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Abstract	48	

The	East	African	Rift	System	(EARS)	has	played	a	central	role	in	our	understanding	of	human	origins	49	

and	vertebrate	evolution	in	the	late	Cenozoic	of	Africa.	However,	the	distribution	of	fossil	sites	along	50	
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the	rift	is	highly	biased	toward	its	northern	extent,	and	the	types	of	paleoenvironments	are	primarily	51	

restricted	to	fluvial	and	lacustrine	settings.	Here	we	report	the	discovery	of	the	first	fossil	sites	from	52	

the	Urema	Rift	at	Gorongosa	National	Park	(central	Mozambique)	at	the	southern	end	of	the	EARS,	53	

and	 reconstruct	 environmental	 contexts	 of	 the	 fossils.	 In	 situ	 and	 surface	 fossils	 from	 the	 lower	54	

member	of	the	Mazamba	Formation,	estimated	to	be	of	Miocene	age,	comprise	mammals,	reptiles,	55	

fishes,	 invertebrates,	palms,	and	dicot	trees.	Fossil	and	geological	evidence	indicates	a	coastal-plain	56	

paleoenvironmental	mosaic	 of	 riverine	 forest/woodland	 and	 estuarine	 habitats	 that	 represent	 the	57	

first	 coastal	 biomes	 identified	 in	 the	 Neogene	 EARS	 context.	 Receiving	 continental	 sediment	 from	58	

source	terranes	west	of	today’s	Urema	Graben,	estuarine	sequences	accumulated	prior	to	rifting	as	59	

compound	 incised-valley	 fills	 on	 a	 low-gradient	 coastal	 plain	 following	 transgression.	 Modern	60	

environmental	 analogues	 are	 extremely	 productive	 habitats	 for	 marine	 and	 terrestrial	 fauna,	61	

including	primates.	Thus,	our	discoveries	raise	the	possibility	that	the	Miocene	coastal	landscapes	of	62	

Gorongosa	 were	 ecologically-favorable	 habitats	 for	 primates,	 providing	 relatively	 stable	 maritime	63	

climate	and	ecosystem	conditions,	year-round	freshwater	availability,	and	food	both	from	terrestrial	64	

and	marine	sources.	The	emerging	fossil	record	from	Gorongosa	is	beginning	to	fill	an	important	gap	65	

in	the	paleobiogeography	of	Africa	as	no	fossil	sites	of	Neogene	age	have	previously	been	reported	66	

from	 the	 southernmost	 part	 of	 the	 EARS.	 Furthermore,	 this	 unique	window	 into	 past	 continental-67	

margin	ecosystems	of	central	Mozambique	may	allow	us	to	test	key	paleobiogeographic	hypotheses	68	

during	critical	periods	of	primate	evolution.	69	

	70	
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1	Introduction	76	

Much	of	our	understanding	of	vertebrate	evolution	and	human	origins	 in	 the	 late	Cenozoic	of	77	

Africa	derives	from	Late	Miocene	and	Pliocene	fossil	localities	distributed	along	the	East	African	Rift	78	

System	 (EARS)	 in	 Ethiopia,	 Kenya,	 Tanzania,	 and	 Malawi	 (e.g.,	 Schrenk	 et	 al.,	 1993;	 Pickford	 and	79	

Senut,	2001;	Harris	and	Leakey,	2003;	Quade	and	Wynn,	2008;	White	et	al.,	2009;	Harrison,	2011).	80	

However,	no	Neogene	sites	have	yet	been	reported	from	the	southernmost	1,000	km	of	 the	EARS.	81	

Furthermore,	nearly	all	known	EARS	sites	derive	from	fluvial	and	lacustrine	settings.	Here	we	report	82	

the	first	fossil	sites	from	the	Urema	Rift	 in	Gorongosa	National	Park	(GNP),	central	Mozambique,	at	83	

the	 southern	end	of	 the	EARS	 (Fig.	 1),	 and	use	 the	 fossils,	 geological	 evidence,	 and	 stable	 isotopic	84	

composition	 of	 pedogenic	 carbonate	 to	 reconstruct	 environmental	 contexts.	 These	 sites,	 broadly	85	

attributed	 to	 the	 Miocene	 (Real,	 1966;	 Grantham	 et	 al.,	 2011),	 fill	 a	 biogeographic	 gap	 between	86	

South	and	East	African	paleontological	sites,	and	provide	the	first	evidence	of	estuarine	and	coastal	87	

forest/woodland	paleoenvironments	of	the	EARS.	88	

Sedimentary	successions	of	the	lower	member	of	the	Mazamba	Formation	(Fig.	2)	were	studied	89	

during	 two	 field	seasons	at	GNP	 in	2016	and	2017.	Fieldwork	was	conducted	by	 the	Paleo-Primate	90	

Project	 Gorongosa	 (PPPG),	 a	 multidisciplinary	 research	 initiative	 on	 human	 origins,	 initiated	 to	91	

unravel	 the	 evolutionary	 history	 of	 this	 relatively	 unexplored	 region.	 We	 compile	 comprehensive	92	

datasets	 using	 sedimentological	 logging	 and	 facies,	 petrographic,	 and	 geochemical	 analyses	 to	93	

provide	a	better	understanding	of	the	complex	interactions	between	rift	tectonics,	relative	sea-level	94	

changes,	 and	 the	 development	 of	 regional	 sedimentary	 environments.	 Combined	 with	95	

paleontological	and	paleoecological	studies,	these	analyses	are	essential	to	(a)	reveal	the	role	of	the	96	

Gorongosa	 area	 in	 the	 paleobiogeography	 of	 Africa,	 (b)	 enhance	 our	 knowledge	 on	 how	 rifting	97	

affected	sedimentary	systems	and	consequent	faunal	and	floral	evolution	in	the	southern	part	of	the	98	

EARS,	 and	 (c)	 assess	 the	 potential	 of	 the	 area	 for	 providing	 ecologically-favorable	 habitats	 for	99	
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primates	 during	 an	 as-yet	 poorly-documented	 key	 interval	 in	 the	 evolutionary	 history	 of	 African	100	

ecosystems	(e.g.,	Cote,	2018;	Kaya	et	al.,	2018).	101	

	102	

2	Geological	setting	and	stratigraphy	103	

EARS-related	rifting	initiated	in	Mozambique	at	~3±1	Ma	and	led	to	the	formation	of	the	Urema	104	

Graben,	 the	 youngest	 and	 southernmost	 continental	 section	 of	 the	 EARS	 (Macgregor,	 2015).	 Rift-105	

shoulder	 uplift	 relative	 to	 graben	 subsidence	 resulted	 in	 the	 development	 of	 the	 modern	106	

physiography	of	the	Báruè	Platform	with	Mount	Gorongosa	in	the	west,	the	central	Urema	Graben,	107	

and	 the	 Cheringoma	 Plateau	 (rift-shoulder	 cuesta)	 in	 the	 east,	 exposing	 distinct	 lithostratigraphic	108	

successions	 (Fig.	 2).	 Unconformably	 overlying	 Eocene	 marine	 limestones	 of	 the	 Cheringoma	109	

Formation	 on	 the	 Cheringoma	 Plateau	 are	 sedimentary	 successions	 that	 we	 herein	 refer	 to	 as	110	

Mazamba	 Formation.	 A	 review	 of	 the	 literature	 revealed	 inconsistencies	 in	 nomenclature	 and	111	

subdivision	 of	 this	 <130	 m	 thick	 succession	 (cf.,	 Real,	 1966;	 Tinley,	 1977;	 Lächelt,	 2004;	 GTK	112	

Consortium,	2006;	Steinbruch,	2010;	Grantham	et	al.,	2011;	Pickford,	2013).	Based	on	Real	 (1966),	113	

Tinley	 (1977)	 refers	 to	 the	succession	as	Mazamba	Formation	 (see	also	Steinbruch,	2010;	Pickford,	114	

2013),	attributes	it	to	a	Mio-Pliocene	age,	and	subdivides	the	formation	into	a	basal	member	of	red	115	

sandstone	and	quartzitic	 limestone,	a	central	chert	unit,	and	an	upper	quartzitic	and	conglomeratic	116	

Inhaminga	 sandstone	 member.	 By	 contrast,	 the	 geological	 explanations	 produced	 by	 the	 GTK	117	

Consortium	 (2006)	 and	 Grantham	 et	 al.	 (2011)	 subdivide	 the	 succession	 into	 two	 separate	118	

formations,	 including	 the	 basal	 Inhaminga	 Formation,	 estimated	 to	 be	 of	 Miocene	 age,	 and	 the	119	

overlying	Mazamba	Formation,	tentatively	reaching	a	Pliocene	age.	Our	preliminary	surveys	suggest	120	

that	 the	 succession	 records	 an	 overall	 transgressive-regressive	 trend	 –	 in	 concert	 with	 existing	121	

literature	data	–	and	 lacks	clear	 lithostratigraphic	criteria	 for	the	distinction	of	separate	 formations	122	

thus	 far.	 Hence,	 we	 herein	 use	 Mazamba	 Formation	 to	 collectively	 refer	 to	 this	 succession	 and	123	

differentiate	 a	 lower	 and	 an	 upper	 (Inhaminga)	 member	 (cf.,	 Real,	 1966;	 Tinley,	 1977;	 Pickford,	124	
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2013).	The	lower	member	contains	fossil	wood	and	mammal	remains,	suggesting	a	terrestrial	setting	125	

(Pickford,	2013),	but	also	contains	fossil	marine	mollusks,	indicating	a	deltaic	or	marine	environment	126	

(Real,	1966;	Tinley,	1977;	GTK	Consortium,	2006;	Grantham	et	al.,	2011;	Pickford,	2013).	The	upper	127	

member	 rarely	 contains	 fossils,	 and	 the	 facies	has	been	 interpreted	as	 a	 transition	 from	 littoral	 to	128	

continental	(Real,	1966;	Tinley,	1977;	GTK	Consortium,	2006;	Grantham	et	al.,	2011).	129	

	130	

3	Material	and	methods	131	

3.1	Fieldwork	132	

Fieldwork	at	GNP	involved	surveying	of	satellite	imagery	for	potential	rock	exposures,	helicopter	133	

air	 reconnaissance	 and	 ground	 surveys	 of	 targeted	 sites	 in	 the	 field,	 GPS	 positioning,	 geological	134	

mapping,	 detailed	 sedimentological	 logging,	 paleontological	 sampling,	 and	 collecting	 rock	 and	135	

pedogenic	 carbonate	 samples	 for	 subsequent	 laboratory	 analyses.	 To	 establish	 a	 systematic	136	

database,	the	Gorongosa	area	was	geographically	subdivided	based	on	the	major	drainage	network,	137	

and	 each	 sector	 was	 named	 according	 to	 its	 southern	 boundary	 river	 (labeled	 rivers	 in	 Fig.	 2A).	138	

