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Supplementary information on the horizontal
meniscate backfilled burrow from the Upper
Jurassic Arimine Formation (HMBA: TOYA-Fo.
7345), in the southeastern Toyama Prefecture, is
added here. HMBA is compared to a branched
meniscate trace fossil Archaeozostera Koriba and
Miki, 1958 observed
Izumi Gorup exposed at southwestern Osaka

in the Upper Cretaceous

Prefecture. Although overall morphologies of the
two trace fossils are quite different from each
other, their modes of occurrences and single
burrow structures enable comparison between
HMBA and Archaeozostera. In sum, 1) both HMBA
and Archaeozostera are meniscate backfilled trace
fossils preserved as convex epirelief on turbidite
sandstone beds, 2) an imbricated backfilled structure
showing non-compartmentalized and shuffled patterns
are shared between HMBA and highly weathered
Archaeozostera tunnels, and 3) differing from HMBA,
Archaeozostera forms a branching system whose
tunnels are bordered by lateral grooves in less or
The

above comparison shows an important fact that

moderately weathered preservation modes.
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the differences and similarities between the trace
fossils profoundly depend on their modes of
preservation. In addition, the structural similarities
between the each backfilling imply HMBA was
probably formed by an endobenthic detritus
feeder.
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Fig. 1 Index and simplified geological maps showing the
trace fossils sites in the Arimine (southeastern Toyama)
and Tanagawa (southwestern Osaka) areas. The geological
maps are modified after Kawai and Nozawa (1958),
Nozawa and Sakamoto (1960), Kuzugiza et «l. (2004) and
Miyata et al. (1993).
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AR, P (2019) TRR#EiILZEEY =7 2B
JEEDEEAAICET 2BRERTHS. ¥—EX A |
WaEPOENT % REBEL b MAFEE L LT,
Hlg EA (TOYA-Fo. 7345: horizontal meniscate
backfilled burrow) & EESHHERFURERNOET D4
IRt Archaeozostera DFEIR L TEREZ el L, [WARAL
A OFHIE S B XL OV TR RS,

Archaeozostera 1%, ¥+ =K (1931) 12k 7~=E
BRIV T ~EROMIELICH T HKTPEEMEY 2
A T<E] LLTHRESNTALATH D, B 72E
REFWEETRTZ ELLEY - =K (1931) Lk,
Archaeozostera WG &3 2R &, ARILA &4
2RSS UEA HEm I TE e (B, HRAE,
1983; 1k - WA, 1983). #hiwm& LT, Archaeozostera
MO T N ) X ABEOER L IZBEROATH-
72 Z L3 Kotake et al (2016) 12X -> THLIZE NIz,

2. thEBER

HHREA TOYA-Fo. 7345 B X OMESHEDArchaeozostera
i, FhEREEY 2 7 RFIERE & BB R E R
kBB GEH L (Figs. 1, 2). ¥ (2019) T,
BNz LY = 72 LBH#EERE (Sano, 2015) DAk
Jg& U Tl-otz. Linl, JUEEEHOBEFHC) Yamada
and Sano (2018) IC X VW HEZXE I NTzzd, KR TIE
TOYA- Fo.7345 0opeifg % Ly =% (v 7 A7 %
—T4 T UMHE) BlEBLT5. Fi, YT K—,
BAMESS GRIE) (2001) OHUEMATREHTHE, M
KEE (Hl - 50, 1972; ElIEs, 1993 HEE) =
kR &KL d 5.

