 £2.9 5266 +106 | 580.4 £11.9 7.5 +1.6 | 0.072126026  +0.00032 8100 +40 8040 +58 7.6 +1.6 | 7978 +58
120 ANJB-2-U120 1710 +4 20753 1418 108 12 9.1 +2.3 0.0796 +0.0004 8955 +48 8605  +252 9 +2 8541 252
120 ANJB-2-U120R 2075 +3 13340 1268 197 4 6.3 +1.5 0.0767 +0.0003 8640 +38 8454  +137 6 +2 8389 137
130 ANJB-2-130 30424 +3.8 7448 +149 477 +10 6.2 +1.5 0.0709 +0.0002 7966 +26 7895 57 6 +2 7833 +57
160 ANJB-2-160 2994.8 4.1 2484 +50 1416 +29 4.3 +1.5 0.0712 +0.0002 8021 +30 7997 +35 4 +2 7935 +35
185 ANJB-2-U185 3490 5 6040 +122 690 +14 3.6 +1.7 0.0724 +0.0003 8167 +33 8117 +48 4 +2 8053 +48
201 ANJB-2-U205 574 +1 1881 +38 374 8 5.7 +1.8 0.0743 +0.0006 8367 +70 8272 97 6 +2 8208 +97
215 ANJB-2-U215 3146 +4 5418 +109 713 +15 7.0 +1.5 0.0745 +0.0003 8379 +33 8329 +48 7 +2 8265 +48
251 ANJB-2-U251 4246 5 7290 +147 745 +15 6.3 +1.3 0.0776 +0.0002 8750 +27 8700 +44 6 +1 8636 +44
275 ANJB-2-U275 6077 9 9132 +184 861 +17 4.5 +1.5 0.0785 +0.0002 8867 +32 8823 +44 5 +2 8759 +44
280 ANJB-2-U280 5721 +18 5408 +110 1360 +28 2.4 +1.6 0.0780 +0.0003 8828 +36 8801 +41 2 +2 8737 +41
302 ANJB-2-U302 9833 144 1617 +33 8024 +166 5.2 +1.9 0.0800 +0.0004 9045 +50 9041 +50 5 +2 8977 +50
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195
196
197
198
199
200

201

202

203

204
205
206
207
208
209
210

U decay constants: Ajsg = 1.55125x10™*° (Jaffey et al., 1971) and Ay34 = 2.82206x10° (Cheng et al., 2013). Th decay constant: A3 = 9.1705x10°®
(Chengetal., 2013).
*§7 = ([234U/238U]amvity —1)x1000. ** §***U,,a Was calculated based on 2°Th age (T), i.e., 8> Uintia = 8 Urnessured X €A

Corrected *°Th ages assume the initial 230Th/
equilibrium, with the bulk earth

232

238

232

***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.

Th atomic ratio of 4.442.2 x10°. Those are the values for a material at secular
Th/“>"U value of 3.8. The errors are arbitrarily assumed to be 50%.

Table S2: 2°Th dating results for Stalagmite MAJ-5. The error is 2 & error. Dft= distance from the top of the stalagmite.

230 23 234 230 238 230 230 234 20Th Age (yr
Dft (mm) | Sample no. U (ppb) “Th (ppt) (at;:i/c x1gh5) (miasmlj:ed) (aTclli(/ity)U (ur;rcr:);:iect(g/;)) (;r;r/zgcie(g)r ! ?corlrtctte‘zz BP)***
(corrected )

1 MAJ-5-U001 | 2734  +15 | 3044  +63 | 33 +1 | 32  +27 | 00023 +00000 | 246 +5 | 214 +24 | 3 +3 150 +24
10 MAJ-5-U0L0 | 6691  +38 | 22757 +474 | 27 +1 | 31 36 | 00056 +0.0001 | 609 7 | 510 471 3 +4 446 71
22 MAJ-5-U022 | 3292  +4 | 11633 4234 | 31 +1 | 30 +15 | 00067 400001 | 736  +14 | 633  +74 3 +1 569 474
41 MAJ-5-U041 | 1380  +3 | 10604 +213 | 32 +1 | 11 +21 | 00147 +00001 | 1617  +15 | 1393 159 1 +2 1329 159
50 MAJ-5-U0SO | 1224  +4 | 4144 484 | 40 +1 | 29 24 |00082 +00001 | 898 15 | 799 471 3 +2 735 471
60 MAJ-5-U060 | 1578  +3 | 14591 4293 | 31 +1 | 09 26 | 00173 +0.0005 | 1901  +56 | 1631  +199 1 +3 1567  +199
66 MAJ-5-UO66 | 12609  +83 | 38990 4842 | 461  +10 | -46 429 | 00865 +0.0006 | 9912  +81 | 9821  +103 5 +3 9757  +103
80 MAJ-5-U080 | 11684  +16 | 27838 4559 | 598  +12 | 2.6  +12 | 00864 +0.0002 | 9882  +24 | 9813 455 3 +1 9749 455
89 MAJ-5-U089 | 10930  +12 | 30247 4606 | 519  +10 | -12  +13 | 00870 +0.0002 | 9941  +29 | 9860  +64 1 +1 9796 +64