Sedimentary	 facies	 were	 studied	 using	 measured	 vertical	 sections	 that	 were	 logged	 to	 cm-scale	139	

accuracy.	 Directional	 transport	 indicators	 (channel	 orientations,	 grain	 fabrics,	 bedding	 structures)	140	

were	measured	 to	 reconstruct	 paleocurrent	 directions.	 Directional	 values	 were	 corrected	 for	 -11°	141	

magnetic	 declination	 as	 local	 declination	 in	 the	Muaredzi	 Sector	 in	 August	 2016	was	 estimated	 at	142	

10.81°	 W	 ±	 0.39°	 using	 the	 most	 recent	 World	 Magnetic	 Model	 for	 calculation	143	

(http://www.ngdc.noaa.gov/geomag-web/#declination,	accessed	August	2016).	144	

	145	

3.2	Geological	rock	samples	146	

Geological	 rock	 samples	 were	 recovered	 from	 isolated	 exposures	 and	 from	 continuous	147	

measured	 sections	 for	 various	 analytical	 purposes.	 Sedimentary	 rocks	 were	 sampled	 for	 (a)	148	

petrographic	 thin-section	 and	 microfacies	 analyses	 using	 transmitted	 light	 microscopy,	 and	 (b)	149	
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paleontological	 analysis	 of	 contained	 invertebrate	 micro-	 and	 malacofauna	 applying	 sample-150	

disaggregation	 techniques	 (H2O2	 and	 Rewoquat	 treatment;	 Jarochowska	 et	 al.,	 2013),	 wet-sieving	151	

over	63	µm	mesh	sieves,	and	reflected	light	microscopy.	To	determine	detrital	modes	of	sandstones	152	

(mineralogical	 and	 modal	 compositions;	 texture	 of	 rock	 fragments)	 and	 maximize	 source-rock	153	

information,	 thin	 section	 samples	 were	 point	 counted	 using	 the	 Gazzi-Dickinson	 method	 (Gazzi,	154	

1966;	Dickinson,	1970).	The	term	‘wacke’	herein	refers	to	sedimentary	rocks	with	15-75%	matrix	(<30	155	

µm)	 content	 (Dott,	 1964;	 Pettijohn	 et	 al.,	 1973).	 Carbonate	 content	 in	 selected	 sediment	 samples	156	

was	determined	by	the	“Karbonat-Bombe”	technique	(Müller	and	Gastner,	1971).	157	

	158	

3.3	Stable	isotopic	analysis	159	

Pedogenic	 carbonate	 nodules	 were	 sampled	 for	 stable	 carbon	 and	 oxygen	 isotopic	 analysis	160	

(reported	 as	 δ13C	 and	 δ18O	 values).	 Stable	 isotope	 analysis	 of	 three	 carbonate	 samples	 was	161	

conducted	 at	 Goethe	 University	 and	 Senckenberg	 BiK-F	 Joint	 Stable	 Isotope	 Facility	 Frankfurt,	162	

Germany.	Nodules	were	cut	 in	 two	and	powder	was	extracted	 from	the	center	with	a	diamond	tip	163	

dental	drill.	Untreated	powders	 (180	 to	2050	µg)	were	 reacted	with	99	%	H3PO4	 for	90	minutes	at	164	

72°C	in	continuous	flow	mode	using	a	Thermo	MAT	253	mass	spectrometer	interfaced	with	a	Thermo	165	

GasBench	II.	Analytical	procedures	follow	Spötl	and	Vennemann	(2003).	Carrara	Marble	with	2.01	‰	166	

VPDB	(δ13C)	and	-1.74	‰	VPDB	(δ18O)	was	used	as	internal	laboratory	standard	for	calibration.	Final	167	

isotopic	ratios	are	reported	against	VPDB	(δ13C)	and	VSMOW	(δ18O);	overall	analytical	uncertainties	168	

are	better	than	0.04	‰	and	0.07	‰,	respectively.	169	

	170	

4	Results	171	

4.1	Study	areas	172	

The	study	areas	are	situated	in	the	central	Muaredzi	Sector	on	the	Cheringoma	Plateau	(Fig.	2A,	173	

C).	Apart	 from	Menguere	Hill,	 a	 sub-circular	 hill	 ~3.5	 km	west	of	GPL-1	 that	 rises	 ~40	m	above	 its	174	
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surroundings,	 the	 region	 exhibits	 elevations	 between	 ~100-120	 m	 a.s.l.	 Rock	 exposures,	 most	175	

commonly	 provided	 by	 incised	 gullies	 at	 head	 regions	 of	 small	 tributary	 channels	 or	 by	 channel	176	

flanks,	 are	 highly	 localized	 due	 to	 dense	 ground	 vegetation.	 Stratigraphic	 sections	were	measured	177	

wherever	possible,	 including	 the	key	 localities	GPL-1	 (SW	and	NE),	GPL-2,	GPL-6,	GPL-8,	 and	GPL-9	178	

(Figs.	2C,	3).	179	

	180	

4.2	Facies	associations,	petrography,	and	paleocurrent	data	181	

The	 lower	 Mazamba	 successions	 at	 the	 southern	 sites	 (GPL-1,	 GPL-6,	 GPL-7,	 GPL-8)	 are	182	

dominated	 by	 basal	 conglomeratic	 and	 sandy	 facies	 assemblages	 overlain	 by	 clayey	 sandstones	 to	183	

wackes	and	sandy	clay-	and	marlstone	units	(Fig.	3).	By	contrast,	the	northeastern	sites,	representing	184	

laterally	correlative	(GPL-9)	and	younger	stratigraphic	levels	(GPL-2,	GPL-3),	are	sand	dominated	and	185	

contain	a	rich	marine	 invertebrate	 fossil	 record.	The	GPL-1SW	section	starts	at	 the	base	with	an	at	186	

least	 13	 cm	 thick	 (base	 not	 exposed)	 unit	 of	massive	 sandy	 claystones	 (Facies	 1).	 Unconformably	187	

overlying	the	erosional	surface	truncating	this	unit	is	a	90	cm	thick	succession	of	well-lithified,	sparry	188	

calcite-cemented,	feldspatho-quartzose	granule	conglomerate	to	coarse	sandstones	(Facies	2;	Table	189	

1,	Appendix	A,	Figs.	4A-C,	5B).	The	conglomerate-	and	sand-bodies	display	broad	and	shallow	channel	190	

morphologies,	 contain	 basal	 and	 internal	 truncation	 surfaces,	 and	 exhibit	 low-angle	 and	 trough-191	

cross-bedding	and	well-defined	fining-upward	trends	within	individual	beds.	Laterally	towards	GPL-8,	192	

this	unit	passes	 into	granule	 to	pebble	conglomerates	 that	are	dominated	by	siliciclastic	 lithologies	193	

but	 also	 contain	 fossil	 oysters	 and	 bioclastic	 debris	 towards	 the	 top	 of	 the	 unit.	 Similar	194	

conglomerates	at	this	stratigraphic	level	were	discontinuously	traced	over	almost	3	km	northeast	to	195	

GPL-9	(e.g.,	Fig.	5A)	where	further	bioclastic	constituents,	including	fragments	of	mollusk	shells	(Fig.	196	

5J),	corallinacean	red	algae	(Fig.	5K),	and	serpulid	worm	tubes	(Fig.	5L),	occur	towards	the	top	of	the	197	

conglomeratic	bottom	 facies.	What	 follows	above	at	GPL-1-GPL-6	 is	 a	 <80	 cm	 thick	unit	of	poorly-198	

sorted,	medium-	 to	 coarse-grained	wackes	with	 upwards	 increasing	 (35-64	 vol.%)	matrix	 contents	199	
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(Facies	3).	This	unit	is	massive	to	crudely	stratified	and	rich	in	fossil	vertebrate	remains.	Mottling	and	200	

reddening,	rhizoliths	(subvertical,	downwards	tapering,	clay-filled	root	casts,	<2	mm	wide	and	<4	cm	201	

long),	 bioturbation,	 and	 scattered	 carbonate	 nodules	 suggest	 prolonged	 periods	 of	 landscape	202	

stability,	hiatuses	in	deposition,	and	pedogenic	overprinting.	Matrix	and	lime	mud	contents	increase	203	

while	grain-sizes	decrease	upsection,	and	 the	wackes	of	 Facies	3	grade	 into	 calcareous	 sandy	clay-	204	

and	mudstones	of	Facies	4.	This	unit	is	<1	m	thick	and	contains	sand	and	carbonate	nodules	at	GPL-1,	205	

while	 relatively	 pure,	 waxy	 claystones	 are	 exposed	 at	 GPL-6.	 Overlying	 a	 sharp,	 erosional	 contact	206	

truncating	 the	 claystones	 of	 Facies	 4	 is	 a	massive	 unit	 of	 clayey	 sandstones	 to	 wackes	 (Facies	 5),	207	

which,	 in	 turn,	 is	 topped	by	sandy	clay-	 to	marlstones	of	Facies	6.	 In	contrast	 to	Facies	4,	 this	unit	208	

contains	significant	amounts	of	 lime	mud	(between	25-39	%	CaCO3;	Table	1,	Appendix	A)	and	fossil	209	

shark	 tooth	 fragments.	 Thin	 (<1	 cm)	 sand	 lenses,	 interleaved	 laterally	 and	 vertically	with	massive,	210	

sandy	 clay-	 and	 marlstones	 of	 Facies	 4	 and	 6,	 occur	 sporadically.	 Abundant	 limestone	 nodules,	211	

calcareous	root	and/or	burrow	casts,	and	large	fossil	vertebrate	remains	(e.g.,	Fig.	6)	associated	with	212	

at	 least	 three	 stratigraphic	 levels	 in	 the	 upper	 GPL-1	 succession	 (Fig.	 3)	 may	 indicate	 repeated	213	

emergence	and	pedogenic	overprinting.	At	GPL-6,	the	claystones	of	Facies	6	are	erosionally	capped	214	

by	well-sorted,	 low-angle	cross-bedded	quartzitic	sandstones	with	common	clay	clasts	demarcating	215	

internal	truncation	surfaces	(Facies	7),	which	are	considered	correlative	with	the	basal	facies	exposed	216	

at	 GPL-2	 based	 on	 facies	 characteristics.	 Six	 facies	 are	 distinguished	 in	 the	 sand-dominated	 GPL-2	217	

succession	above,	including	two	fossiliferous	beds	rich	in	marine	oysters,	gastropods,	and	crustacean	218	

remains	(Facies	8	and	11;	Figs.	3,	7).	Above	the	sandstones	of	Facies	11	follows	another	<70	cm	thick	219	

claystone	 unit	 (Facies	 12),	 which	 is	 erosionally	 overlain	 by	 heavily	 rooted,	 quartzitic	 sandstones	220	