Bl ()INEhs, 2014) 1XEILIRFEEEOFER T
HIICREL, BV 2Tk Ay I AT 5 —T 4 T U
DOEARENY O RO T D ERERE TH D

(A - ®FE, 1957, 4 - BN, 1958; JR L&A, 1991;
Matsukawa et al, 2008; 1% %>, 2010; Sato and
Yamada, 2014; Figs. 1, 2). RBEIIWE TV NaEOE
BRRE YV NEEREEEEREL, ¥—EX A D
S s Ic ey (Goto et al, 2018). HIERBIL FALD
BIE (RAU<AY I AT+ —T 4 7V EOHERE) %
BETHEL, W)IkO TE A HEREER FiH, 1961
DOFEERE. #HimiINagata ef al, 20185 [R) THREK
HlTEDLND )INEh, 2014). Fe, ZhoDt v o
AT F—=T 4 T VRETEME T 2P = 7 RAEH
A REEICHWET D0, HDLNIEIWE THET S

(FTH - &P, 1957; & - BFR, 1958; HEEIEZA~, 2010;

KJME A, 2014).
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Fig. 2 Stratigraphic positions of the trace fossil-bearing
beds. Stages of the Arimine Formation yielded the
horizontal meniscate backfilled burrow and the Kada
Formation hosting Archaeozostera are cited from Sato
and Yamada (2014) and Hashimoto et al. (2015), respectively.
The late Mesozoic chronostratigraphy is based on
International Commission on Stratigraphy (2019).
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Fig. 3 Archaeozostera -bearing beds and mode of occurrence of the trace fossil observed in the lower member of the
Maastrichtian Kada Formation (basal part of the Upper Cretaceous Izumi Gorup) exposed along northwestern coast
of Tanagawa, southwestern Osaka Prefecture. The outcrop is located at 34° 19" 18.79” N and 135° 6" 36.89” E. (A)
Sandstone-dominated alternation of turbidite sandstone (thicker light beds) and mudstone (thinner dark beds) showing
the typical lithofacies of the member. Archacozostera is recognized in the lowermost turbidite bed of the outcrop. (B)
Massive coarse- to medium-grained sandstone bed preserved Archaeozostera in its upper horizon. The sandstone
contains rip-up clasts at lower part and slightly normally grades, which displays the Bouma Ta division. (C) Mode
of occurrence of Archaeozostera. Its tunnel-filled materials laterally bordered by shallow grooves are preserved as
shallow convex epirelief. Oblique view to bedding plane. Scales indicate 50 cm (A), 10 cm (B) and 5 cm (C).
Abbreviations: ARZ, Archaeozostera, BMS, black mudstone; LGV, lateral groove; RUC, rip-up clast; TAS, Bouma Ta
sandstone; TFM, tunnel-filled materials; UWD, upward direction.

£4, 1983; EHIEA, 1993, 2012). ZE)IHLTEIER DAL structures follow those of Frey et al (1984), Keighley
[T A ES R R EE P DR SN TR Y, Al and Pickerill (1994), and Retallack (2001). Because
JEPEAEA L iR U T2 Archaeozostera b Z D53ARIE THIZR concave sides of menisci indicate the burrowing
iz (Figs. 1, 3A). Archaeozostera DFEHIEIX, T direction of the tracemaker (Keighley and Pickerill,
IRV OIGHEL & Fx, HUBIHD 2> & FRI RV IZ IEARAL 1994), the anterior direction of the backfilled trace
THWEDB72Y, Bouma TaZ —E XA kOEMHER fossils is defined as the concave sides of menisci,
3 (Fig. 3B). and the opposite as posterior. Detail morphology

of the horizontal meniscate backfilled burrow
3. £RILEDEEH from the Arimine Formation (HMBA: TOYA-Fo.
7345) is described in Hirasawa (2019).
Description of the trace fossils
Ichnological terms representing the backfilled
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Archaeozostera Koriba and Miki, 1960

Archaeozostera was originally designated as a
genus of a fossil seagrass yielded from the Upper
Cretaceous sandstone distributed in some restricted
areas of Japan (Koriba and Miki, 1958). Later, Kotake
et al (2016) demonstrated that Archaeozostera did
not belong to a seagrass group but a trace fossil
produced by a sedentary endobenthic detritus
feeder. The following is a summary on morphology
of the trace fossil described in Fu (1991) and
Kotake et al. (2016).