U decay constants: Ajsg = 1.55125x10™*° (Jaffey et al., 1971) and Ay34 = 2.82206x10° (Cheng et al., 2013). Th decay constant: A3 = 9.1705x10°®
(Chengetal., 2013).

80 = ([*U/** Ulsctuiey — 1)x1000. **
Corrected *°Th ages assume the initial 230Th/
equilibrium, with the bulk earth

232

238

234
232

Uinitial Was calculated based on 20Th age (T), i.e., 6234Umma‘ =0
Th atomic ratio of 4.442.2 x10°. Those are the values for a material at secular
Th/“""U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.

234

234xT
Umeasured X 97\' .
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211
212
213
214
215

Table S3: Summary of the Holocene climate variability in SE Africa and SW Indian Ocean. The Holocene subdivision is relative to the
MEHI, MMHI, and MLHI. “w” indicates “wet” (more rainfall) and “d” indicates “dry” (less rainfall). Please not that these inferences are
relative and the temporal resolution of the sediment records are generally coarser than our stalagmite records. The most relevant
paleoclimate records to NW Madagascar hitherto are indicated in stars (*)

) i Holocene
Location Time range Lat. Long. Proxy carly iddle ate References
Lake Challa 0-25ka 3°19’S 37°42°E BIT index from | w d w Verschuren et al.,
(a crater lake on lake deposits 2009
the lower east
slope of Mt
Kilimanjaro)
Lake 0-60ka 6°42’S 29°50'E TEXgg and dDjear | W w/d d Tierney et al.,
Tanganyika wax (%0 VS. 2008
NPO4-KHO4-3A- SMOW)
1K and
NPO4-KHO4-4A-
1K
Lake Masoko 0-45ka 9°20.0’S 33°45.3'E Low field w/d d w Garcin et al., 2006
magnetic
susceptibility

Lake Malawi 0-140ka 10°01.06’S 34°11.16'E C280D (%o vs. d/w d w Konecky et al.,

11°17.66’S 34°26.15'E SMOW) 2011
Lake Malawi 0-25ka 10°15.9'S 34°19.1°E BSi MAR w w d Johnson et al.
M98&-1P 2002
Lake Malawi 0-25ka 9°58.6’S 34°13.8’E BSi MAR d d/w d/w | Johnson et al.
M98&-2P 2002
*Zambezi delta | 0-17ka 18°33.9'S 37°22.8’E dD n-Csq alkane | w d w Scheful’ et al.,
(GeoB9307-3) (130y (%o vs. SMOW) 2011

resolution)
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216
217

*Indian Ocean 0-45ka 20°24°S 36°20°E Alkenone SST 26.5° 27.25° 27° Bard et al., 1997;
(MD79257) record Sonzogni et al.,
1998
Wonderkrater 0-20ka 24.4390°S 28.7507°E Pollen w w d/w | Trucetal., 2013
(note some
discrepancies in
interpretation
with Scott and
Thackeray, 1987,
and Scott, 1999)
Tswaing Crater | 0-200ka 25°24'29.26"S | 28° 4'57.32"E | Sediment d d/w w (Partridge et al.,
composition 1997)
Lake Chilwa 0-44ka 15°30'S 35°30'E OSL dating of w d d Thomas et al.,
sediment cores 2009
Cold Air Cave 0-25ka 24°1'S 29°11'E Stalagmite T8 w d d Lee-Thorp et al.,
2001; Holmgren
et al.,, 2003
*Lake 0-40ka 19°47'S 46°55’E Sediment d d/w w/d | Gasse et al., 1994;
Tritrivakely magnetic Williamson et al.,
properties and 1998; Gasse and
pollen Van Campo, 1998
*Anjohibe Cave 1-9ka 15.53°S 46.88°E Stalagmite w d d? Wang and Brook.,

2013; Wang,
2016
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