(Facies	13)	 that	comprise	 the	top	of	 the	GPL-2	succession.	 In	summary,	 the	studied	successions	 (a)	221	

are	erosionally-based	(unconformity-bound)	above	a	basal	claystone	(Facies	1),	(b)	describe	an	initial	222	

fining	 upward	 trend	 (Facies	 2-4),	 (c)	 contain	 sediment	 from	 two	 distinct	 sources	 (extrabasinal	223	

siliciclastics	vs.	intrabasinal	lime	mud	and	bioclastics),	(d)	are	dominated	in	the	central	section	(Facies	224	
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3-6)	by	muddy	sediments,	and	 (e)	are	capped	by	 invertebrate-rich,	sandy	successions	at	GPL-2	and	225	

GPL-3	(Facies	7-13).	226	

Bulk-sediment	 petrographic	 data	 (Table	 1,	 Appendix	 A)	 were	 obtained	 to	 assess	 sandstone	227	

provenance	(e.g.,	Garzanti,	2016).	According	to	their	main	components	(Fig.	4A,	B)	and	overall	modal	228	

compositions	 (Fig.	 4C),	 rock	 samples	 classify	 as	 feldspatho-quartzose	 to	 quartzose,	 plutoniclastic	229	

granule-conglomerates,	 sandstones,	 wackes,	 and	 sandy	 clay-	 and	 marlstones	 containing	 minor	230	

amounts	of	metamorphic	material.	Sand	 fractions	 in	all	 samples	analyzed	are	dominated	by	quartz	231	

with	 <59	 vol.%	 (Figs.	 4C,	 5).	 Quartzes	 are	 commonly	 sub-rounded	 and,	 in	 order	 of	 decreasing	232	

abundance,	 mainly	 occur	 as	 (a)	 strained	 mono	 crystals	 with	 undulose	 extinction,	 (b)	 sand-sized,	233	

strained	crystals	within	larger	plutoniclastic	granite	fragments	(Fig.	5H-J),	and	(c)	mono	crystals	with	234	

constant	 to	slightly	undulatory	extinction.	Undulose	extinction	of	quartz	grains	 indicates	strain	and	235	

crystal	 plastic	 deformation	 during	 granite	 emplacement	 (Phillips,	 1965;	 Caracciolo	 et	 al.,	 2012).	236	

Feldspar	 occurs	 with	 ~<12	 vol.%,	 with	 alkali	 feldspar	 being	 consistently	 more	 abundant	 than	237	

plagioclase.	Similar	to	quartz,	feldspars	are	commonly	sub-rounded	and	occur	as	single	crystals	or	as	238	

sand-sized	crystals	within	plutoniclastic	granite	fragments.	Myrmekitic	quartz-feldspar	intergrowths,	239	

feldspar	 leaching	 and	 sericitization	 are	 common;	 few	 grains	 also	 display	 internal	 deformation	240	

features	 including	 undulatory	 extinction.	 In	 addition	 to	 plutoniclastic	 rock	 fragments	 occur	 minor	241	

amounts	 of	 lithic	 clasts	 of	 fine-grained	 dolerite,	 rare	 chert,	 clay	 clasts,	 and	 metamorphic	 rock-242	

fragment	 types	 (displaying,	e.g.,	 subtle	 foliation,	 sutured	grain	boundaries,	 subgrains,	and	subgrain	243	

rotation	due	to	crystal	plastic	deformation).	Wackes	with	matrix	contents	exceeding	15	vol.%	(Table	244	

1,	Appendix	A,	Figs.	4C,	5M-O)	and	sandy	clay-	and	marlstones	towards	the	top	of	the	GPL-1	section	245	

contain	 considerable	 amounts	 of	 lime	 mud	 (between	 25-39	 %;	 Table	 1,	 Appendix	 A,	 Fig.	 4C).	246	

Accessory	constituents	comprise	biotite,	muscovite,	and	a	heavy	mineral	assemblage	dominated	by	247	

opaque	oxides,	zircon,	tourmaline,	rutile,	and	rare	garnet.	Invertebrate	fossils	and	bioclastic	detritus	248	
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(e.g.,	 Figs.	 5J-L,	 7)	 are	 restricted	 to	 the	upper	parts	 of	 the	basal	 conglomerates	 and	 sandstones	 at	249	

GPL-8	and	GPL-9	(Facies	2)	and	to	the	succession	at	GPL-2	and	GPL-3	(Facies	8	and	11).	250	

Paleocurrent	 indicators	 were	 documented	 at	 several	 localities	 from	 fluvial	 deposits	 of	 the	251	

Mazamba	 Formation	 (Table	 2,	 Appendix	 B).	 They	 demonstrate	 a	 fairly	 consistent	 pattern,	252	

predominantly	revealing	ENE-directed	paleotransport	(Fig.	4D)	that	suggests	sediment	sources	west	253	

of	today’s	Urema	Graben.	254	

	255	

4.3	Paleosols	and	stable	isotope	data	256	

The	main	diagnostic	pedogenic	features	observed	at	various	levels	in	the	studied	successions	are	257	

Bk	 horizons	 associated	 with	 mottling,	 rhizoliths,	 bioturbation,	 and	 nodular	 carbonate.	 Carbonate	258	

glaebules	 range	 from	 diffuse,	 early-stage	 nodules	 to	 well-consolidated	 concretions	 <3	 cm	 in	259	

diameter.	 The	 latter	 are	 generally	 massive	 with	 distinct	 boundaries,	 indicating	 finely	 distributed	260	

carbonate	leached	from	overlying	soil	horizons	(Wieder	and	Yaalon,	1982).	Here	we	present	the	first	261	

paleoecological	analysis	of	pedogenic	carbonates	from	the	southernmost	EARS,	using	stable	carbon	262	

and	oxygen	isotope	analyses	to	reconstruct	past	vegetation	cover	(C3	vs.	C4	biomass)	and	hydrological	263	

processes.	 We	 analyzed	 three	 carbonate	 nodules	 from	 a	 paleosol	 Bk	 horizon	 in	 the	 basal	 fluvial	264	

section	(Facies	2)	at	GPL-1SW	(Fig.	3).	δ13C	values	are	-10.2,	-9.6,	and	-9.0	‰	(mean	=	-9.6	‰,	σ	=	0.6	265	

‰),	while	 δ18O	 values	 are	 23.6,	 23.2,	 and	 23.0	‰	 (mean	 =	 23.2	‰,	 σ	 =	 0.3	‰),	 respectively.	 For	266	

complete	stable	isotope	results,	including	calibration	standards,	refer	to	Appendix	C.	267	

	268	

4.4	Fossil	vertebrate	fauna	269	

Two	field	seasons	of	paleontological	survey	at	GNP	have	resulted	 in	157	vertebrate	specimens	270	

(e.g.,	 Fig.	 6),	 including	 the	 first	 dentognathic	 fossils	 ever	 reported	 from	 this	 part	 of	 the	 EARS.	 The	271	

fossils	derive	 from	eight	 localities,	but	GPL-1	 (Figs.	2C,	3)	has	yielded	84	%	of	 the	 specimens.	Each	272	

locality	was	systematically	surveyed	and	surface	specimens	were	collected.	Most	 in	situ	fossils	were	273	



12	
	

excavated	 using	 standard	 paleontological	 techniques	 to	 record	 contextual	 sedimentary	 and	274	

chronostratigraphic	information	(e.g.,	Behrensmeyer	and	Barry,	2005).	Mammals	are	more	abundant	275	

than	other	vertebrates,	but	most	specimens	are	fragmentary	postcranial	elements	and	fragments	of	276	

tooth	enamel.	The	larger	postcranial	elements	(e.g.,	scapular	glenoid	fragment,	distal	humerus,	distal	277	

radius,	 carpal	bones,	 vertebrae	and	 sacrum	 fragments,	 acetabulum,	 femoral	head)	 likely	belong	 to	278	

species	of	Proboscidea	 (Fig.	6B).	 Several	 tooth	enamel	 fragments	provide	evidence	of	brachyodont	279	

mammals	with	thin	enamel.	Two	complete	tooth	crowns	have	been	found:	a	suid	upper	incisor	from	280	

GPL-1	 (Fig.	 6D),	 and	 a	 likely	 sivathere	 incisor	 from	 GPL-2.	 Other	 fossils	 include	 crocodile	 tooth	281	

fragments,	chelonian	carapace	and	plastron	fragments,	and	a	shark	tooth	fragment	(Fig.	6C).	Overall,	282	

these	 localities	 show	 a	 taphonomic	 bias	 towards	 the	 preservation	 of	 larger	 vertebrates	283	

(proboscidean	or	hippopotamus	size),	although	some	medium-sized	vertebrates	(e.g.,	suids)	are	also	284	

preserved.	No	micromammals	have	been	recovered	yet.	285	

	286	

4.5	Fossil	invertebrate	fauna	287	

An	 oyster	 valve,	 attributed	 to	 Striostrea	margaritacea,	 was	 found	 along	with	 other	 bioclastic	288	

(mainly	mollusk)	 debris	 towards	 the	 top	 of	 Facies	 2	 at	 GPL-8	 (Fig.	 3).	Mollusk	 debris	 (Fig.	 5J)	 and	289	

additional	 corallinacean	 red	 algae	 (Fig.	 5K)	 and	 serpulid	 worm	 tubes	 fragments	 (Fig.	 5L)	 are	 also	290	

common	 towards	 the	 top	of	 the	 conglomerate	 at	GPL-9,	which	 is	 considered	 correlative	 based	on	291	

facies	 characteristics.	 Stratigraphically	 younger	 levels	 at	 GPL-2	 have	 yielded	 rich	 remains	 of	292	

crustaceans,	gastropods,	and	bivalves	that	were	found	in	situ	or	weathered	out	of	the	sandstones	of	293	

Facies	 11	 (Fig.	 3).	 Decapod	 crustaceans	 are	 represented	 by	 a	 fragmentary	 left	 propodus	 and	 two	294	

isolated	 left	 dactyli	 (Fig.	 7.1-4).	 The	 propodus	 belonged	 to	 a	 ghost	 shrimp	 of	 the	 family	295	