Archaeozostera generally occurs on the bedding
plane of a turbiditic sandstone bed as a strongly
compressed large trace fossil which is characterized
by systematically dichotomous and radial tunnels
exhibiting considerable morphological and size
variations.

Overall morphology of the trace fossil is divided
into the proximal Stage-I, middle Stage-II and
distal Stage-III portions. The Stage-I portion forms
an inclined axial tunnel with few strongly curved,
very small dichotomous tunnels (length and width
from 1 to 5 cm and 0.1 to 1 cm, respectively). The
axial tunnel starts from the overlying mudstone
base, and subsequently runs oblique to the bedding
plane. In the Stage-Il, the axial and the dichotomous
tunnels become parallel to the bedding plane. The
dichotomous tunnels increase in size toward the
Stage-IIl portion. The axial tunnel of the Stage-III
distally varies into straight or slightly curved,

densely branching radial tunnels which overlap or
cross-cut each other. The radial tunnels show
almost invariant size up to 50 c¢cm in length, 5 cm
in width and 0.5 cm in thickness.

The dichotomous tunnel is filled with black
muddy material, while the radial tunnel consists
of a sandstone core (the same material as the host
sandstone) lined by mudstone. When the mudstone
lining is weathered out on bedding surface, the
radial tunnel displays a trilobate structure that
the convex sandstone core bordered on each
lateral side by a groove. Meniscate backfilled
structure develops within the tunnel. No fecal
pellets are contained in the tunnel-filled material.

Archaeozostera observed in the Tanagawa coast

Any observed Archaeozostera specimens in the
northwestern Tanagawa coast are the Stage-IIl
radial tunnels preserved on bedding planes of
turbidite sandstone beds or sandstone floats (Figs.
3C, 4). The radial tunnels are straight to gently
curved in constant width, or very slightly widened
posteriorly (Fig. 4A, B). The tunnel consists of an
alternation of meniscate sand- and mudstone
packets or mudstone segments lined by mudstone
(Fig. 4C, D). Internal structures are not recognized
within the packets. Both sides of the single tunnel
are bordered by shallow lateral grooves sometimes
wider than the tunnel (Fig. 4A, B). Modes of
preservation of the tunnels quite differ even in a

Fig. 4 (next page) Modes of preservation and the Stage-IIl morphology of Archaeozostera from the Kada Formation,
northwestern Tanagawa. (A) Bedding plane view of Archaeozostera (specimen A) preserved on the turbidite bed shown
in Figure 3B. The radial tunnels partly with the lateral grooves are less or highly weathered. (B) Typical radial tunnel
system of Archaeozostera (specimen B) exposed on a bedding plane of a sandstone float (found at 34° 19" 13.69” N
and 135° 6" 18.48” E). Less-to-highly weathering modes of the tunnels with the lateral grooves. (C) Moderately- and
highly weathered tunnels showing transverse bellows-like ridges and irregularly spaced backfill, respectively. The
tunnels are filled with alternations of sandstone packets and mudstone packets or menisci. Middle part of figure B.
(D) Meniscate backfilled structure recognized in a highly weathered tunnel lacking the lateral grooves (left upper part
of figure A). Irregularly spaced, non-compartmentalized sandstone packets and mudstone menisci constitute the
structure. Note the shuffled arrangement of the menisci locally cross-cutting or merging into each other. Thin
mudstone lining laterally bordered the backfilled materials. (E) Anteriorly imbricated backfilled structure within the
moderately- and partly highly weathered tunnels (left upper part of figure A). Oblique view to bedding plane. (F)
Imbricated tunnel-filled materials displaying the bellow-like ridges due to selective weathering of the mudstone
packets. A moderately weathered tunnel (left center of figure B). Oblique view to bedding plane. (G) Smooth surface
of mudstone lining without striations or ornaments. Nearly bedding-parallel view of a less weathered tunnel. Scale bars
in cm (A, D, E), and 1 cm in length (F, G). Coin for scale in figures B and C is 2 cm in diameter. Abbreviations: ATR,
anterior; HWT, highly weathered tunnel; IBM, imbricated backfilled materials; LGV, lateral groove; LWT, less weathered
tunnel; MLG, mudstone lining; MPK, mudstone packet; MSM, mudstone segment; MWT, moderately weathered tunnel;
PTR, posterior; SPA, specimen A; SPB, specimen B; SPK, sandstone packet; TFM, tunnel filled materials; UWD,
upward direction.
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single tunnel system, that is, the tunnels of fully
enveloped by the lining and not displaying the
backfilled structure (less weathered), selectively
weathered mudstone infill resulting in accentuated

