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Key Messages

e The Permian Reef Complex is dominated by carbonate cements, mud, and
coated grains that record precipitation conditions and fluid-rock interactions.

e Isotope measurements (0'3C, 580, &*Ca, 0%°Mg, 03*S, and A47) show most
components chemically equilibrated with marine-derived eodiagenetic fluids.

¢ Marine pore fluids in the reef facies were modified by microbial metabolisms.

e Fabric-retentive dolomitization occurred during earliest diagenesis.
Carbonate bulk composition did not further evolve during recrystallization in a
closed-system burial environment.

e Preservation of earliest chemical signatures permit interrogation of the biotic
and environmental controls that interplay to create distinguishing features of
the Permian Reef Complex.

Research Scope, Data and Results

The Permian Reef Complex (west Texas and New Mexico) is a Guadalupian
carbonate-clastic platform that rimmed the Delaware Basin, with stunning outcrops
in the Guadalupe Mountains and famous hydrocarbon productivity in the Permian
Basin. After a century of research and production, several features of the Permian
Reef Complex have become archetypal for modern and ancient carbonate platforms.
These include cyclic reflux dolomitization, margin lithification and slope transport,
reciprocal sedimentation, highstand supratidal polygonal sheet crack-pisolite facies,
and a deep subtidal ecologic reef volumetrically dominated by mud and cement (e.qg.,
Harris and Grover, 1989). Marine diagenetic processes penecontemporaneous with
deposition control many of these striking aspects. A mechanistic understanding of
the Permian Reef Complex’s architecture requires examining the interplay between
basin seawater composition, microbial and macrofaunal ecology, and sedimentologic
processes.

Reef facies in the Capitan Formation have widespread aragonite cements encrusted
by microbes and volumetrically less significant sponges, bryozoans, and algae
(Mazzulo and Cys, 1977; Grotzinger and Knoll, 1995), now nearly all replaced by
neomorphic calcite and dolomite. Shelf facies in the Yates and Tansill formations also
have volumetrically dominant precipitated calcite and aragonite cements in polygonal
sheet crack-pisolite complexes. These supratidal facies, as well as dolomite
abundance in all shelf-top facies, increase in areal extent during highstand system
tracts (Mutti and Simo, 1994; Rush and Kerans, 2010). The stratal geometries
indicate recrystallization and dolomitization is driven by seepage of water from
lagoons developed behind the supratidal complexes during highstands, resulting in
fabric-retentive and fabric selective replacement of primary grains and cements
(Adams and Rhodes, 1960; Mutti and Simo, 1994; Rush and Kerans, 2010).

We integrate petrographic, chemical imaging, and isotopic datasets (carbonate
O'3C, 680, 0%*Ca, 0°°Mg; carbonate A4z clumping; carbonate-associated sulfate 534S)
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to investigate the interplay between biogeochemical processes, Delaware Basin
seawater composition, and carbonate diagenesis during construction of the Permian
Reef Complex and subsequent burial. High-resolution sections along a shelf-to-basin
transect of time-equivalent strata in the Yates, Tansill, Capitan, and Bell Canyon
formations were measured in McKittrick Canyon, Guadalupe Mountains National Park,
TX. From 109 polished sample slabs, we micro-drilled 262 geochemical samples
capturing a full paragenesis for each depositional facies (Present et al., 2019). The
isotopic composition of carbonate mineral major elements (Ca, Mg, C, O) and
clumped combinations (A47) were used to constrain precipitation conditions and fluid-
rock interactions. X-ray fluorescence maps by benchtop and synchrotron sources
were used to produce a minor and trace element paragenesis. Combined with
carbonate-associated sulfate 03*S measurements, these data track microbial
processes in pore fluids across depositional environments. Sediment and fluid
interactions during neomorphism and dolomitization were quantified with a reactive-
transport model constrained by the isotopic data (Bryant et al. 2022).

Carbonate 8'3C and 0'®0 values of reef and slope facies match that of primary
Permian seawater in the Delaware Basin, with variable admixture of lighter meteoric
components (Fig. 1A). In shelf-top facies, higher values indicate evaporation of
lagoonal waters and evolution of dissolved inorganic carbon by photosynthetic carbon
fixing metabolisms. Reef and slope facies have more variable and lower 3*3C values
across similar ranges of d**Ca values as shelf-top facies (Fig. 1B). Calcium isotopes
are kinetically fractionated from seawater during aragonite cement precipitation and
re-equilibrate towards higher seawater values during diagenesis if adequate
seawater-derived fluids flush the pore system; thus, shelf-top environments were
more thoroughly flushed by seawater during carbonate neomorphism and diagenesis
than the reef and slope. Similarly, 8?°Mg values show that neomorphism of aragonite
to calcite did not modify the isotopic composition of minor Mg substitution, and
dolomitization occurred under near-surface equilibrium conditions. Clumped isotope
A4; values, which decrease with increasing carbonate-water equilibration
temperature, fully control 5'80 values of fluids in equilibrium with dolomite at all
temperatures; thus, fluid-mineral exchange during dolomitization and limestone
neomorphism occurred prior to burial, and burial diagenesis at elevated temperatures
occurred under highly rock-buffered conditions that preserved near-surface chemical
information (Fig. 1C). Carbonate-associated sulfate 334S values in shelf-top facies
match that of Permian seawater sulfate, but are higher in reef and slope facies,
indicating that pore fluids were modified by microbial sulfate reduction in deeper
facies during earliest marine diagenesis (Fig. 1D).