Callianassidae.	 The	dactyli	 cannot	be	 identified,	but	most	 likely	 are	 conspecific	with	 the	propodus.	296	

The	 fossil	 gastropod	 fauna	 is	 dominated	 by	 members	 of	 the	 family	 Cerithiidae	 (Fig.	 7.8-13;	 e.g.,	297	

Kilburn	and	Rippey,	1982).	The	poorly	preserved	shell	fragments	belong	to	a	series	of	taxa,	e.g.,	the	298	
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genus	 Rhinoclavis	 (Fig.	 7.13).	 One	 gastropod	 shell	 (Fig.	 7.5-7)	 shows	 a	 nearly	 completely	 abraded	299	

outer	 surface,	with	only	 faint	 spiral	 lines	visible	at	 its	base,	and	has	a	 characteristic	oval	outline	 in	300	

apical	view.	It	resembles	Terebralia	palustris	in	general	morphology	(e.g.,	Kilburn	and	Rippey,	1982),	301	

but	 the	 lack	 of	 ornamentation	 prevents	 reliable	 identification.	 Bivalves	 are	 represented	 by	 oyster	302	

shells,	mostly	identified	as	Striostrea	margaritacea	(Fig.	7.16-27;	Kilburn	and	Rippey,	1982).	One	left	303	

valve	 described	 herein	 as	 Striostrea	 sp.	 (Fig.	 7.14-15)	 shows	 radial	 ribs,	 thereby	 resembling	304	

Saccostrea	cucullata;	however,	this	species	is	smaller	and	has	a	folded	commissure	not	visible	in	the	305	

present	 specimen.	Characteristic	 are	 traces	of	barnacle	 attachments	on	 the	oyster	 shells	 (e.g.,	 Fig.	306	

7.23-25).	One	specimen	exhibits	a	drill	hole	with	vertical	 sides	most	 likely	 caused	by	a	carnivorous	307	

muricid	gastropod	(Fig.	7.25-27;	compare	Hoffman	et	al.,	1974).	308	

	309	

4.6	Fossil	flora	from	Menguere	Hill	310	

Several	 sites	 on	 the	 western	 footslope	 of	Menguere	 Hill	 (Fig.	 2C),	 which	 had	 been	 noted	 by	311	

Pickford	(2013),	have	yielded	large	silicified	tree	trunks	and	smaller	wood	fragments	scattered	on	the	312	

ground	 surface.	One	piece	was	 the	base	of	a	 large	palm	 tree	 (Fig.	8A),	 recognized	by	 the	 remnant	313	

cluster	of	 roots	 (Fig.	8B).	There	were	 two	other	 large	 trunks,	each	comprising	several	 sections,	 the	314	

first	with	 a	 diameter	 of	 1.6	m	 (Fig.	 8C)	 and	 the	 second	 just	 over	 1	m	 (Fig.	 8D).	Most	 of	 the	 large	315	

trunks	had	bark	preserved	(Fig.	8C).	Based	on	hand	specimens	 it	seems	that	there	are	at	 least	 four	316	

types	of	dicot	wood	and	one	palm	tree.	Microscopic	studies	of	thin-sectioned	wood	samples	(Fig.	8E,	317	

F)	 enable	 their	 identification	 to	 genus	 or	 species	 level	 based	 on	 wood	 anatomical	 features.	 One	318	

sample	is	an	angiosperm	or	hard	wood	(Fig.	8D-G),	most	likely	a	member	of	the	family	Combretaceae	319	

and	the	genus	Terminalioxylon.	The	large	and	very	low	density	vessels	indicate	that	the	wood	is	very	320	

mesophytic	and	cannot	tolerate	water	stress	(Carlquist,	1975).	321	

	322	

5	Discussion	323	
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5.1	Sediment	provenance	and	age	constraints	324	

Detrital	 modes	 of	 sediments	 from	 the	 lower	 member	 of	 the	 Mazamba	 Formation	 (Fig.	 4B)	325	

indicate	 a	 continental	 block	 provenance	 (Dickinson,	 1985)	 and	 erosional	 unroofing	 of	 continental	326	

crust	 (e.g.,	Garzanti,	 2016).	Revealed	by	 the	dominance	of	 granitic	 rock-fragment	 types	 (Fig.	 5G-J),	327	

the	felsic	plutonic	rocks	of	the	Gorongosa	Suite	(Fig.	2A,	B)	are	considered	as	dominant	source	terrain	328	

for	siliciclastic	detritus	 (Fig.	9).	Bulk	sediment	petrographic	data	reveals	extensive	overlap	between	329	

the	studied	deposits	and	modern	sands	(orogenic	and	anorogenic)	generated	along	the	South	African	330	

passive	 continental	margin	 (Fig.	 4B;	 Garzanti,	 2016).	 However,	marked	 similarities	 also	 occur	with	331	

sands	 of	 dissected	 continental	 block	 provenance	 from	 the	 EARS,	 which	 are	 strictly	 controlled	 by	332	

climate-related	 weathering	 (Garzanti,	 2016).	 In	 this	 light,	 sandstone	 compositions	 may	 reflect	333	

weathering	trends	in	intermediate	conditions	between	wet	equatorial	and	tropical	dry	contexts.	334	

Enhanced	 thicknesses	 of	 Mazamba	 deposits	 in	 the	 central	 rift	 relative	 to	 the	 eastern	 rift-335	

shoulder,	 as	 indicated	by	 Lächelt	 (2004;	 Fig.	 2B),	may	 reflect	 source-ward	E-W	 thickening	 trends	 if	336	

sedimentation	 occurred	 prior	 to	 rifting,	 or	 may	 imply	 synsedimentary	 faulting	 (differential	337	

sedimentation	 rates	 across	 fault	 compartments)	 and	 early	 syn-rift	 deposition.	 However,	 reduced	338	

sedimentation,	non-deposition,	and/or	erosion	would	have	been	the	dominant	processes	in	footwall	339	

settings	with	progressive	rift-shoulder	uplift	from	~3±1	Ma	onwards	(Macgregor,	2015),	implying	that	340	

sedimentation	 initiated	 prior	 to	 rifting	 in	 the	 Miocene	 (cf.,	 Real,	 1966;	 Tinley,	 1977;	 Steinbruch,	341	

2010).	 In	conclusion,	 lateral	E-W	thickness	variations	(Fig.	2B),	bulk	sediment	petrography	(Table	1,	342	

Appendix	 A,	 Figs.	 4A-C,	 5),	 and	 eastward-directed	 paleocurrents	 (Table	 2,	 Appendix	 B,	 Fig.	 4D)	343	

indicate	 that	 the	 lower	 member	 of	 the	 Mazamba	 Formation	 was	 dominantly	 shed	 from	 granitic	344	

source	terrains	west	of	today’s	Urema	Graben	(Fig.	9)	and	a	pre-rift	age	>3±1	Ma.	345	

	346	

5.2	Depositional	environments	347	
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Sedimentary	 facies,	 facies	 architecture,	 and	 sediments	 both	 from	 terrestrial	 (extrabasinal	348	

siliciclastics)	and	marine	sources	(intrabasinal	marlstones	and	bioclastics)	indicate	a	coastal	estuarine	349	

depositional	context	for	the	GPL	successions	(e.g.,	Dalrymple	et	al.,	1992;	Boyd	et	al.,	2006;	Figs.	3,	350	

9).	By	definition,	estuaries	occupy	the	seaward	portion	of	drowned	valley	systems,	receive	sediment	351	

both	 from	 fluvial	 and	 marine	 sources,	 and	 contain	 facies	 influenced	 by	 tide,	 wave,	 and	 fluvial	352	

processes	 (Dalrymple	 et	 al.,	 1992).	 Wave-dominated	 estuaries	 typically	 exhibit	 a	 tripartite	 sub-353	

division	 including	 (a)	 high-energy,	 alluvial	 and	 bay-head	 delta	 facies	 assemblages	 in	 the	 river-354	

dominated	realm,	(b)	organic-rich	muds	formed	under	low-	to	mixed-energy	conditions	in	the	central	355	

basin,	 and	 (c)	high-energy,	marine	 shoreface,	barrier,	 and	 shelf	deposits	 in	 the	 seaward	portion	of	356	

the	estuary	(Dalrymple	et	al.,	1992;	Zaitlin	et	al.,	1994;	Boyd	et	al.,	2006).	As	estuarine	systems	are	357	

transgressive	in	nature,	their	stratigraphic	architecture	is	characterized	by	vertical	stacking	of	these	358	

facies	assemblages	as	sea	level	rises	(Boyd	et	al.,	2006).	Grain-size,	sorting,	and	fabric	characteristics	359	

of	 conglomerates	 and	 sandstones	 of	 Facies	 2	 (Fig.	 3)	 suggest	 formation	 in	 the	 upper	 flow	 regime	360	

during	 late	 lowstand	 to	 early	 transgressive	 phases,	with	 channel	 geometries	 and	 bedding	 features	361	

typical	 of	 bedload-dominated,	 shallow	 drainages	 (Miall,	 2006).	 Underlying	 claystones	 of	 Facies	 1,	362	

instead,	indicate	deposition	from	suspension	under	low-energy	conditions,	tentatively	attributable	to	363	

fluvial	 overbank	 or	 central-basin	 estuarine	 environments.	 Their	 bounding	 unconformity	 and	364	

superimposed	fluvial	facies	suggest	a	compound	valley-fill	scenario	(e.g.,	Zaitlin	et	al.,	1994),	in	which	365	

the	 overall	 transgressive	 trend	 has	 been	 accentuated	 by	 smaller-scale	 base-level	 fluctuations	366	

resulting	 in	multiple	 cycles	 of	 incision	 and	deposition	 and	 vertical	 stacking	 of	 fluvial	 and	 estuarine	367	

facies	(e.g.,	Clark	and	Reinson,	1990;	Plink-Björklund,	2005).	Marine	invertebrate	fossils	towards	the	368	

top	of	Facies	2	at	GPL-8	suggest	reworking	and	admixture	of	bioclastic	detritus	as	relative	sea	 level	369	

rises	 and	 the	 shoreline	 transgresses	 (Zaitlin	 et	 al.,	 1994).	 Following	 further	 base-level	 rise,	370	

documented	 by	 upwards	 decreasing	 grain	 sizes	 (fining	 upward)	 and	 increasing	mud	 contents,	 the	371	

overlying	 wackes	 of	 Facies	 3	 formed	 as	 river	 discharge	 and	 fluvial	 sediment	 input	 continued.	372	
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Together	with	 the	vertebrate	 record	 from	this	 level	and	evidence	 for	emergence	and	pedogenesis,	373	