7

transverse bellows-like ridges reflecting the sandstone
infill (moderately weathered) and the backfilled
mudstone-sandstone alternations with the grooves
(highly

clearly recognized by lining erosion
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Fig. 5 Horizontal meniscate backfilled burrow-bearing bed and mode of occurrence of the trace fossil observed in the
Upper Jurassic (Oxfordian) Arimine Formation distributed in southeastern Toyama Prefecture. (A) Alternation of
sandy siltstone and turbiditic fine-grained sandstone cropped out at 36° 30’ 25.42” N and 137° 27" 59.43” E. The
siltstone (darker intervals) are much predominant than the sandstone. (B) Turbiditic sandstone bed preserved the
backfilled burrow on its middle horizon. (C) Mode of occurrence of the burrow preserved as shallow convex epirelief
on the Bouma Tab turbidite. Oblique view to bedding plane. Scales indicate 10 cm (A, B) and 1 cm (C). Abbreviations:
BSS, black sandy siltstone; HMB, horizontal meniscate backfilled burrow; TAB, Bouma Ta, bed; TUS, turbidite

sandstone; UWD, upward direction.

weathered) (Fig. 4A, B). In any weathering modes,
the sandstone packings are preserved as shallow
convex epirelief on upper surfaces of the sandstone
beds, or semirelief on the floats (Figs. 3C, 4B).
Length and width of the preserved tunnels are up
to 25 cm and from 1.5 to 2.5 cm, respectively.
Apparent backfill pattern varies depending on
the weathering mode of the lining which is a thin,
simple wall structure made up of black mudstone
similar in lithology to the menisci (Fig. 4C-F). The
moderately weathered tunnel shows a simple backfill
pattern which consists of a comparatively regular
spaced, equal-thickness alternation of sand- and
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mudstone packets extending fully across the tunnel
(Fig. 4C). Boundaries of the each packet are liner,
shallow- to-deep arcuate geometries at and around
the median lines of the tunnel, and then the
mudstone packets strongly curve anteriorly to
merge into each other at somewhat annulated
tunnel margins (Fig. 4C, F). While in the highly
weathered tunnel, the backfill pattern displays an
irregularly spaced alternation of the sand- and
mudstone packets and/or mudstone segments (Fig.
4C, D). Locally the mudstone infills are not parallelly
arranged, so that they form the shuffled menisci
pattern (Fig. 4C, D). Thickness and width of both
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Fig. 6 Horizontal meniscate backfilled burrow (TOYA-Fo. 7345) from the Arimine Formation, southeastern Toyama
Prefecture. This figure is modified after Hirasawa (2019). (A) Upper bedding plane view. The burrow is characterized
by shuffled arrangement of heterogeneous non-compartmentalized backfill materials with thin mudstone lining slightly
horizontally expanding into the host sandstone. (B) Lateral view showing shallow convex epirelief preservation. The
backfilled structure displays an anteriorward imbrication. (C) Close-up of the lining surface with faint longitudinal
striations dipping anteriorly. Oblique bedding plane view. Scale bars equal to 1 cm (A, B) and 1 mm (C). Abbreviations:
ATR, anterior; FLS, faint longitudinal striation; LTD, longitudinal direction; MLG, mudstone lining; MNS, meniscate
mudstone; PTR, posterior; SBI, sandstone burrow infill; SBS, sandstone bedding surface; TVD, transverse direction;

