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T2 W 30 Mishash 2H H i iR 55 15 5 68 L 0 9 i By
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- f : as 1 1%

B 1 V82 X T8 T A L B LSS 5 5 BRI B (AITS). (a) Endoconchia lata LSRRI AR, MR SBRIRGEHFI L ARSE B
(b) FEAEMATRA N IMIAE. laabifLEERL, () SIRIRRMA Maikhanella multa) HGEANBINRRRAFIE. lata; (d) /eSS0
AT SRR B ALIEIE; (o) BNALSYUEANTY, WM NBEEHEMSTE; () B LILER "B 55, (o) WRIRYAITs, ERH AR ZE R, H
DA X HLIN (K N ECRE O LA AU REZEFL; (h) BORAITSSERE SR DN LG LA R — A FLTB BRI, 37 Sk r 4R (19 AITA 1 PR BE A 1, SeAC 23
JEIARAS; () ATTSFLIE MIARBF i FMLAN AN — ROPNSCREM; () PRAPIEATTS AR S i B k™ J00hE, SUELA TA -+ iR RIE; (k) )T BRI RE
T, SRR AR, B @), (0), (@), (), (2), (h), ()N 20 um; (b), (d), ()24 100 pm

Figure 1 Endolithic microborings and AITs from Kuanchuanpu Formation, Xixiang. (a) Detailed Morphology of Endoconchia lata trichomes with
moniliform shapes; (b) E. lata casts on the concave surface of a small shelly fossil (SSF) fragment; (c) E. lata casts on convex surface of Maikhanella
multa internal mould; (d) dense network of endolith traces as microtunnels and microborings on the surface of SSF; (e) detailed endolith traces, noting
the inward-going tunnels; (f) microtunnels with dichotomously branched structures; (g) typical AITs tunnels with relatively evenly arranged longitudi-
nal wall striations and perforations on the side wall, noting the diversified tube diameters; (h) complex conjunctions of multiple AITs and a pentagonal
cross section (The arrow shows a relatively smooth wall of one AIT trench with fainted wall striations); (i) AITs with polygonal cross sections and
sharp turnings; (j) a pyrite terminal propelled grain with pyritohedron shape; (k) EDS spectrum of (j), showing pyrite characteristics. Scale bar: (a), (c),

(e), (), (), (h), (j) 20 um; (b), (d), (i) 100 um
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Table 1 Comprehensive comparisons of 3 types of microtubular structures from Kuanchuanpu Formation, Xixiang
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Figure 2 Carbonaceous AITs terminal grains and Raman spectrum peak-fitting example. (a) SEM image of one spherical terminal grain, noting the
rounded cross-section fits the outlines of the spherules"®; (b) SEM image of another spherical terminal grain. The striated wall sculptures of AIT match

the profile of the grain (white arrows)!"®); (c) an illustration of peak-fitting of another uncoated carbonaceous terminal grain (XX-CS-02). Scale bar: (a),
(b) 50 um
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HE S OB B AR, 2 — )2 R 0 BOIR FUR TR

ATTs [ A 3 B 5 B 42 A1 56 1 1) 7 UL F 2742 4 i
KA Maddinadl 2 2 BT A LAY 3D 5
A AR B T, R A R AR AR AR 3 E A T
RFTAITs 19 RF#E 7 o/ (U 3~5 wm), # i H2
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SE . N REARAE 0 52 00 SR, LT B X U A
T A M i 1) 4 R AT X — M . RS ATTs A
ELHE A A B, (LD S P R A T s Y
WYIRAR, AR T — > A B S el o ol A= )
FHIE R, MR, stz EZPUIER, H
Je WA AT AITs Y HAB AL A AT R AT — & 25 5 L

3 e
AL T ALTs A R 3528 B 6 L s 40 i F
EEALELEIAL A TR AS . A RIS A7 LA F 22 5

PE— L FE I TN X bR JF HsRid 1
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Table 2 Raman spectral characteristics and estimated temperatures for the carbonaceous spherules from AIT in Kuanchuanpu Formation, Xixiang
G D1 D2 D3 D4