Facies	3	is	 interpreted	as	bayhead	delta	assemblage.	The	deepening	trend	continues	above,	so	that	374	

the	sandy	clay	and	marlstone,	 including	shark	remains,	of	Facies	4	and	6	accumulated	as	estuarine	375	

and/or	 swamp	 muds	 under	 low-	 to	 mixed-energy	 conditions	 in	 the	 inner	 (central	 basin)	 and/or	376	

marginal	 (mangrove	swamp?)	estuary	 (Allen	and	Posamentier,	1994;	Boyd	et	al.,	2006).	Occasional	377	

emergence	and	pedogenesis	of	what	is	considered	here	the	central-basin	facies	may	particularly	be	378	

the	 case	when	 taking	 into	 account	 the	 relatively	 small	 scale	 (<6	 km	across)	 and	 shallow	depths	of	379	

modern,	 wave-dominated	 estuarine	 systems	 at	 the	 Cheringoma	 Coast.	 These	 are	 highly	 dynamic	380	

environments	prone	to	frequent	modifications	from	fluctuating	river	run-off,	avulsion	(e.g.,	Facies	5),	381	

desiccation,	and	wave-	or	tide-induced	processes.	Large	vertebrate	remains	found	in	situ	at	multiple	382	

levels	in	this	part	of	the	succession	at	GPL-1	(Facies	4	and	6)	support	the	inference	of	shallow	central-383	

basin	 to	marginal	 swamp	 environments.	 Sedimentary	 facies	 (e.g.,	 tidal	 bedding	 with	mud	 drapes,	384	

transgressive	 lag,	 tempestite)	 of	 sand-dominated,	 younger	 successions	 (Facies	 7-11)	 at	 GPL-6	 and	385	

GPL-2,	together	with	the	rich	invertebrate	fauna	from	GPL-2,	indicate	shallow-marine	conditions	and	386	

highstand	 deposition	 (transgressive	 shoreface,	 barrier,	 lagoonal,	 and	 shelf	 deposits).	 Embayed	 to	387	

lagoonal	environments	with	brackish	water	conditions,	which	typically	occur	in	estuaries	(Boyd	et	al.,	388	

2006),	are	evident	from	invertebrate	autecology.	The	concentration	of	disarticulated	oyster	shells	in	389	

Facies	11	implies	an	allochthonous	origin	and	possibly	storm-induced	resedimentation.	Their	chaotic	390	

orientation	can	be	explained	by	redistribution	(bioturbation)	by	burrowing,	infaunal	organisms	after	391	

the	 storm	 event.	 The	 claystones	 above	 (Facies	 12)	 may	 indicate	 recurring	 estuarine	 central-basin	392	

conditions	 due	 to	 continued	 river	 discharge	 and	 sea-level	 fluctuations.	 Based	 on	 the	 facies	393	

assemblages	 described	 above	 and	 their	 stratigraphic	 architecture,	 we	 interpret	 the	 studied	394	

succession	as	an	estuarine	depositional	complex	(Figs.	3,	9).	An	incised	valley-fill	scenario	(e.g.,	Zaitlin	395	

et	 al.,	 1994)	 is	 conceivable	when	considering	 the	major	unconformity	between	 the	Eocene	marine	396	

Cheringoma	Formation	and	overlying	fluvial	deposits	of	the	Miocene	Mazamba	Formation.	As	such,	397	
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incised	valleys	and	erosional	surfaces	formed	by	fluvial	incision	when	the	base	level	was	lowered	by	398	

falling	 sea	 levels	 after	 the	 Eocene.	 With	 a	 rising	 sea	 level,	 estuarine	 sequences	 accumulated	 as	399	

compound	incised-valley	fills	(e.g.,	Allen	and	Posamentier,	1994;	Boyd	et	al.,	2006)	on	an	incised	low-400	

gradient	coastal	plain	superimposed	on	this	subaerial	unconformity.	401	

Menguere	 Hill,	 ~3.5	 km	 west	 of	 GPL-1	 (Fig.	 2C),	 exposes	 a	 series	 of	 silicified	 limestone	 beds	402	

halfway	up	its	western	slope.	Mudracks,	indicating	surface	exposure,	had	previously	been	noted,	and	403	

the	beds	have	been	interpreted	as	paleo-pan	deposits	(abandoned	oxbows,	small	coastal-plain	lakes;	404	

Pickford,	 2013).	 Lamination	 is	 common	 and	 is	 typical	 of	 pedogenic	 calcretes/silcretes,	 although	405	

lacustrine/palustrine	processes	are	commonly	involved	along	pan	margins	(Mees,	2002).	Meandering	406	

rivers	 and	 oxbow	 lakes	 typically	 characterize	 low-gradient	 coastal	 plains	 (e.g.,	 Miall,	 2006),	 and,	407	

together	with	oval	pans,	are	also	common	landscape	features	of	the	Cheringoma	Coast	today	(Tinley,	408	

1977).	 Together	 with	 the	 fossil	 flora,	 the	 Menguere	 Hill	 succession	 is	 interpreted	 as	 a	 riverine	409	

forest/woodland	 paleoenvironmental	mosaic	 and	 is	 considered	 as	 correlative	 inland	 equivalent	 to	410	

the	estuarine	GPL	sites	based	on	similar	elevation	(Figs.	3,	9).	411	

	412	

5.3	Stable	isotopic	composition	of	pedogenic	carbonates	413	

Stable	isotopic	composition	of	carbonate	nodules	from	the	fluvial	paleosol	at	GPL-1SW	(Figs.	2C,	414	

3)	 reflects	a	 closed	woodland	habitat	with	a	vegetation	dominated	by	C3	biomass	 (e.g.,	dicot	 trees	415	

and	palms),	and	relatively	little	effects	of	soil-water	evaporation.	The	fraction	of	woody	cover	ranges	416	

between	65-74	%	(after	Cerling	et	al.,	2011).	Similar	geochemical	reconstructions	of	Mio-Pleistocene	417	

woody	 cover	 in	 the	 EARS	 are	 biased	 towards	 sites	 in	 its	 northern	 extent,	 and	 point	 towards	 a	418	

prevalence	of	open	savanna	habitats	with	<40	%	woody	cover	at	most	sites	(e.g.,	Ségalen	et	al,	2007;	419	

Cerling	et	al.,	2011).	By	contrast,	the	Plio-Pleistocene	deltaic	deposits	of	the	Karonga	Basin	hominin	420	

site	 (Malawi	 Rift),	 the	 closest	 hominin	 locality	 to	 GNP	 in	 the	 rift,	 reflect	 a	 persistent	 wooded	421	

environment	with	~60-70	%	woody	cover	in	a	mosaic	habitat	(Lüdecke	et	al.,	2016a,	b).	This	is	similar	422	
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to	what	we	deduce	for	the	GNP	site,	but	may	be	partly	due	to	the	older	Miocene	age	estimated	for	423	

the	GNP	 site	 -	 a	 period	when	 closed	woodland	 habitats	were	more	widespread	 in	 the	 EARS	 (e.g.,	424	

Cerling	et	al.,	2011;	deMenocal,	2011).	425	

	426	

5.4	Paleoecology	427	

Fossil	vertebrate	remains	 (e.g.,	Fig.	6)	 from	GPL-1	 (Figs.	2C,	3)	show	a	mix	of	 terrestrial	 (suids,	428	

proboscideans)	and	aquatic	fauna	(crocodiles,	turtles,	shark),	which	is	consistent	with	the	estuarine	429	

setting	 reconstruction	 provided	 on	 sedimentological	 grounds.	 The	 recovered	 fragments	 of	 enamel	430	

are	indicative	of	brachyodont	dentitions,	i.e.,	derived	from	browsing	mammals	with	a	relatively	soft	431	

diet	likely	in	closed	or	wooded	environments.	There	are	no	indications	of	hypsodont	teeth	among	the	432	

mammalian	specimens.	This	supports	a	paleoecological	reconstruction	whereby	grasses	are	relatively	433	

underrepresented	 in	 the	 Gorongosa	 ecosystem.	 Postcranial	 elements	 are	 too	 fragmentary	 for	434	

ecomorphological	analyses.	435	

The	 fossil	 invertebrate	 fauna	 (Fig.	 7)	 from	 GPL-2	 (Figs.	 2C,	 3)	 represents	 a	 marginal-marine	436	

setting	 of	 low	 to	moderate	 diversity.	 Almost	 all	 callianassid	 crustaceans	 live	 in	 burrow	 systems	 in	437	

sandy	to	muddy	substrates	of	shallow-marine	environments	(e.g.,	shallow	bays	and	lagoons;	Murphy	438	

and	 Kremer,	 1992).	 Most	 taxa	 feed	 on	 detrital	 matter	 entering	 the	 burrows	 or	 organic	 particles	439	

within	 the	 sediment	 (e.g.,	 algae;	 Murphy	 and	 Kremer,	 1992).	 Gastropod	 shells	 are	 dominated	 by	440	

elements	of	the	family	Cerithiidae.	Members	of	this	diverse,	mainly	tropical	family	are	predominantly	441	

herbivores	 feeding	 on	 algae	 or	 organic	 debris,	 and	 prefer	 protected	 habitats	 with	 fine-grained	442	

substrates,	 such	 as	 lagoons	 or	 bays	 (Kilburn	 and	 Rippey,	 1982).	 A	 single	 specimen	 has	 been	443	

tentatively	 assigned	 to	Terebralia	 palustris	 (Potamididae).	 Poor	 preservation	 precludes	 a	 definitive	444	

identification,	yet	it	should	be	noted	that	Terebralia	palustris	is	typical	for	muddy	or	sandy	substrates	445	

in	 bays	 and	 lagoons,	 particularly	 in	 the	 vicinity	 of	 mangroves	 where	 it	 can	 tolerate	 wide	 salinity	446	

fluctuations	 and	 even	 subaerial	 exposures	 (Kilburn	 and	 Rippey,	 1982;	 Branch	 et	 al.,	 2002).	 The	447	
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bivalve	 fauna	 is	 dominated	 by	 Striostrea	margaritacea,	 which	 is	 known	 to	 form	 beds	 in	 sandy	 to	448	

rocky	areas	of	the	tidal	zone,	often	in	areas	of	high	wave	energy	(Kilburn	and	Rippey,	1982;	Branch	et	449	

al.,	 2002).	 It	 is	 known	 to	 have	 a	 high	 tolerance	 to	 salinity	 fluctuations	 and	 is	 also	 found	 within	450	

estuaries	characterized	by	brackish	water	conditions	(Kilburn	and	Rippey,	1982).	A	marine	influence	is	451	

also	visible	by	the	barnacles	and	by	the	bored	oyster	shell,	an	indication	for	the	presence	of	muricid	452	

gastropods.	Barnacles	and	muricid	gastropods	mostly	occur	in	marine	shallow-water	habitats.	While	453	

barnacles	 are	 known	 to	 tolerate	 adverse	 conditions	 such	 as	 subaerial	 exposure	 in	 tidal	 areas,	454	

comparatively	few	muricid	species	can	tolerate	brackish	environments.	455	

The	genus	Terminalioxylon	(Fig.	8D-G)	in	the	fossil	flora	from	Menguere	Hill	(Fig.	2C)	indicates	a	456	

mesophytic	habitat,	with	large	palm	and	dicot	trees	growing	under	well-drained	soil	conditions	with	457	

low	water	stress	(e.g.,	Carlquist,	1975).	These	conditions	contrast	with	the	estuarine	context	at	GPL-458	