UWD, upward direction.

the sand- and mudstone packings do not have any
tendencies in anterioroposterior direction, rather
they are considerably inconstant even in a single
packet or segment (Fig. 4C, D). However, the
infills tend to be thinner than the
sandstone packets (Fig. 4C). Boundaries of the

mudstone

packets and mudstone segments are almost the
same geometries as those of the moderately
weathered tunnel (Fig. 4C), but the segments often
discontinue not to be fully across the tunnel, which
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results in the non-compartmentalized meniscate
backfill structure (Fig. 4D). The tunnel margins are
relatively smooth compared to the moderately
weathered tunnel. The lateral grooves are often
obscured in particularly weathered tunnels (Fig.
4D, E). In such specimens, the lining is thinly
preserved at the stuffed material margins (Fig.
4D). When viewed in the lateral side, the backfilled
materials obviously constitute an anteriorly dipping
imbricated structure in both the moderately and
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highly weathered tunnels (Fig. 4E, F). Neither the
tunnel- filled materials nor lining contain fecal
pellets. The lining has a smooth surface without
striations or ornaments (Fig. 4G).

Comparison between HMBA and Archaeozostera

HMBA and Archaeozostera are superficially quite
different from one another in respect to whether
branching or nonbranching, and with or without
the lateral grooves (Fig. 2). However the mode of
occurrence and individual radial tunnel structures
of Archaeozostera are comparable to HMBA.

Both the trace fossils are yielded from turbidite
sandstones overlain by dark muddy deposits
(Figs, 3B, 4A, 5A, B). HMBA and radial tunnel of
Avrchaeozostera are horizontal, lined and backfilled
trace fossils preserved on the upper surfaces of
the sandstone beds as shallow convex epirelief
(Figs, 3C, 5C).

The radial tunnels are straight or curved in
constant width to very slightly widened posteriorly
(Fig. 4A, B), but the slightly sinuous HMBA tapers
gently toward posterior (Fig. 6A). Dorsal side of
HMBA is a smooth surface in contrast to the
bellows-like ridges of the moderately or highly
weathered tunnels (Figs. 4F, 6B). Tunnels height of
Archaeozostera is inconstant because of selective
weathering of the mudstone infill (Fig. 4F), which
is different from HMBA. Very faint longitudinal
striations sculpted on the lining surface of HMBA
are not recognized on that of Archaeozostera (Figs.
4G, 6C). Burrow infill of HMBA dose not contain
the mudstone packets with deep arcuate boundaries
and is not bordered by the lateral grooves. Such
features are different from the radial tunnels
(Figs. 3C, 6A).

In the internal structure of the highly weathered
tunnel, many characteristics are common to
HMBA. First, the backfills consist of heterogeneous
materials without fecal pellets, which are alternately
arranged massive sandstone packets almost similar
lithologies to the host rocks and black muddy
stone segments with sometimes discontinuous,
transversely shallow arcuate boundaries (Figs.
4A-D, 6A). Thickness (longitudinal length) of the
packets is inconstant and the segments highly
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vary in their width (transverse length) (Figs. 4C, D,
6A). Secondly, the alternations exhibit the non-
compartmentalized meniscate backfills which are
dense-to-well spaced, irregularly arranged shuffled
patterns in bedding plane view (Figs. 4D, 6A), and
anteriorly imbricated when viewed in the lateral
side (Figs. 4E, F, 6B). And lastly, remaining lining
thinly envelopes the tunnel-filled materials (Figs.
4D, 6A).

In conclusion, the differences and similarities
between HMBA and Archaeozostera strongly depend
on the preservational modes of the latter trace
fossil. The burrow structural characteristics of
HMBA imply its tracemaker behavior was partly
common to that of Archaeozostera, probably detritus
feeding within a sandy substrate delivered by
turbidity current(s).
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