These results indicate that polygonal sheet crack cements, pisoids, and other
coated grains rapidly precipitated from a productive, evaporitic shelf-top carbonate
factory. They were neomorphosed or dolomitized shortly after deposition by
advective flow of marine-derived pore fluids. Fabric-retentive early dolomitization
may have been favored by lower sulfate concentrations and aqueous sulfide catalysis,
but the net effect of sulfate reduction on shelf-top pore fluids was small. Mud and
cements in the reef and slope facies also neomorphosed prior to burial, but by
sediment-buffered, sulfidic pore fluids in diffusive connection with seawater. A
reaction-transport model shows that, to reconcile d**Ca and &3S isotopes, Delaware
basin seawater needed a higher [Ca?*]/[S04%"] ratio than modern seawater and
unusually high rates of microbial sulfate reduction (Fig. 1D).
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Figure 1. Isotopic tracers of primary and diagenetic processes acting on the Permian Reef Complex. (A)
Carbonate 613C and 6180 values predominantly reflect primary marine compositions, with higher values
in shelf top settings and with variable admixture of lower 380 and !3C meteoric calcite. (B) Carbonate
0%*Ca values track seawater fluid availability as neomorphism and dolomitization occur, with less
seawater advection and more diagenetic fluid evolution of 3'3C in reef and slope settings. (C) Dolomite
As7-derived equilibration temperatures and 180 values of water in equilibrium with measured dolomite

0180 values.

Burial fluids evolved in composition while dolomite 580 values preserved original

compositions. (D) Carbonate-associated sulfate 534S values in the reef and slope incorporated pore fluids
with sulfate modified by microbial sulfate reduction, requiring high rates of microbial sulfate reduction
and higher [Ca?*]/[SO4+% ] during early diagenesis.
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Significance

Integrated petrographic, stratigraphic, and petrographic data constrain the
composition of marine fluids during deposition, as well as fluid flow and rock-water
interactions during diagenesis. Together, these data explain distinctive features of
the Permian Reef Complex. Grotzinger and Knoll (1995) enumerated several
conditions favorable for widespread precipitation of marine carbonate cements in
Precambrian and Permian reef complexes, including increased deepwater alkalinity
due to microbial sulfate reduction and increased Ca fluxes due to supercontinent
weathering. Here, these are quantitatively demonstrated as important factors in
Permian Reef construction and early diagenesis.

These results also inform the use of diagenetic carbonate components as
palaeoceanographic archives. Carbonate clumped and oxygen isotope data indicate
that the Permian Reef Complex is a chemically stable archive of Permian
environmental conditions, with mild and petrographically distinct burial diagenesis
modifying porosity. Calcium isotope data indicate that shelf-top diagenesis was
advective and dominated by seawater-derived lagoonal brines, and reef and slope
diagenesis was diffusive and dominated by seawater-derived sulfidic pore fluids. This
permits further understanding of ecologic and biogeochemical roles of microbes in
the Permian Reef. Other platforms with extensive early diagenesis may be
complicated but robust archives of ancient environments.

Biological (e.g., microbial metabolisms, encrusting and binding organisms) and
environmental (e.g., seawater composition, climate) controls on pore fluid
compositions during early diagenesis affect the carbonate factory’s intensity, locus,
and mineralogy. Future work will relate primary and diagenetic fluid composition to
sedimentary structures and stratigraphic architecture.
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Introduction Microbial sulfate reduction modified reef & slope pore fluids Neomorphism & dolomitization occured in marine-derived fluids
The Permian Reef Complex (west Texas & New Mexico) is a Guadalupian o - ! &fi 2 Sulfate is an important oxidant in seawater that anaerobic microorganisms Minor amounts of SO,* are incorporated into carbonate minerals during Due to kinetic isotope fractionations, primary carbonates precipitate with a lower §*'Ca than seawater. Diagenetic carbonates form at equilibrium with Ca in pore fluids, which is not fractionating..
carbonate-siliciclastic platform that rims the Delaware Basin, a Pangean epeiric |, | use to respire organic carbon, producing sulfide and increasing carbonate precipitation & recrystallization as Carbonate-Associated Sulfate (CAS).
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