FEmgis ok S N - 25 N N RAL RA2 gl fg
frg ot mRL GRS mRL g mE R mR R m 0 (V)

XX-CS-01 1595.7 57.3 197713.6 1337.5 143.3 4208429 1605.7 32.3 63886.3 1503.8 89643.6 1245.6 49124.4 0.57 1.34 246 237

XX-CS-02 1594.5 53.3 257062.8 13352 141.3 558651.4 1608.7 31.4 76816 1504.2 119871.2 1233.4 79238.9 0.58 1.41 261 252

XX-CS-03 1597.2 53.1 3245439 1332.1 135.1 674509.7 1609.9 32 1073929 1500.4 91892.2 1235.3 51847.1 0.58 1.39 256 248

XX-CS-04 1591.4 55.6 254488.1 1331.7 131.5 558824.1 1608.4 30.9 114216.8 1495.4 98958.5 1233 55918.3 0.57 1.31 240 232

a) RA1=(D1+D4)/(D1+D2+D3+D4+G); RA2=(D1+D4)/(D2+D3+G); RA1=0.00087+0.3758; RA2=0.00457+0.27C"
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B3 HEE AR Y ALTS. (), (b), (c), () BAITSIREEN Protohertzina unguliformis ((a), (b)) HProtohertzina anabarica ((c), (g))HMA;
(&) (TFBAYHCR, EETEREUPIAAHE WZIATE; () 0)TEIHR, W AITsZ T8 B ATER AR A AL 2URIEE I () () hFBIECR,
BoR— WA FIE I, (h) (@) A oG, /R ATTsEE P A A RMASNEE; () (@) PERIVECR, /R 2 ARG AITEAL A FIELE S
TR G fRZ BRI, B @), (), ©), (2), (h) 300 um; (d), (e), (O, () 50 pm

Figure 3 The AITs that distributed around the protoconodont spines. (a), (b), (c), (g) Protohertzina unguliformis ((a), (b)) and Protohertzina
anabarica ((c), (g)) samples with AITs around the outer surfaces; (d) enlargement of (a), showing cross sections with shape like 2 grouped polygons;
(e) enlargement of (b), indicating the polygonal cross sections and sharp turnings at spine arris; (f) enlargement of (c), presenting a well preserved pen-
tagonal cross section; (h) a polished section of (g), noting the AITs mainly occurred within the outer shell of the spine; (i) enlargement of (g), showing

polygonal cross sections and sharp turnings of multiple circumferential AITs at the fossil-sediment interface. Scale bar: (a), (b), (c), (g), (h) 300 pum;
(@, (&), (D), (i) 50 pm
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AR JFAE L A TR JEE O A AR R, A A I 2 R

BN

S A R AT B A Y ATTsFLIE £ % i A B
BRA fi A BT R, T 52 B A4 R G A 23 A1 Y
FRAE. 1 e B — 7 9 #fy BE AR IE T JF R SR
8 e oy 2 R L A A AT L. X R Y R AR
o3 A 30 e R A R R R A AR R A A 8 A
X B R i A O IE RRLE R AR R T O .

i R AF A I FEREALLZEEERE, Aok, X REAHETFINEARALTE FEHARLA X
FORBINE. ZHE. UMW, DHE MR AE . 5 R H B K B James D. Schiffbauertd 4 3t A&

U FE T xS B AT B
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Ambient inclusion trails and microboring structures on Early
Cambrian microfossils
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Shaanxi Key Laboratory of Early Life and Environment, State Key Laboratory of Continental Dynamics, Department of Geology, Northwest
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* Corresponding author, E-mail: 1qzy0301 @gmail.com

Ambient inclusion trails (AITs) are microtubular structures on various substrates that have occurred widely through the geologic rec-
ord. They are thought to be generated by the migration of inclusion grains (pyrite, magnetite, carbonaceous spherules), termed “termi-
nal propelled grains”, through a substrate driven by pressure solution from the in sifu thermal decomposition of organic matter. AITs
have been reported frequently from Archean rocks, and also commonly occurring with phosphatized fossils through late Neoprotero-
zoic and Cambrian. During this timeframe, bioturbation was also becoming more intense, and some analogous, AIT-like structures
may be more appropriately interpreted as endolithic micro-organisms or borings of predatory animals. It is thus crucial to reduce po-
tential ambiguity between these types of structures, and provide keys for distinguishing AITs and real biogenic structures.