1,	 where	 water-logged	 substrates	 and	 swamp	 conditions	 are	 predicted.	 Well-drained	 parts	 of	459	

paleolandscapes	 in	 the	 coastal	 hinterland	 may	 comprise	 gravel-sand	 substrates	 of	 interfluves,	460	

emerged	sandy	bars	and	ridges,	or	paleopan	margins	on	a	coastal	 floodplain	dominated	by	shallow	461	

gravel-sand	meandering	rivers	(e.g.,	Miall,	2006).	This	context,	together	with	the	floral	assemblage,	462	

suggests	 a	 riverine	 forest/woodland	 paleoenvironmental	 mosaic	 at	 Menguere	 Hill	 that	 grades	463	

eastwards	into	nearshore	habitats	(Fig.	9).	464	

Orographic	 and	 maritime	 control	 of	 rainfall	 regimes	 are	 considered	 to	 have	 had	 a	 strong	465	

amelioration	effect	on	coastal	paleoenvironments	of	central	Mozambique	(e.g.,	Tinley,	1977;	Burke	466	

and	 Gunnell,	 2008).	 Mio-Pliocene	 sea-surface	 currents	 and	 littoral	 wave/tide	 regimes	 offshore	467	

central	Mozambique	are	expected	to	have	been	comparable	to	today	due	to	the	already-established	468	

Indian	 Ocean	 Monsoon	 (deMenocal,	 1995)	 and	 Mozambique	 Current	 (Schlüter	 and	 Uenzelmann-469	

Neben,	2007;	Uenzelmann-Neben	et	al.,	2007)	and	a	similarly	broad	and	shallow	paleoshelf	(Salman	470	

and	Abdula,	1995).	Strong,	year-round	orographic	rains	caused	by	ascent	of	moist	air	advected	from	471	

the	 Indian	 Ocean	 to	 the	 rim	 of	 an	 uplifted	 hinterland	 plateau	 at	 >2,000	 m	 a.s.l.	 (Tinley,	 1977;	472	
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Partridge,	 1997),	 hosting	 also	 Mount	 Gorongosa,	 should	 have	 released	 perennial	 streams	 that	473	

crossed	the	continental	plain	to	the	coast	(Fig.	9).	The	combined	maritime	and	orographic	influences	474	

are	thus	considered	to	have	had	profound	effects	on	climate	and	ecosystem	stability	in	the	Miocene	475	

of	 Gorongosa,	 in	 contrast	 to	 other	 EARS	 sites,	 where	more	 variable	 continental	 climate	 prevailed	476	

(e.g.,	 Nicholson	 1996;	 Hély	 et	 al.,	 2006).	 Important	 paleoecological	 implications	 for	 coastal	 fauna	477	

likely	 include	 sustained	 availability	 of	 freshwater	 and	 food	 resources,	 and	 ecosystem	 conditions	478	

stable	enough	to	make	these	habitats	year-round	refuges.	479	

	480	

5.5	Primate	coastal	behavioral	ecology:	significance	and	potential	481	

Although	 primates	 have	 not	 yet	 been	 recovered	 from	 the	 Gorongosa	 fossil	 record,	 modern	482	

ecological	 evidence	 suggests	 that	 the	Miocene	 coastal	 landscapes	 of	 Gorongosa	 (Fig.	 9)	may	 have	483	

been	 ecologically	 attractive	 to	 them.	 Furthermore,	 major	 biogeographic	 gaps	 between	 East	 and	484	

South	African	hominin	sites	and	the	narrow	range	of	depositional	environments	of	EARS	sites	have	485	

made	 it	difficult	 to	 test	key	hypotheses	about	 the	biogeography	of	human	origins,	e.g.,	 the	coastal	486	

forest	 hypothesis	 of	 Kingdon	 (2003),	 or	 the	 delta	 hypothesis	 of	 Wrangham	 (2005).	 The	 former	487	

hypothesis	 predicts	 that	 hominoids	 originated	 in	 coastal	 forest	 settings	 (see	 also	 Joordens,	 2011),	488	

while	the	latter	emphasizes	that	deltaic	components	of	aquatic	habitats	may	have	been	particularly	489	

important.	 The	 environmental	 stability	 of	 coastal	 forests	 has	 been	 well	 established	 for	 the	490	

Pleistocene	 (Couvreur	 et	 al.,	 2008),	 as	 has	 their	 role	 as	 refugia	 during	 periods	 of	 aridity	 (Kingdon,	491	

2003;	Joordens,	2011).	Despite	the	lack	of	systematic	studies	on	primate	aquatic	behavioral	ecology,	492	

at	 least	30	species	of	extant	non-human	primates	exploit	aquatic	resources	 in	a	variety	of	habitats,	493	

including	 riverine,	 deltaic,	 and	 estuarine	 environments	 (Kempf,	 2009).	 The	 significance	 of	 such	494	

habitats	 in	 primate	 and	 hominoid	 evolution	 has	 been	 the	 subject	 of	 debates	 -	 the	 archeology	 of	495	

aquatic	adaptation	 (Erlandson,	2001)	 -	which	continue	 largely	unsolved	due	 to	 the	absence	of	East	496	

African	fossil	sites	in	Mio-Pliocene	coastal	forests.	Our	palaeoecological	reconstruction	of	fossil	sites	497	
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in	 coastal	 contexts	 will	 provide	 key	 data	 to	 evaluate	 hypotheses	 regarding	 the	 capacity	 of	 such	498	

habitats	 to	 drive	 primate	 evolution.	 Did	 hominoids	 evolve	 in	 coastal	 settings	 (Kingdon,	 2003;	499	

Joordens,	2011),	and	were	these	marginal	ecosystems,	which	Erlandson	(2001)	called	“Gates	of	Hell”,	500	

operating	as	fallback	ranging	areas	exploited	predominantly	by	specialist	primates,	or	were	they	the	501	

“Gardens	 of	 Eden”,	 preferentially	 selected	 by	 generalist	 primates	 (Erlandson,	 1994,	 2001)?	 Extant	502	

primates	 use	 aquatic	 habitats	 predominantly	 for	 thermoregulation,	 during	 social	 displays,	 in	 range	503	

expansion,	 as	 sources	 of	 food	 (both	 fauna	 and	 flora),	 and	 as	 refuges	 against	 predators	 and	504	

conspecific	 aggression	 (Kempf,	 2009).	 Although	 these	 areas	 are	 not	 risk-free,	 harboring	 potential	505	

predators	as	well	as	water-borne	diseases/parasites,	they	offer	unique	resources	(e.g.,	aquatic	foods	506	

containing	high	amounts	of	DHA,	EPA,	vitamin	D,	and	micronutrients),	which	are	thought	to	have	a	507	

strong	positive	 impact	on	human	physiology	and	brain	growth	(Joordens,	2011).	 Importantly,	 these	508	

coastal	 forests	may	have	hosted	 conditions	 that	 favored	 the	origins	 and	diversification	of	 tool	 use	509	

suited	to	aquatic	resources.	Examples	of	stone-tool	use	to	access	seafood	by	long	tailed	macaques	or	510	

by	 capuchin	 monkeys	 (Fernandes,	 1991;	 Malaivijitnond	 et	 al.,	 2007;	 Luncz	 et	 al.,	 2017),	 and	511	

chimpanzees	 fishing	 for	 algae	 (Humle	 and	 Matsuzawa,	 2009)	 validate	 this	 idea.	 Also,	 such	512	

environments	are	a	host	to	other	resources	in	aquatic	environments	that	can	be	accessed	with	little	513	

to	no	technology	(e.g.,	Archer	et	al.,	2014).	The	absence	or	presence	of	primates	at	the	Gorongosa	514	

fossil	 sites	 will	 be	 key	 to	 test	 Kingdon’s	 (2003)	 and	 Erlandson’s	 (1994,	 2001)	 models	 of	 primate	515	

evolution	in	coastal	forests.	516	

	517	

6	Conclusions	518	

Our	 interdisciplinary	 research	 provides	 new	 insights	 into	 the	 evolution	 of	 this	 minimally-explored	519	

region	 and	 resulted	 in	 the	 discovery	 of	 the	 first	 fossil	 sites	 from	 the	 Urema	 Rift	 that	 significantly	520	

extend	 our	 paleoenvironmental	 purview	on	 the	 southernmost	 part	 of	 the	 EARS	 and	 underline	 the	521	

paleontological	potential	of	the	Gorongosa	area.	In	situ	and	surface	fossils	from	the	lower	member	of	522	
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the	Mazamba	Formation	comprise	mammals,	 reptiles,	 fishes,	 invertebrates,	dicot	 trees,	and	palms.	523	