From the Early Cambrian Kuanchuanpu Fm. in Xixiang, Southern Shaanxi, China, numerous microfossils hosting AITs were col-
lected and examined, with recognition of two types of co-occurring micro-borings in addition to AITs. Type 1 micro-boring structures
appear as long, unbranched, cylindrical filaments with isodiametric spheroidal expansions on the surface of steinkerns or moulds of
small shelly fossils (SSFs); these structures correlate well with casts of known endolithic cyanobacterial fossils, Endoconchia lata.
Type 2 micro-boring structures are comprised of dense networks of microborings and microtunnels on the phosphatized fossil materi-
als, and are interpreted as trace fossils of endolithic fungi. Such a co-occurrence enables us to make direct comparisons between the
variations in microtubular structures. We have made detailed observations of their morphological and taphonomic features, which
collectively reveal that they are substantially different in both formation and mechanism of preservation. In the initial stage of for-
mation of Type 1 structures, E. lata bored within the original calcite shells of SSFs, with the resulting borings preserved as phosphatic
casts during phosphatization. Type 2 structures were caused by infestation of endolithic fungi on the phosphatized fossils while there
were still much residual organic materials available for their probably heterotrophic life mode, leaving dense traces of boring behavior.
With deeper burial and occurring later in the taphonomic sequence, thermal decomposition of the surrounding organic remains re-
leased gases that propelled small inclusions to move through the substrates, forming AIT tunnels.

Some peculiar spherical grains preserved in the distal ends of AITs have been discovered and examined with Laser-Raman and
EDS mapping. These data revealed that organic carbon is their major component. The intact spherical profiles without evidence of
compression in their tunnel-facing backsides, and the perfect fit of the grain margins and AIT outlines suggest that these carbonaceous
grains may have themselves been responsible for AIT formation rather than passive accumulation or secondary filling. Such rare car-
bonaceous terminal propelled grains of AITs not only explains the morphological diversity (rounded cross sections) of AIT tunnels,
but also provide us with a new approach to investigate the taphonomic environment of the fossil-enriched strata. Raman geothermom-
etry of these carbonaceous materials indicates that the Kuanchuanpu Fm. in this area underwent very low-grade metamorphism, with a
peak metamorphic temperature estimated at 232-261°C. This implies that the fossils are mostly free from metamorphic overprints, and
roughly constrains the upper limits of AIT formation.

In general, as indirectly biogenic structures, the distribution of AITs is random and shows no preference for fossil taxonomy and no
particular pattern. However, for those AITs that occurred on protoconodonts, there is an intriguing distribution pattern that AITs trav-
eled around the outskirts of protoconodont spines, forming distinctive spiral grooves. Such a phenomenon may provide auxiliary evi-
dence of their original composition by the following interpretations. The half-open grooves indicate the original composition of proto-
conodont spines were relatively soft material as opposed to hard bioapatite. The polygonal cross sections suggest, in this case, that the
propelled grains were euhedral pyrite crystals, which were usually resulted by the decomposition of more recalcitrant organic materi-
als. Our interpretation is that euhedral pyrite crystals moved from inside of the spines and were trapped by surrounding hard substrate,
forming spiral grooves on the fossil-sediment interface. Our observations are consistent with the hypothesis that the original composi-
tion of the protoconodont spines are mainly organic, such as chitin, with secondary phosphatization—this hypothesis presents a more
favorable scenario for the observed morphologies of the AITs formed by migration of euhedral pyrite crystals through a relatively soft
substrate.

ambient inclusion trails (AITs), endolithic micro-organisms, Raman spectrum of carbonaceous material,
geothermometer, protoconodonts
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