Regional	stratigraphic	relationships,	sedimentary	facies,	 facies	architecture,	and	the	emerging	fossil	524	

record	 suggest	 a	 paleoenvironmental	 mosaic	 of	 estuarine	 and	 riverine	 forest/woodland	 systems,	525	

which	 represent	 the	 first	 Miocene	 coastal	 habitats	 identified	 in	 the	 EARS.	 Receiving	 continental	526	

sediment	 from	 source	 terranes	 west	 of	 today’s	 Urema	 Graben,	 estuarine	 sequences	 accumulated	527	

prior	 to	 rifting	 as	 compound	 incised-valley	 fills	 on	 a	 low-gradient	 coastal	 plain	 following	528	

transgression.	 Stable	 isotopic	 analyses	 of	 pedogenic	 carbonates	 from	 the	 fluvial	 part	 of	 the	529	

succession	 indicate	 a	woody	 cover	of	 65-74	%,	 consistent	with	 contemporaneous	 forest/woodland	530	

environments	 identified	 farther	 inland.	 Although	 we	 postulate	 a	 pre-rift	 scenario	 and	 reconstruct	531	

environments	that	should	have	been	and	still	are	widespread	along	the	East	African	coast,	it	is	only	532	

through	rifting,	regional	uplift,	and	subsequent	exposure	of	the	Mazamba	Formation	that	provide	us	533	

with	 this	 unique	window	 into	 past	 continental-margin	 ecosystems	 of	 central	Mozambique.	 Today,	534	

such	 coastal	 systems	 are	 extremely	 productive	 habitats	 for	marine	 and	 terrestrial	 fauna,	 including	535	

primates,	and	they	may	have	had	a	similar	habitat	function	in	the	past.	Thus,	our	discoveries	suggest	536	

that	 the	 coastal	 landscapes	 of	 Gorongosa	 were	 ecologically-attractive	 habitats	 for	 primates,	537	

providing	 relatively	 stable	 maritime	 climate	 and	 ecosystem	 conditions,	 year-round	 freshwater	538	

availability	 due	 to	 the	 combined	maritime	and	orographic	 influences	on	 rainfall	 regimes,	 and	 food	539	

both	 from	terrestrial	and	marine	sources.	Especially	 in	 times	when	more	continental	environments	540	

would	 have	 been	 exposed	 to	more	 severe	 oscillations	 in	 resource	 availability,	 these	 habitats	may	541	

have	 served	 as	 year-round	 refuges.	 Together	 with	 the	 key	 position	 of	 GNP	 in	 a	 geographic	 gap	542	

bridging	 South	 and	 East	 African	 paleontological	 sites,	 we	 consider	 this	 region	 promising	 for	543	

understanding	 primate	 evolution,	 adaptation,	 paleobiogeography,	 and	 paleoecology.	 The	 need	 for	544	

more	 fossils	 to	 fill	major	 gaps	 in	 the	African	 paleontological	 record	 has	 recently	 been	 emphasized	545	

(Cote,	2018;	Kaya	et	al.,	2018).	The	emerging	 fossil	 record	 from	Gorongosa	will	help	 fill	 these	gaps	546	

and	 stresses	 the	 importance	 of	 understanding	 the	 evolutionary	 significance	 of	 regional	547	
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paleoenvironmental	 variability	 in	Africa.	 Further	 research	at	GNP,	 including	dating	and	multi-proxy	548	

analyses	 to	 contextualize	 past	 and	 recent	 conditions,	 is	 indispensable	 and	 will	 provide	 finer	549	

chronostratigraphic	and	environmental	constraints.	The	presence	or	absence	of	primates	in	the	fossil	550	

record	from	Gorongosa	will	be	key	for	testing	paleobiogeographic	hypotheses	of	primate	evolution.	551	

The	integrated	approach	of	the	PPPG	will	also	help	structure	our	understanding	of	the	ancient	East	552	

African	 margin,	 Neogene	 climate	 and	 sea-level	 histories,	 rift	 evolution,	 and	 their	 intricate	553	

relationships	and	environmental	impact	in	general.	554	
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	730	

Figure	captions	731	

Table	 1.	 Petrographic	 data	 (mineralogical	 and	 modal	 compositions	 in	 vol.%)	 obtained	 from	 thin-732	

sectioned	 sedimentary	 rock	 samples	 by	 the	 Gazzi-Dickinson	 point-counting	 method	 (Gazzi,	733	

1966;	Dickinson,	1970).	See	also	Appendix	A.	734	

	735	

Table	 2.	 Paleocurrent	 directions	 reconstructed	 from	 measurements	 of	 directional	 transport	736	

indicators.	See	also	Appendix	B.	737	

	738	

Fig.	1.	Geographic	overview.	(A)	Topographic	map	and	(B)	cross-section	showing	the	position	of	GNP	739	

in	 central	 Mozambique.	 The	 map	 was	 generated	 with	 GeoMapApp	740	

(http://www.geomapapp.org,	 accessed	 September	 2016)	 using	 the	 Global	 Multi-Resolution	741	

Topography	basemap	of	Ryan	et	al.	(2009).	Map	inset	displays	the	position	of	the	East	African	742	

Rift	 System	 (black)	 and	 the	 major	 air	 boundaries	 over	 Africa	 in	 January	 (yellow)	 and	 July	743	

(purple):	ITCZ	=	Intertropical	Convergence	Zone,	CAB	=	Congo	Air	Boundary	(Nicholson,	1996).	744	
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Sea-surface	 circulation	 during	 February	 (North	 East	 Monsoon	 season)	 is	 illustrated	 for	 the	745	

Indian	Ocean	(Lutjeharms,	2006).	746	

	747	

Fig.	2.	Geological	 framework	and	 study	areas.	 (A)	Geological	map	of	GNP	and	 its	 surroundings,	 (B)	748	

vertical	 geological	 cross-section	 of	 the	 Urema	 Rift	 stretching	 from	 Mount	 Gorongosa	 to	749	

Inhaminga	 village	 (modified	 from	 Lächelt,	 2004),	 and	 (C)	 detailed	map	 section	 showing	 the	750	

position	 of	 the	 study	 sites	 (GPL	 =	 Gorongosa	 Paleontological	 Locality).	 We	 herein	 use	751	

‘Mazamba	 Formation’	 to	 collectively	 refer	 to	 this	 ~130	 m	 thick	 succession	 (Lächelt,	 2004;	752	

Steinbruch,	 2010)	 and	 differentiate	 a	 lower	 and	 an	 upper	 (Inhaminga)	member	 (Real,	 1966;	753	

Tinley,	1977;	Pickford,	2013).	754	

	755	

Fig.	 3.	 Correlated	 stratigraphic	 sections	measured	 at	GPL-1SW,	GPL-1NE,	GPL-8,	GPL-6,	GPL-9,	 and	756	

GPL-2.	 The	 studied	 succession	 from	 the	 lower	 member	 of	 the	 Mazamba	 Formation	 is	757	

interpreted	as	a	coastal-plain	estuarine	record	that	formed	prior	to	rifting	as	compound	incised	758	

valley-fill	 in	 a	 shallow-ramp	 setting	 following	 transgression.	 See	 Fig.	 2C	 for	 location	 of	759	

measured	sections.	760	

	761	

Fig.	 4.	 Bulk	 sediment	 petrography	 (Table	 1,	 Appendix	 A)	 and	 paleocurrent	 directions	 (Table	 2,	762	

Appendix	B).	(A)	Petrographic	classification	of	granule	conglomerates,	sandstones,	and	wackes	763	

based	on	QFL	(quartz-feldspar-lithics)	data	normalized	to	100	%.	Nomenclature	scheme	after	764	

Garzanti	 (2016),	 following	 Crook	 (1960)	 and	 Dickinson	 (1970).	 (B)	 Petrographic	 data	 and	765	

provenance	 inferences	 (CB	=	continental	block,	MA	=	magmatic	arc,	RO	=	 recycled	orogenic)	766	

with	 subdivisions	 based	 on	 Dickinson	 (1985)	 and	 reference	 data	 from	 Garzanti	 (2016).	 (C)	767	

Mineralogical	 and	 modal	 composition	 of	 granule	 conglomerates,	 sandstones,	 wackes,	 and	768	

sandy	clay-	and	marlstones,	based	on	major	component	data	normalized	to	100	%	(see	Fig.	3	769	
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for	position	of	 samples	within	measured	stratigraphic	sections).	 (D)	Rose	diagram	 illustrating	770	

paleocurrent	 directions	 (corrected	 for	 -11°	 local	 declination)	 reconstructed	 from	771	

measurements	of	directional	transport	indicators	(Table	2,	Appendix	B).	772	

	773	

Fig.	 5.	 Thin-section	 photomicrographs	 illustrating	 detrital	 characteristics	 and	 invertebrate	 fossil	774	

contents	of	selected	rock	samples.	(A-F)	Overview	photomicrographs	(plane-polarized	light)	of	775	

samples	related	mainly	to	the	GPL-1SW	section:	 (A)	sample	GPL9-01,	Facies	2,	sparry	calcite-776	

cemented	 fluvial	 granule	 conglomerate;	 (B)	 sample	 GPL1SW-01,	 Facies	 2,	 sparry	 calcite-777	

cemented	granule-bearing	fluvial	sandstone;	(C)	sample	GPL1SW-02,	Facies	3,	fluvial	bay-head	778	

delta	 wacke;	 (D)	 sample	 GPL1SW-05,	 Facies	 5,	 transitional	 bay-head	 delta/estuarine	 central	779	

basin	 wacke;	 (E)	 sample	 GPL1SW-06,	 Facies	 6,	 estuarine	 central	 basin	 sand-bearing	 marly	780	

claystone;	 (F)	 sample	 16-Gor-Muar-1,	 sparry	 calcite-cemented	 littoral(?)	 sandstone.	 (G-L)	781	

Details	of	sample	GPL1-01	(A)	as	seen	 in	cross-polarized	 light:	 (G)	overview	photomicrograph	782	

displaying	 spar-cemented,	 loosely-packed	mono-	 and	 poly-quartz	 grains;	 (H,	 I)	 plutoniclastic	783	

granite	rock	 fragments	consisting	of	quartz	and	feldspar	 (H)	and	quartz	 (I),	 respectively,	with	784	

coarse	 interlocking	 mosaic	 of	 crystals;	 (J)	 detail	 of	 eogenetic	 drusy	 mosaic-textured	 sparry	785	

calcite	cement	(note	also	spar-filled	cast	of	dissolved	bioclastic	 fragment	 in	the	 lower	part	of	786	

the	 image);	 (K)	 skeletal	 grain	 of	 a	 corallinacean	 red	 algae	 (note	 fine	 net-like,	 multi-layered	787	

internal	 structure);	 (L)	 bioclastic	 wall	 fragment	 of	 a	 serpulid	 worm	 tube	 consisting	 of	 two	788	

microstructurally	different	layers.	(M-O)	Details	of	sample	16-Gor-J02	(C)	as	seen	in	plane-	and	789	

cross-polarized	light,	showing	detrital	matrix	consisting	of	clay	(M,	N)	or	silty	clay	(O).	See	Fig.	2	790	

for	position	of	samples	within	measured	stratigraphic	sections.	791	

	792	

Fig.	6.	 Selected	specimens	of	 fossil	 vertebrates	 from	GPL-1.	 (A)	 In	 situ	mammalian	 rib	 immediately	793	

after	excavation	(sample	PPG2016-P-18),	(B)	proboscidean	metacarpal	bone	(sample	PPG2017-794	
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P-122c),	 (C)	 shark	 tooth	 fragment	 (sample	 PPG2017-P-121b),	 (D)	 suid	 upper	 incisor	 (sample	795	

PPG2017-P-75-1).	 Specimens	 (A-C)	were	 found	 in	 situ,	 deriving	 respectively	 from	 the	 lower,	796	

middle,	and	upper	fossiliferous	level	in	the	GPL-1NE	section	(Fig.	3);	specimen	(D)	is	a	surface	797	

find	 from	 GPL-1.	 See	 Fig.	 2C	 for	 location	 of	 GPL-1	 and	 Fig.	 3	 for	 measured	 stratigraphic	798	

sections.	799	

	800	

Fig.	7.	Invertebrate	fossils	from	the	fossiliferous	sandstone	of	Facies	11	at	GPL-2.	(1,	2)	Left	propodus	801	

of	a	member	of	the	family	Callianassidae;	inner	(1)	and	outer	(2)	view.	(3,	4)	Two	disarticulated	802	

left	 dactyli	 of	 decapod	 crustaceans.	 (5-7)	 ?Terebralia	 palustris;	 apical	 (5),	 and	 lateral	 (6,	 7)	803	

views.	 (8-12)	 Shells	 of	members	 of	 the	 family	 Cerithiidae;	 lateral	 views.	 (13)	Rhinoclavis	 sp.,	804	

lateral	 view.	 (14,	15)	 ?Striostrea	 sp.;	 left	 valve.	 (16-27)	Striostrea	margaritacea;	 right	 (16-18,	805	

21-27)	and	left	(19,	20)	valves.	Note	the	common	traces	of	barnacle	attachments	on	the	shells	806	

(e.g.,	23-25)	and	the	boring	attributable	to	a	muricid	gastropod	(25-27).	Scale	bar:	10	mm	(1-807	

13),	 15	 mm	 (14-26),	 4	 mm	 (27).	 See	 Fig.	 2C	 for	 location	 of	 GPL-2	 and	 Fig.	 3	 for	 measured	808	

stratigraphic	section.	809	

	810	

Fig.	8.	Selected	specimens	of	fossil	wood	from	Menguere	Hill.	(A,	B)	Basal	stump	of	a	large	palm	tree	811	

(A)	with	the	numerous	roots,	broken	naturally	to	show	the	vascular	strands	in	the	root	sheaths	812	

(B).	(C,	D)	Outer	surface	(C)	and	cross	section	(D)	of	large	trunks	of	dicot	wood	with	diameters	813	

>1	m.	 (E,	 F)	 Photomicrographs	of	 sample	BP-16-1731	 (Terminalioxylon	 sp.)	 taken	 from	 trunk	814	

cross	section	shown	in	(D).	 (E)	Transverse	section	displaying	 large	vessels	(average	tangential	815	

diameter	 is	 285	µm)	arranged	 in	 short	 radial	multiples	of	 1-3	 cells,	 and	 lighter	 cells	 partially	816	

surrounding	them	that	represent	the	parenchyma	cells	(vasicentric	to	aliform).	Ground	tissue	817	

is	 composed	 of	 fibres.	 (F)	 Tangential	 longitudinal	 section	 showing	 uniseriate	 rays	 with	 long	818	

narrow	fibres	 in	between.	 (G)	Rays	with	procumbent	body	cells	and	square	marginal	 cells	as	819	
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seen	 in	 radial	 longitudinal	 section.	 Parenchyma	 is	 vasicentric	 to	 aliform,	 even	 sometimes	820	

unilateral	and	the	strands	are	2	cells	long.	See	Fig.	2C	for	location	of	Menguere	Hill.	821	

	822	

Fig.	 9.	 Miocene	 pre-rift	 paleogeographic	 reconstruction.	 The	 block	 model	 illustrates	 depositional	823	

environments	 and	 coastal	 ecosystem	 mosaics	 reconstructed	 for	 the	 lower	 member	 of	 the	824	

Mazamba	 Formation.	 The	 studied	 succession	 records	 a	 transgressive	 trend	 from	 continental	825	

lowstand	 (fluvial,	 alluvial)	 to	 transgressive	 and	 highstand	 conditions	 (estuarine,	 marine).	826	

Estuarine	and	lagoonal	organizational	features	redrawn	from	Boyd	et	al.	(2006).	See	Fig.	2	for	827	

stratigraphy	(key	to	colors	and	abbreviations).	828	

	829	

Appendix	A.	Petrographic	data	(mineralogical	and	modal	compositions	in	vol.%)	obtained	from	thin-830	

sectioned	 sedimentary	 rock	 samples	 by	 the	 Gazzi-Dickinson	 point-counting	 method	 (Gazzi,	831	

1966;	Dickinson,	1970).	See	also	Table	1.	832	

	833	

Appendix	 B.	 Paleocurrent	 directions	 reconstructed	 from	 measurements	 of	 directional	 transport	834	

indicators.	See	also	Table	2.	835	

	836	

Appendix	C.	Stable	isotope	data	of	pedogenic	carbonates	and	calibration	standards.	837	
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Rock	type	
	

16-Gor-
Muar-1	 -	 mS	 3.5	 35.8	 6.8	 	 10.3	 0.2	 	 1.8	 -	 0.2	 -	 1.8	 0.2	 -	 39.2	 -	 -	 -	 n.d.	 Sandstone	

GPL1SW-
08	 6	 C-mS	 n.d.	 n.d.	 n.d.	 	 n.d.	 n.d.	 	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 39.5	 Sandy	

marlstone	
GPL1SW-

07	 6	 C-mS	 n.d.	 n.d.	 n.d.	 	 n.d.	 n.d.	 	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 n.d.	 25.0	 Calc.	sandy	
claystone	

GPL1SW-
06	 6	 C-mS	 0.2	 7.8	 -	 	 3.0	 -	 	 -	 -	 -	 -	 -	 -	 -	 -	 -	 88.8	 -	 25.0	 Calc.	sandy	

claystone	
GPL1SW-

05	 5	 C-cS	 -	 28.0	 1.0	 	 1.8	 0.2	 	 -	 -	 0.2	 -	 -	 -	 -	 4.7	 -	 63.8	 0.2	 n.d.	 Wacke	

GPL1SW-
02	 3	 C-cS	 1.6	 32.2	 2.0	 	 11.0	 0.8	 	 0.2	 0.2	 1.9	 -	 -	 0.6	 0.2	 11.3	 -	 35.6	 2.5	 n.d.	 Wacke	

GPL1SW-
01	 2	 cS-gr.	 10.0	 32.5	 6.2	 	 16.2	 2.0	 	 0.2	 -	 0.2	 -	 -	 0.8	 0.2	 31.5	 -	 -	 -	 n.d.	 Gr.-rich	

sandstone	

GPL9-01	 2	 cS-gr.	 1.0	 39.8	 12.2	 	 10.8	 -	 	 -	 -	 -	 -	 0.5	 0.2	 2.5	 33.0	 -	 -	 -	 n.d.	 Gr.	
conglom.	

Abbreveations:	C	=	clay,	mS	=	medium	sand,	cS	=	coarse	sand,	gran.	=	granule	conglomerate,	Monocr.	=	monocrystal,	In	pluton.	=	in	plutonic	rock	fragment,	str.	=	strained,	Biot.	=	
biotite,	Musc.	=	muscovite,	Claycl.	=	clayclasts,	Biocl.	=	bioclasts,	n.d.	=	not	determined,	-	=	not	detected.	400	grains	were	counted	per	sample.	*CaCO3	contents	were	
determined	by	whole-rock	analysis	using	the	“Karbonat-Bombe”	technique	(Müller	and	Gastner,	1971).	See	Fig.	3	for	position	of	samples	within	measured	stratigraphic	sections	
and	Fig.	4A-C	for	data	plots.	

	884	

	885	

	 Coordinates	 	 	 	 Paleocurrent	towards*	

Sector	 Latitude	 Longitude	 Stratigraphy	 Transport	
indicator	

Strike/dip	
direction	 uncorrected	 corrected	

Mussapassua	 -19.093538	 34.720811	 Mazamba	upper	 imbrication	 204°/28°	 24°	 13°	
Mussapassua	 -19.093538	 34.720811	 Mazamba	upper	 imbrication	 260°/30°	 80°	 69°	
Muaredzi	 -18.928747	 34.647454	 Mazamba	lower	 channel	 100°-280°	 100°	 89°	
Muaredzi	 -18.928747	 34.647454	 Mazamba	lower	 bone	long	axis	 85°-165°	 85°	 74°	
Muaredzi	 -18.928747	 34.647454	 Mazamba	lower	 bone	long	axis	 120°-300°	 120°	 109°	
Muaredzi	 -18.914741	 34.666622	 Mazamba	lower	 channel	 40°-220°	 40°	 29°	
Muaredzi	 -18.914741	 34.666622	 Mazamba	lower	 imbrication	 265°/30°	 85°	 74°	
Muaredzi	 -18.914741	 34.666622	 Mazamba	lower	 foreset	 90°/25°	 90°	 79°	
Muaredzi	 -18.914741	 34.666622	 Mazamba	lower	 trough	 80°-260°	 80°	 69°	
Muaredzi	 -18.912068	 34.672796	 Mazamba	lower	 trough	 80°-260°	 80°	 69°	
Muaredzi	 -18.912550	 34.668370	 Mazamba	lower	 channel	 80°-260°	 80°	 69°	
Muaredzi	 -18.906120	 34.673520	 Mazamba	lower	 channel	 85°-260°	 85°	 74°	
Muaredzi	 -18.849300	 34.662800	 Mazamba	lower	 imbrication	 335°/15°	 155°	 144°	
Muaredzi	 -18.849300	 34.662800	 Mazamba	lower	 imbrication	 310°/25°	 130°	 119°	
Muaredzi	 -18.849300	 34.662800	 Mazamba	lower	 imbrication	 325°/20°	 145°	 134°	
Muaredzi	 -18.849300	 34.662800	 Mazamba	lower	 imbrication	 350°/30°	 170°	 159°	
Muaredzi	 -18.902500	 34.671900	 Mazamba	lower	 channel	 130°-310°	 130°	 119°	

*Uncorrected/corrected	for	-11°	local	declination	(August	2016).	See	Fig.	1	for	location	of	geographic	sectors	and	Fig.	4D	for	
rose	diagram.	Although	channel-	and	trough-axes	are	bipolar	paleocurrent	indicators,	a	unipolar	direction	is	deduced	based	on	
consideration	of	the	broader	geomorphological	context	(i.e.,	topographic	highs	west	of	the	Urema	Graben)	and	provenance	
data.	
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